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ABSTRACT 

Solid-state NMR techniques have been used to measure the proton 

lineshapes, Knight shifts, and relaxation times in several transition 

metal hydrides. The objective of these studies is to obtain a better 

understanding Df the roles of host metal structure and substitutional 

alloying on the hydrogen site occupancy, the electronic structure proper

ties, and diffusion mechanisms. 

An improved method for observing the rigid-lattice proton lineshapes 

and extracting the second moments has been developed. Comparisons of the 

experimental second moments for polycrystalline samples with the values 

calculated from Van Vleck formulas for nuclear dipolar interactions have 

indicated that only tetrahedral interstitial sites are occupied by the 

protons in TiHx' ZrHx' crystalline TiCuH0.94 , Ti 2CuH1. 9, and Zr2PdHx 

(with x < 2) while both tetrahedral and octahedral sites can be occupied 

in amorphous a-TiCuH1_4, Ti 2CuH2.6, and zr2PdHx (x > 2). 

The proton Knight shifts and low-temperature spin-lattice relaxation 

times have been related to the local densities of electron states at the 

Fenni levels N(EF) 

ZrH , and Zr2PdH . 
x x 

in Ti, v H ' Tier, BH ' Tier, 9H ' TiCuH ' Ti2CuH , -y y x . x . x x x 
The dominant conduction electron hyperfine inter-

action for protons is a transferred 11 core-polarization11 of the paired 

hydrogen ls electrons through spin exchange with the unpaired metal d 

electrons. The proton NMR parameters have confirmed that decreases'in 

N(EF) through a Jahn-Teller type mechanism are associated with the tem

perature and composition dependent tetragonal distortions in Ti 1_YVYH1•95 
and ZrH (where 1.75 ~ x ~ 2.0). The proton NMR results are consistent 

x 
with recent band theory calculations and photoemission spectra. Unusual 

N(EF) increases with hydrogen content, which are supported by independent 

magnetic susceptibility data, have been observed in TiCr1.8Hx' TiCr1.9Hx' 

and Ti 2
CuHx. The proton parameters suggest that significant differences 

in N(EF) for the crystalline and amorphous phases of TiCuHx and Zr2PdHx 

may reflect a smearing of energy levels in the disordered phases. 
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The proton rotating~frame relaxation times for Ti 1 Cu H indicate 
~y y x 

both crystal structure and hydrogen site occupancies greatly influence 

diffusion behavior. A significant enhancement in hydrogen mobility for 
amorphous a-TiCuH1.4 has been confirmed; but, short range order is 

probably retained in the structure of a-TiCuH1_4. Reductions inactivation 
energies are observed when octahedra1 sites exist in the diffusion paths 

between tetrahedral sites. 
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INTRODUCTION AND SOME PROPERTIES 

OF TRANSITION METAL HYDRIDES 



2 

I. INTRODUCTION 

Many metals and intermetallic compounds can reversibly react with 

hydrogen gas to form a subclass of interstitial compounds known as the 

metal hydrides (1-4). The transition metals of groups III, IV, and V, 

rare earths, actinides, and Pd react exothermally with hydrogen to form 

rather stable binary hydrides with hydrogen-to-metal atom ratios between 

0.5 and 3.5. These transition metal hydrides generally have the large 

electrical conductivities that are typical of metals, but the hydrides 

are usually harder and more brittle than the pure host metals. Further

more, the interstitial metal hydrides are usually nonstoichiometric and 

often exist in several ~hases with significant structural changes for 

each metal to produce rather complex phase diagrams (1-4). These hy

dride alloys are quite distinct from the covalent transition metal com

plexes (5,6) that now form a major subfield of inorganic chemistry. The 

transition metals of groups VI, VII, VIII {with the notable exception of 

Pd), and the noble metals react endothermally with hydrogen and absorb 

very small quantities of hydrogen except under very high pressure (i.e., 

>kbars) or nonequilibrium conditions such as electrolytic charging or 

ion implanation. 

Within the past decade, metal hydrides have received increasing 

attentio~ 1 as component~ in en~rgy storage systems ,(7-10) .. Some of the 

possible applications include the mobi1e and stationary storage of hy

drogen to be subsequently consumed as fuel in internal combustion en

gines or fuel cells, thermal storage using the often large exothermic 

heats of reaction, chemical heat pumps, hydrogen gas compressors, iso

tope separation, and the simultaneous purification and storage of hydro

gen for the chemical process industries. The prime consideration in all 

these applications is a sufficiently rapid and reversible reaction be

tween the host metal and gaseous hydrogen. Furthermore, a large hydro

gen absorption capacity (i.e., H/M ratio ;;;ai.1.0) is usually required and 

the equilibrium dissociation pressure should vary between 0.1 atm and 

10 atm over the temperature range of device operation. To increase 
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overall efficiencies the heat needed to decompose the hydrides should be 

obtainable from the ambient surroundings or low-grade waste heat (i.e., 

engine exhaust or cooling system fluids). These restrictions eliminate 

all the binary metal hydrides with the possible exception of MgH
2
• 

Hence, the discovery of moderately unstable hydride phases for several 

classes of intermetallic compounds AB (where n may be nonintegral) has 
n 

provided the major impetus for the energy storage applications. The 

desired reversible reaction between the intennetallic alloy and hydrogen 

is 
(1) 

where metal A forms a stable binary hydride AH , but metal B either 
x 

fonns no hydride or else a very unstable one. If B were to form a 

stable BH phase, the ternary hydride AB H 12 is almost always too 
x n x 

stable for any practical storage application. Representative inter-

metall ics that are suitable are TiFe, LaNi
5

, and TiCr
2

. However, the 

behavior of literally hundreds of intermetallics and alloys with res

pect to hydrogen has been investigated in recent years as is readily 

apparent from the proceedings of several specialized conferences (11-15) 

on metal hydrides. In addition to the energy storage applications, 

metal hydrides are very important to the hydrogen-embrittlement problems 

of metals and fusion reactor technology. There are also indications 

that some transition metal hydrides may be useful heterogeneous 

catalysts (16). 

Besides the various technological aspects, the interstitial tran

sition metal hydrides are interesting materials for study by solid

state chemists and physicists (17). Fundamental physical properties 

such as electrical behavior. magnetism, and superconductivity behavior 

can be sfgnificantly altered by the absorption of hydrogen. Some hy

dride alloys are model systems for thermodynamics of phase transitions. 

- particularly, in the case of order-disorder phenomena (18}. Although 

the diffusion of heavy interstitials (i.e., carbon, oxygen, nitrogen, 
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etc.) in metals is normally very slow with diffusion coefficients <lo-20 

cm2/s at 300 K, the diffusivities of hydrogen atoms are in the range of 

-10-12 cm2/s to -10-5 cm2/s at 300 K for most metal hydrides (19,20). 

Furthermore, the combination of high mobility and the light masses of 

the hydrogen isotopes lead to the possibility of quantum mechanical con

tributions (21) to the diffusion mechanism. Among the more interesting 

problems associated with metal hydrides are the roles of host metal 

structure and substitutional alloying on the hydrogen site occupancy, 

the electronic properties reflecting the metal-hydrogen bond character, 

and the hydrogen diffusion mechanisms. The inherent complexities of 

most ternary metal hydrides and the often incomplete knowledge of 

structural parameters and other fundamental physical properties have 

generally limited efforts to understand these relationships. With the 

continuing intense interest in metal hydride behavior, systematic stu

dies that can clarify the relative contributions of crystal structure 

and the presence of different metal atoms at a particular site for 

model metal hydride phases are highly desirable. 

The objective of the present research has been to evaluate some 

fundamental properties of the binary hydrides TiH and ZrH and several 
x x 

related ternary hydrides containing other transition metals using the 

solid-state techniques of proton nuclear magnetic resonance spectros

copy. The emphasis of these NMR experiments has been to establish hy

drogen interstitial site occupancies from improved measurements of the 

proton lineshapes and characterizing the electronic properties using 

proton Knight shifts and spin-lattice relaxation times. The NMR results 

have been correlated with various supplemental studies involving x-ray 

diffraction, neutron diffraction, inelastic neutron scattering, magnetic 

susceptibility measurements, and APW band-theory calculations. Critical 

comparisons of the hydrogen diffusion behavior in crystalline and amor

phous hydrides have also been made for the Ti-Cu system. 

Brief general descriptions of the crystal structures, electronic 

structure properties, and diffusion behavior in transition metal hydrides 
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are being presented in this chapter to establish the scope of the NMR 

studies. Although proton re1axation tjmes have been extens1ve1y uti11zed 

to evaluate diffusion behavior in metal hydrides, the power and versatil

ity of many recently developed solid-state NMR techniques for studying 

the struc.tural features (i.e., hydrogen site occupancies) and the elec

tronic properties of metal hydrides have not been generally exploited. 

A goal of the present work has been to determine the potential of sev

eral novel solid-state NMR techniques through their use on some model and 

representative metal hydrides. The benefits and limitations of these 

techniques need to be identified if they are to be incorporated in the 

future NMR studies of metal hydrides or other areas of materials 

research. 

II. CRYSTAL STRUCTURE CONSIDERATIONS 

The formation of a metal hydride is often (but not always) 

accompanied by a distortion or modification of the meta? 1attice a7-

though hydrogen absorption nearly always gives a substantial volume in

crease (22). Many binary hydrides MHx (e.g., TiH2, VH2, PdHx' and the 

rare earth dihydrides and some trihydrides} have the face-centered cubic 

(fee) structure for the metal sublattice (l). Fig. l shows that the 

hydrogen atoms can occupy either the octahedral or tetrahedral inter

stitial sites of the fee metal lattice. When only the octahedral sites 

are occupied, the limiting composition is MH with the NaCl structure as 

found in PdHx. Occupancy of only tetrahedral sites gives MH2 (i.e., 

TiH
2 

or VH
2

) with the fluorite (CaF2) structure. There are also hy

drides such as LaH (2 ~ x ~ 3) where both types of interstitial sites 
x 

are simultaneously occupied. It is a general characteristic that metal 

hydrides are nonstoichiometric with variable numbers of the hydrogen 

sites being vacant. Furthermore, many metal lattices have far more 

available interstitial sites than absorbed hydrogen atoms. In these 

cases, the hydrogen atoms can often order on specific sites to form 

various superlattice structures, which has produced the complex phase 

diagrams found (23) in the group V transition metal hydrides with the 
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bee structures. 

A1though x-ray diffraction can usually determine the metal sublat

tice for a hydride, it cannot locate the hydrogen atoms. Neutron dif

fraction studies of the corresponding deuterides can often determine the 

total crystal structure including the deuterium atom location. However, 

it has been established that VH and VD are not isomorphic (23) at some 
x x 

compositions and the deuteride structure from neutron diffraction does 

not always represent the hydride structure. Furthermore, the large vol

ume expansions and brittleness of most metal hydrides usually preclude 

the. production of single crystals. Hence, only powder diffraction pat

terns can be obtained for both the x-rays and neutrons which often limit 

the structure determinations for the ternary hydrides with more complex 

structures. 

III. ELECTRONIC STRUCTURE 

The electronic structure of transition metal hydrides has long been 

a subject of interest and controversy. Until the early 1970s, rather 

simple models based upon rigid bands were advocated to account for the 

observed electronic properties of the metallic hydrides. The 11 proton 11 

model proposed that electrons migrate from the hydrogen atoms to the 

valence band of the metal resulting in a screened proton at the inter

stitial site. The dominant effect in this model is an upward shift in 
;~ " ~ ,\ / ,- ,-, 

the position of the Fermi level EF. The alternative "anion" model 

assumed that hydrogen acts as an electron acceptor with the net result 

that electrons shift from the vicinity of the metal atoms towards the 

hydrogen sites which causes EF to shift downwards. Recently, band 

theory calculations have been reported for several transition metal 

hydrides (24-29). These one-electron type calculations contradict the 

above rigid-band ideas that had left the host metal band structure 

essentially unchanged. The APW-band calculations of Switendick (24,25) 

clearly showed that the ls electrons of the hydrogens interact with 

specific metal s, p, and d bands to lower their energies and fonn a 

hybridized bonding band several electron volts below EF. Fig. 2 
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presents a very schematic picture of the electronic structure changes 

in going from pure metal {MH0) to a monohydride {MH1
) and finally to a 

dihydride (MH2). The major effects of hydrogen absorption are: (1) 

,formation of the hydrogen-metal peaks near the bottom of the d-bands; 

(2) a small upward shift in EF as MH0+MH1-+MH2 since not enough metal 

levels are lowered (24) to accommodate all the electrons added with the 

hydrogen atoms; (3) some minor changes in the d-band itself~ and (4) the 

formation of hydrogen bonding and antibonding combinations for MH2. The 

nature of the hydrogen-metal and hydrogen-hydrogen interactions depend 

strongly upon crystal structure and the interatomic separations {24,25). 

Recent experimental studies on several metallic hydrides using photo

emissi~n spectroscopies (30-33) have semi-quantitatively verified most 

of the band calculation results including the presence of the new hydro

gen-induced peak below EF. 

There remain some serious quantitative difficulties with both the 

theoretical and experimental evaluations of electronic structures for 

most metallic hydrides. Due to either computational constraints or 

approximation methods of the one-electron models (24,25), most of the 

published band calculations have limited accuracy in determining the 

absolute energy levels.although trends are usually correctly predicted 

(24-28). To make the computations more tractable, most calculations 
,. 1 ' i j 

have been performed on stoichiometric binary hydrides with high cubic 

symmetry. Only very recently have some theoretical band structures be

come available for an intermetallic hydride such as TiFeH1.0(34). The 

problems concerning nonstoichiometry and alloy hydrides have scarcely 

been addressed. Yet, the nonstoichiometric ternary hydrides exhibit 

much of the more interesting electronic, magnetic, and structural be

havior (3,4,11-16). Although the photoemission spectroscopies are 

proving to be very useful for the study of the electronic properties of 

metallic hydrides, the few tenths of electron volt resolution (30-32) 

makes evaluation of the more subtle effects like hydrogen in multiple 

sites or lattice distortions difficult but sometimes possible {32). 
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Since these are surface techniques, high-vacuum (i.e .• pressures ~10-lO 
Torr) is required to avoid the formation of surface oxides (30-33). 

Hence, only the very stable metallic hydrides (e.g., TiH , ZrH , rare . x x 
earth dihydrides) can be reliably studied without special precautions. 

Consequently, the more unstable intermetallic hydrides have not yet been 

systematically studied by photoemission spectroscopy. Conventional 

measurements of low-temperature specific heats, magnetic susceptibil

ities, and superconducting parameters, as well as Mossbauer and NMR 

spectroscopies, are also valuable by providing information on n(EF), the 

density of electronic states at the Fermi level. Although these later 

techniques cannot monitor the total changes in the band structures, the 

experiments can usually be performed on unstable hydrides of inter

metal l ics or alloys and some of these techniques can provide insights on 

the local electronic structure at particular atomic sites. 

IV. DIFFUSION 

Although the kinetics for hydrogen absorption and desorption are 

often controlled by hydrogen dissociation reactions at the metal sur

face (35), the atomic diffusion through the bulk metal or hydride can be 

rate-controlling under suitable conditions. There have been many exper

imental studies of the diffusion parameters in the hydride phases of 

pure metals and intermetallics. Much of this data is summarized in the 

reviews of Volkl and Alefeld (19,20) and Gotts (36). Host crystal 

structure, hydrogen site occupancy, phase transitions (i.e., ordering 

phenomena), alloying, and isotope substitution can greatly influence 

diffusion behavior. 

From a microscopic viewpoint the diffusion coefficient D can be 

represented by atomic jumps between equilibrium positions using the 

expression 

(2) 

where a is the mean jump distance, Td is the mean time between the 
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atomic jumps, an.d fT is the tracer correlation factor. Although fT is 

structure sensitive and typically varies between 0.5 and 1.0, explicit 

calculation of fT is generally quite difficult - especially for low 

symmetries or extensive d1sorder as found in many hydrides. Conse

quently, fT is normally assumed to be unity unless highly accurate 

comparisons between D and Td are being made to estimate a. Fig. 3a 

illustrates the idealized diffusion process involving direct jumps be

tween potential well minima separated by a. Here, Ea is the barrier 

activation energy corresponding to the Arrhenius relation 

D = D exp(-E /k8T) o a 
(3) 

where the preexponential factor contains the jump attempt frequency, kB 

is the Boltzmann's constant, and T is the absolute temperature. How

ever, there is extensive evidence (19,20,36-38) that hydrogen mobility 

in many metal hydrides is actually far more complex. Although quantum 

mechanical effects (21) may sometimes be important, the classical diffu

sion process becomes very complicated if several distinct interstitial 

sites are simultaneously occupied by hydrogen atoms or the jumppaths 

include one or more metastable intermediate sites. Fig. 3b shows a 

rather simple diffusion path with one intermediate high energy site. In 

this case the relationship between the experimentally observed activa

tion energies and the depths of the potential wells is much less 

straightforward. In fact, the apparent hydrogen diffusion path in the 

nearly ideal case of fee Y-phase TiH has been found (36-38) to be more 
x 

involved than the naively expected simple hop to a neighboring vacant 

interstitial site. Understanding the hydrogen diffusion mechanisms in 

the intermetallic hydrides remains a formidable challenge. 
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V. PREVIEW OF PROTON NMR STUDIES 

The present NMR studies address two of the most interesting and im

portant features in the physical characterization of transition metal 

hydrides: (1) the identification of interstitial sites that are actually 

occupied by the hydrogen atoms, and (2) the local electronic structure 

properties at the hydrogen site. Although the proton NMR experiments do 

not usually provide unequivocally quantitative and comprehensive results 

that are independent of any supplemental information, the proton param

eters do offer some unique insights that complement other methods. The 

results described in the following chapters will illustrate the capabil

ities of proton NMR spectroscopy for obtaining a better understanding of 

some representative metal hydrides. From a range of options, it was 

decided to concentrate upon some specific properties in several Ti and Zr 

based hydrides. The intent was to examine diverse problems in similar 

systems that could demonstrate the advantages of the proton NMR tech

niques in both straightforward as well as nontrivial situations while 

avoiding undue complications from unfavorable material properties. The 

chosen Ti and Zr based hydrides are particularly good candidates for the 

NMR experiments since they are not strongly paramagnetic nor produce 

ferromagnetic impurity phases upon hydriding as has been observed in the 

LaNi
5 

or TiFe hydrides. 

The hydrogen site occupancies have been determined from the rigid-

1 attice proton lineshapes. A new technique for obtaining reliable line

shapes is described and demonstrated on polycrystalline TiH . The proton 
x 

lineshapes indicate exclusive tetrahedral site occupancies in the ZrH and 
x 

crystalline TiCuHl.O phases while mixed tetrahedral and octahedral site 

occupancies are observed at some compositions in Ti 2CuHx' zr2PdHx, and 

amorphous T1CuH1 .4. These hydrogen arrangements are consistent with the 

available neutron scattering and diffraction results. 

The proton Knight shifts and spin-lattice relaxation times have been 

measured in Ti 1 V H1 95 , TiCuH , Ti 2CuH , TiCr2H , ZrH , and Zr2PdH . In 
-y y . x x x x x 

every instance, the dominant proton hyperfine interaction appears to be 
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to the polarization of the paired s-electrons in the hydrogen bands by the 

unpaired metal d-electrons at the Fermi level. Although the NMR param

eters cannot provide a total description of the local electronic structure 

at the proton site, some qualitative estimates of the relative s and d 

contributions have been made for the first time. The comparisons with the 

band structure calculations for cubic TiH2 and ZrH2 have supported the 

general validity of the present interpretations of the proton NMR results. 

However, more extensive band theory results are needed at different hy

drogen stoichiometries and lower symmetries as well as for the various 

ternary hydrides to permit more detailed assessment of the electronic 

structures. 

Because of the extensive application of proton NMR to diffusion 

studies in metal hydrides (36-38), this area has not been emphasized in 

the present study. However, the particularly interesting results with 

regards to the important roles of crystal structure and hydrogen site 

occupancy on the hydrogen diffusion behavior in the Ti 1 Cu H system are -y y x 
described. 
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Fig. 1. 

Fig. 2. 

FIGURE CAPTIONS 

Unit cell for the fee metal hydride structure. 

Schematic diagrams of the density of states for a metal (MH
0
), 

a monohydride (MH1), and a dihydride (MH2). In part a, the 

partially occupied metal d bands are shown to be superimposed 

on the parabolic sp bands. The hybridized H-M bonding band 

for the manohydr1de (b) sp1tts tnto two bands for the dihydride 

(c) because of the H-H interaction. 

Fig. 3. Schematic representation of potential wells for diffusion 

process: a) simple activated hopping between neighboring wells 

separated by distance a; b) jumps involving an intermediate 

metastable site. 
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CHAPTER 2 

CONCEPTS AND METHODS OF 

NUCLEAR MAGNETIC RESONANCE 

AS APPLIED TO METAL HYDRIDES 
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I. GENERAL BACKGROUND 

The phenomenon of nuclear magnetic resonance (NMR) occurs when 

nuclei with non-zero spin angular momentum (which is denoted by the 

quantum number I) are placed in an external magnetic field (H ) and are 
0 

subjected to electromagnetic radiation at a radiofrequency (rf) that 

satisfies the Larmor equation 

w = 2rrv = Y H. (1) o o I o 

Here, v
0 

is the resonance frequency in MHz and 1
1 

1s the nuclear gyro

magnetic ratio for a nucleus with I ;;.:. 1/2. The spin properties for pro

tons and the metallic nuclei corresponding to the transition metal hy

drides that are being investigated in this work are summarized in Table 

1. The interaction experienced by all nuclear spins with nonzero I is 

the magnetic dipole-dipole interaction. Furthermore, nuclei with I ;;.:. l 

possess a nuclear electric quadrupole moment Q that interacts with elec

tric field gradients when the symmetry at the nucleus is lower than 

cubic. Since I = 1/2 for protons, which is the only resonant spin sys

tem being measured in the present study, quadrupo1ar effects do not occur 

in proton NMR and will not be considered further. Comprehensive descrip

tions of both dipolar and quadrupolar interactions for nuclear spin sys

tems can be found in the books by Abragam (1) and Slichter (2). 

The NMR signal can be observed by two methods: 

1. In CW-NMR, low-power continuous rf radiation is applied. A spec

trum is obtained as the magnetic field or rf frequency is slowly 

varied and the absorption of energy by the sample is recorded. 

2. In pulse-NMR, short bursts of high-power (i.e., >100 watts) rf 

radiation are applied at a frequency equal (or very near) to v
0 

in 

eqn. (1) and the response to this pulse is recorded. The response 

following the rf pulse is called the free induction decay (FID) 

where the loss in signal amplitude is usually expressed by the time 
* constant T2 . 
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The CW-spectrum and FID are mathematically related to each other through 

a Fourier transformation. A typical linewidth for a proton spectrum in 

a metal hydride at low temperature (to establish static dipolar fields) 
. * is about 50 kHz and c_orresponds to a T2 of about 10 µs. Pulse-NMR is 

currently the preferred method to characterize nuclear spin behavior in 

solids. This is partly due to the higher effective sensitivity of the 

pulse techniques since an entire spectrum (i.e .• the FID signal) can be 

rapidly obtained after a single rf pulse; whereas, a much slower sweep 

through resonance is normally required in the CW method. Furthermore, 

the pulse techniques directly measure (3) the nuclear relaxation times 

and offer much greater flexibility in obtaining lineshapes and frequency 

shifts using a variety of recently developed solid-state procedures (4, 
5). 

At thermodynamic equilibrium the nuclear spin system can be repre

sented (6) by a magnetization vector precessing parallel to the applied 

field H
0

, which usually defines the z-axis of the coordinate system for 

the magnetization vector (3). When an rf-pulse satisfying eqn. (1) is 

applied perpendicular to H , the magnetization is rotated away from its 
0 

equilibrium direction by the angle e according to the relation 

e = Y H t I 1 p 
(2} 

where H1 is the effective magnetic field in gauss of the rf radiation 

and t is the width of the rf pulse in seconds. The two most important p. 
e values are 90°,which gives the maximum FID amplitude,and lBO~which 

inverts the magnetization. The nuclear spins wi1l interact among them

selves to establish an internal equilibrium and a corresponding spin 

temperature (7) and with various external degrees of freedom (collec

tively known as the 11 lattice11
) to ultimately return the spin system to 

its initial thermodynamic equilibrium. The time constants for these 

processes are known as the nuclear re1axation times and are the param

eters that can be directly related (1-3) to the dynamical properties 
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within an NMR sample. Since I = 1/2 for protons, their spin interactions 

occur only through modulation of the magnetic dipole moments. 

The application of NMR spectroscopy to metals has been described by 

various authors (8-12) and to the metal hydrides by Cotts (13). The 

Hamiltonian for a nuclear spin without a quadrupole moment (e.g., pro

tons) can be written 

(3) 

where HZ is the Zeeman interaction responsible for the resonance of eqn. 

(1), H
0 

is the nuclear dipolar interaction term, HK represents the hyper

fine interaction wit~ the conduction electrons, which was initially dem

onstrated by Knight (14), He is the chemical shift term which is usually 

(but, not always) much smaller than HK' and HRF(t) is the explicitly 

time-dependent Hamiltonian for the rf fields generated during an NMR 
experiment. When compared to an ionic or molecular solid, the primary 

characteristics for NMR in a metal are the Knight shift in the resonance 

frequency and the conduction electron contributions to the spin-lattice 

relaxation time r1. In the absence of nuclear electric quadrupole in

teractions and large internal fields due to sample ferromagnetism or 
strong paramagnetism, the nuclear dipolar fields are the primary contri

butions to the resonance linewidth. The form of dipolar Hamiltonian 

for the interaction between spin i and spin j is 

n 
2
r . y . [ 3 ( I. • ,t .. )( I . • ,r .. ) J 

H (i '} = , J I.•I'. - ~, 1J -J lJ 
D J 3 -1 -J 2 r.. r .. 

lJ lJ 

(4) 

where I. and I. are spin operators and r .. is the vector distance between ....,, ..... J "'1J 

the spins i and j. When the spins remain at fixed positions {i.e., in 

the 11 rigid-lattice 11 limit). the above dipole-dipole interaction deter

mines the NMR linewidth and shape. If the spins can change positions 

such as by random atomic motion during translational diffusion, the 

dipolar fields are averaged toward zero and the NMR spectrum becomes 
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narrower. At sufficiently rapid diffusion rates. the time-dependent 

dipolar fields will dominate the spin-lattice relaxation time of the 

spin system.-

A fundamental difficulty in observing NMR in metals is the skin 

effect which prevents the penetration of an rf field into an electrical 

conductor. To avoid the loss in signal intensity as well as other com

plications involving lineshape distortions and phase shifts, metallic 

samples are usually in the fonn of powders, wires, or thin foils with at 

least one dimension less than about 100 µm. Since most transition metal 

hydrides are quite brittle, it is usually no problem to prepare powders 

that are suitable for NMR experiments. Although the formation of a thin 

surface-oxide film normally provides an adequate electrical insulation 

between the particles, care should be exercised to prevent excessive 

oxidation (i.e., by grinding in inert atmosphere gloveboxes) or the in

troduction of ferromagnetic contaminants such as free iron. The inter

nal demagnetization fields due to the bulk magnetic susceptibility can 

produce inhomogeneous magnetization (15) in powdered samp1es. This 

effect can lead to anomalous NMR linewidths (i.e., larger than predicted 

for the dipolar interactions) in highly paramagnetic hydrides (16) as 

well as affect the measurements of frequency shifts {17} and some relax

ation times (18). However, the hydrides chosen for the present study do 

not have large magnetic susceptibilities nor contain significant levels 

of highly paramagnetic (i.e., Mn or rare earth elements) or ferromag

netic (i.e., free Fe or Ni) impurities. Hence, the various inhomogen

eous contributions that arise from the magnetization effects (15-18) in 

powdered samples are minimal for these hydrides. 

II. SECOND MOMENTS IN DIPOLAR LINESHAPES 

If the inhomogeneous contributions from both magnetic impurities 

and the sample demagnetization effects (15) are negligible, the proton 

lineshapes in solids are exclusively determined by the nuclear dipolar 

interactions of eqn. (4) {i.e.~ the homonuclear interactions among the 

protons as well as possible heteronuclear interactions with other nuclei). 
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rlence, in the rigid-lattice limit it is often possible to determine the 

hydrogen locations from the proton lineshapes providing the structure of 

the heavier atoms is known from x-ray diffraction or another technique. 

In fact, the hydrogen occupancies of interstitial sites have been ob

tained in numerous transitJon metal hydrides (13,19,20) from analyses of 

the proton NMR lineshapes. However, the development of improved tech

niques {13,21) for measuring rigid-lattice lineshapes and the prepara

tion of many new ternary hydrides should stimulate more extensive NMR 

studies that can supplement the x-ray and neutron diffraction tech

niques. Several examples of the measurements and analyses of rigid-lat

tice lineshapes for binary and ternary metallic hydrides are presented 

in the following chapters. 

The shape of an FID in the rigid-lattice limit that is due only to 

dipolar interactions is given by the general expression (22) 

G(t) = Tr{exp(-iH0 t)I exp(iH
0 

t)I }/Tr{t2} 
0 x 0 x x 

(5) 

where Tr{A} denotes the trace of operator A, I is the total spin opera-
x 

tor along the x-axis of the rotating frame (1,2), and tt00 is the secular 

part of the dipolar Hamiltonian H
0 

and commutes the Zeeman Hamiltonian 

tt
2

. Although an exact solution for G(t) from eqn. (5) is extremely dif

ficult, a power expansion of G(t) in terms of its time dedvatives (22) 

gives 

G(t) = G(o) + n~l ~! ( ::~ ) t" 
t=O 

(X) 1 
= G{o) + n~l 

(-i)nn! 

where the moments M are defined as 
n 

M t 0 

n 

(6) 

(7) 
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n 
M = (-i) n E.....§.1 

n dtn t=o 
(8) 

Since G(t) is a symmetric function, the odd moments must vanish. A gen

eral procedure to evaluate the M
2
n that was originally described by 

Van Vleck (23) gives a formal solution for M2n in the following form (22) 

M = J-l)n Tr 2 

2 
2 {[HD '[HD , 1 I I • [HD • I ] ... ] } 

n Tr(I ) o o o x 
x 

(9) 

where [A,B] denotes the commutator for operators A and B. The calcula

tion of M
4 

is usually difficult and determination of the higher M
2
n 

values are prohibitively complicated; however, a comparison between cal

culated and experimental M
2 

values is usually adequate to establish the 

rigid-lattice arrangements of the nuclei in most practical situations. 

For example, consider a two spin system where I is the resonant species 

and S is the non-resonant species. The secular dipolar HDo in this case 

is 

H Do = H II + H IS 
Do Do . . . 

2 2 2 
Fi YI (1-3 cos ei .)( 3 I. I. _ l.·I.) 

= .~. 3 
J 1Z JZ -1 ""'J 

l <J 2 r .. 
1J 

h2ylyS 2 
+ .~k 3 (1-3 cos e.k)(I. sk ) 

J< · 1 lZ Z 

rik 

( l O) 

where the subscript i refers to the lattice position of spin I; sub

script j is the position of another spin I; subscript k is the lattice 

position of a spin S; and e .. and e.k are the polar angles of the inter-
lJ , 
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nuclear distances r .. and r.k' respectively, relative to the Z-axis that ""'lJ ...... , 

is parallel to H . For a powder sample where spins I and S each occupy 
0 

only one type of lattice site, substitution of eqn. (10) into the ex-
pression for M

2 

{ 11) 

gives after some algebra and evaluation of traces the result 

- 3 2 2 -6 + 4 2 2 -6 
M2 - 5 M YI I(I+l) J rij 15 n YS S(S+l) t rik ( 12) 

in units of Gauss2 where the sum~ r:~ extends over all other sites . 1J 
occupied by I spins from a typical I site labeled by the subscript i and 

~ r~ 6k extends over all spin S sites from the same I site. Using the k , 
spin parameters from Table 1, it is easy to calculate the dipolar M

2 for 

proton lineshapes in a metal hydride once the lattice summations have 

been evaluated for a model arrangement of nuclei in a given lattice 

structure. Generalizations of the above formula can account (19,20) for 
the relative isotopic abundances of spins, contributions from spin I 

occupying inequivalent lattice sites, and the simultaneous presence of 

two or more spin S nuclei. 

III. RELAXATION TIMES 

A. General Properties 

There are three relaxation times that are of primary interest in 

the study of transition metal hydrides: 

1. T1 is the spin-lattice relaxation time in the applied magnetic 

field H and corresponds to the return to thermodynamic equio 
librium after a perturbation by the rf irradiation. 

2. r1P is the spin-lattice relaxation time along the rotating H1 
field of an rf pulse when the nuclear magnetization is 

"locked" parallel to the H1 field. 
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3. T
2 

is the spin-spin relaxation time that corresponds to the 

loss of phase coherency without requiring the transfer of the 

excitation energy from the spins. The time constant for the 
* FID is T

2 
and usually contains homogeneous (i.e., lifetime of 

the spin states and the I-I dipolar couplings) as well as many 

potential inhomogeneous (i.e., spatially variant) contribu

tions. 

The procedures for measuring these relaxation times are well estab

lished and the experimental details are described in the book by 

Farrar and Becker (3). Cotts {13) has provided a thorough discus

sion of the application of nuclear relaxation times to characterize 

the 111E:?tal hydrides. 

The nuclear relaxation times often have several contributions from 

different physical processes (1-3}. For example, the proton T1 in 

most metal hydrides can be separated into three distinct terms 

(13) 

where Tle represents the relaxation processes (9.10) from inter

actions with the unpaired conduction electrons at the Fermi level; 

Tld is the modulation of the proton dipolar interactions because of 

atomic diffusion (1,2,13); and Tlp describes interactions with para

magnetic atoms (i.e., localized magnetic moments). This last term 

in eqn. {13) is often negligible if the metal hydrides are not 

strongly paramagnetic (16) or contain large concentrations of the 

magnetic impurities. A similar separation of the proton T1P relax

ation time is also possible; .however, the diffusion contributions 

are nearly always dominant (13) for this parameter. The homogeneous 

contributions to T2 
can often be determined by various spin-echo 

pulse sequences (3); however, any interaction which affects the 

phase of a precessing spin will contribute to the r2 
relaxation, 
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even in a spin echo experiment that had removed the static inhomo

geneties in H {3). Zamir and Catts {18) were the first to recog
o 

nize these complications for T
2 

relaxation behavior in metal 

hydrides. 

B. Diffusion Contributions 

The general relationships between the nuclear relaxation times and 

the diffusion induced modulation of the nuclear dipole-dipole in

teractions are well understood {l-3, 13). To illustrate these 

relationships consider a solid containing a single type of magnetic 

nuclei with I = 1/2 and these nuclei experience random jumps during 

diffusion. Since only the magnetic dipolar interactions among 

identical nuclei need be considered, the nuclear relaxation rates 

(i.e., the inverse of the relaxation time) are given by {13) 

-1 - = 2 C [J(l)(w) + J(Z){2w )] (14) 
Tld 2 I o o 

J(q)(w) = /a:iG(q)(t)e-iwt dt, ( 17) 
-oo 

which relates the relaxation rates to the correlation function 

G(q)(t) for the time-dependent modulation of the nuclear dipolar 

i nteracti ans. 
k 

These expressions are valid when Y1 M2 
2 tc <<1 

where tc is the 
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correlation time for the diffusion process. For mobile nuclei 

Tc = Td/2 where td is the average time between the atomic jumps and 

is inversely proportional to the diffusion constant D. The simp

lest assumption for G(q)(t) was first suggested by Bloembergen, 

Purcell and Pound (24) who proposed that dipolar field correlations 

decay as exp(-t/t ). This model (widely known as the BPP model) gives 
c 

( 18) 

which when substituted into eqns. (14-16) can determine the T val-
e 

ues from the experimental relaxation times. The BPP model has been 

widely used (1-3) to analyze atomic motion in fluids and many 

classes of solids including many metal hydrides (13}. Fig. 1 shows 

the typical dependences (13) of Tld' Tlp' and T
2 

upon tc in terms 

of the BPP model. 

The maxima for T 
1 
d- l and T 

1 
- 1 occur when w T R:: 1 and 2w

1 
t ~ 1, 

_
1 

p o c c 
respectively, while T

2 
increases smoothly up to the value for 

rigid-lattice dipolar interactions. Diffusion is the dominant 

nuclear relaxation process in the regions of these maxima. Since 

w
0 
~ 500 w1 in nearly all NMR studies, the Tld-l and r1P-l maxima 

occur at very different T values and permit the evaluation of t 
c c 

over wide ranges. In particular, Tlp measurements can usually 

yield reliable parameters for diffusion behavior when 
-8 -3 

10 s <;;Tc< 10 s while Tld measurements cover the range 

10-lO s ~ t ~ 10-6 s. Although the absolute t values from the 
c c 

BPP model can be in error by as much as 50%, their relative temper-

ature behavior is usually much more reliable and gives diffusion 

activation energies that agree within about 10% with other tech

niques {13). 
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More accurate models for G(q)(t) have been developed (13) that 

attempt to account for the orientation dependent jumps between the 

specific lattice sites in solids. However, the complexities of the 

resulting numerical analyses have limited their application to the 

few high symmetry cubic structures. Furthennore, these lattice 

specific models usually exhibit the same qualitative behavior as 

the simpler BPP model (13,25). The most serious shortcoming of all 

the current models for diffusion relaxation times is their inability 

(25,26) to represent the more complex diffusion processes involving 

alternative diffusion pathways and/or multiple site occupancies. 

With the exception of some preliminary work by Fedders (26), all the 

diffusion models that have been applied to metal hydrides have only 

considered the simple atomic hopping processes. However, there is 

increasing experimental evidence (27-30) that more involved jump 

pathways are contributing to hydrogen diffusion in those hydrides 

where more than one type of interstitial site can be occupied. This 

problem will be addressed in a later chapter when Tlp data for 

crystalline and amorphous Ti-Cu hydrides are presented and 

discussed. 

C. Interactions with Conduction Electrons 

The nuclear spin systems in metals are affectea by the e1ectron 

structure of the metal through the hyperfine fields produced at the 

site of the nucleus. The time dependence of the transverse compon

ents of the hyperfine fields from the unpaired electrons that are 

within --k.8T of Fermi energy EF provides an efficient mechanism (10) 

for the spin lattice relaxation time [i.e., Tle-l given in eqn. 

(13)] in metals. In transition metals and alloys, which include 

the metal hydrides, the electrons at EF will, in principle, occupy 

both s and d orbitals; however, the densities of d-electron states 

are usually much larger than the densities of the s-electron states 

since EF lies in the rather narrow d-band formed by overlaps of the 
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transition metal orbitals. Although detailed models for the hyper

fine interactions have been formulated {9-ll), the general expres

sions are rarely applied to transition metals where unique identifi

cations of the several contributions are normally not possible. 

Instead, a partitioned model, which neglects effects of electron

electron correlation and the mixing of the s and d bands, has been 

extensively used (9-11) to analyze the T
1
e data for transition 

metals and transition metal alloys. In this model the relaxation 

rate obeys 

where T is the absolute temperature; kB is the Boltzmann's con

stant; N
5

(EF) and Nd(EF) are the s-band and d-band density of 

states at the Fermi level, respectively; and p and q are reduction 

factors resulting from d electron orbital degeneracy at EF. The 

quantities Hhf(s), Hhf(d), and Hhf{o) are the hyperfine fields at 

the resonant nuclei caused by the following three mechanisms: 

Fenni contact interaction with the unpaired s electrons at EF. core 

polarization of the spin-paired s orbitals at energies below EF by 

the unpaired d electr~ns at EF; and the effect of .orbital motion of 

d-electrons. Although the contact term gives the most effective 

spin-lattice relaxation for a single unpaired electron, the large 

Nd{EF) in most transition metal systems usually insures that core

polarization and/or the orbital term will dominate r
1
e. As long as 

EF does not fall on a sharp peak in the density of states, the quan

tities enclosed by the brackets {} in eqn. (19} are essentially 

independent of temperature and T
1
e will obey 

T T = C le e 
(20) 
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where Ce is a constant. However, if EF lies on a sharp peak in the 

density of states, Nd(EF} can change rapidly with temperature and 

the product T
1

eT will not be constant. Because eqn. (19) requires 

several parameters that cannot be easily or independently eval

uated, T
1
e data will not directly establish the quantitative 

character of the local electronic structure around the nucleus. 

However, analyses of r
1
e parameters in conjunction Knight shifts 

and magnetic susceptibilities have often provided significant in

sights on many transition metal systems (8-13). 

The conduction electrons in transition metal hydrides will produce 

hyperfine fields at the proton sites as well as the metal sites. 

Although Korn and Zamir (31) were apparently the first to explicitly 

identify Tle contributions to the proton T1 values in Y-phase TiHx' 

the conduction electron interaction is an important T1 relaxation 

process for protons at both low and high temperatures where the 

diffusion rates are either too slow or too fast to make significant 

contributions to T1. Most recent proton NMR studies of metal hy

drides have included at least cursory estimates of the T1e terms, 

and there is growing interest in analyzing these parameters in 

order to gain a better understanding of the electronic structure at 

the hydrogen sites. 

IV. KNIGHT SHIFTS AND KORRINGA RELATIONS 

The average component of the hyperfine field parallel to H causes 
0 

a shift in the Larmor frequency for nuclei in metals as was first ob-

served by Knight (14). For a constant applied field H
0

, the shift crK is 

given by 

(21) 

where vm is the resonance frequency for the metal and vRef is the res

onance frequency of a suitable reference material, which is usually a 
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diamagnetic salt of the metal ion. A nucleus can also experience other 

frequency shifts such as various paramagnetic or diamagnetic contribu

tions from valence and core electrons (i.e., chemical shifts) and the 

demagnetizing fields induced by severa1 classical magnetism effects (32) 

arising from nonspherical sample shapes and the use of powders to avoid 

the skin-depth problems. Because these last contributions give shifts 

of 10-5-10-4 for most nuclei in the nonferromagnetic metals, they are 

usually neglected for the Knight shifts in the transition metal nuclei 
-3 -2 

where oK ~ 10 -10 . However, the hyperfine fields are small for pro-

tons (11) to give crK{H) e:: 10-5-10-4 and the chemical shift and demagne

tization effects must be more carefully treated during the evaluation 

(15,32) of the proton Knight shifts as will be discussed later in this 

section. The crK are positive when vm > vRef' and negative when 

vm < vRef' This is the coll1Tlon sign convention (11) for Knight shifts in 

metals, but an opposite sign convention is used for the chemical shifts. 

The partitioned models (9-11) are also widely used to analyze 

Knight shifts in the transition metal systems. In this approach crK is 

separated into three components 

(22) 

where NA is Avogadro's number and µB is the Bohr magneton. The magnetic 

susceptibility terms correspond to the Pauli interaction with unpaired 

s-electrons (xs), the Pauli interaction with unpaired d-e1ectrons (xd), 

and the Van Vleck paramagnetic orbital interactions with the d-electrons 

(x
0
). Although the hyperfine fields ·Hhf(s) and Hhf(d) are the same as 

for the T
1 

-l expression in eqn. (19), the orbital hyperfine field for 
e , 

the Knight shift Hhf(o) is an average (9) over all contributing states 

of the d band and does not depend on just the electronic states at EF as 

was the case for the orbital hyperfine field Hhf(o) in eqn. (19). In 

the free-electron approximation (l,2,9-11) the contact and core-polari

zation susceptibilities are given by 
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( 23) 

(24) 

However, x arises from second-order electron-nuclear hyperfine inter-o 
actions {10,11) where both the occupied and unoccupied states over the 

entire d band contribute to produce the paramagnetic moment at the 

nucleus. Hence, the orbita1 term in oK does not directly depend upon 

Nd(EF) and, furthermore, is usually t~mperature-independent unless there 

are a large number of strongly mixed states within k8T of EF. From 

these considerations, the Knight shift in eqn. (22) can be written as 

(25) 

Although the contact hyperfine field ~hf(s) is always positive and the 

orbital hyperfine fields Hhf(o) and Hhf(o) are also nearly always pos

itive {9-11,33), the core-polarization field Hhf(d) is negative (11,33) 

for the transition metals. Hence, significant cancellations can occur 

in oK to give positive, negative, or even zero shifts depending on the 

relative magnitudes of the three terms in .eqn. (25). Since only the 

squares of the hyperfine fields influence r 1 -las shown in eqn. (19). . e 
the three contributions are always additive for the spin-lattice relax-

ation rate. 

Using the free-electron model, Korringa (34) derived 

2 
crK T1eT = CK (26) 

2 2 where CK= nYe /(4~kBYI ) when the Fermi contact terms dominates both the 

Knight shift and spin-lattice relaxation time. A very similar expression 

(27) 
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is valid when the core-polarization term dominates both oK and Tle where 

the reduction factor q from eqn. (19) is directly proportional (9) to 

the fractional character of the t
2
g d-orbitals at the Fermi surface. 

However, a Korringa-type relation does not hold for the orbital contr1-

butions to oK and T
1
e. Although the orbital contribution to Tle in eqn. 

(19) depends on the density of states at EF' the orbital Knight shift 

depends on an average density of states throughout the entire d band. 

Nevertheless, the Korringa relations have been very useful (9-11) in 

deducing the relative contributions of the hyperfine interactions and 

band structures for numerous transition metals and alloys. If there are 

comparable contact and core-polarization contributions, CK/q can be much 

less than one and even approach zero if oK = 0 because of a fortuitous 

cancellation of two possibly large positive and negative Knight shift 

terms. 

Because the intrinsic hyperfine field from the hydrogen ls orbital 

is small (11), the transferred hyperfine interactions from the d-orbitals 

of the transition metals should be the major contributors to the proton 

Knight shifts and Tle in the transition metal hydrides. In fact, this 

view has been adopted in several recent analyses (35-39) of the proton 

NMR parameters for binary and ternary hydrides. The current evidence 

appears to favor the dominance of a 11 transferred 11 core-polarization from 

the metal d-orbitals to the filled hydrogen ls orbitals lying below EF 

which are associated with the formation of the metal-hydrogen chemical 

bond (40). 

Since the proton Knights are small (i.e., typical loKI values are 

10-4 or smaller), the chemical shift contribution and choice for a ref

erence frequency in eqn. (21) are much more important for the proton aK 

than for the Knight shifts of most metal nuclei. In some previous 

studies (41-43) of the proton Knight shifts for metal hydrides, the fre

quency of the bare proton nucleus was chosen as the reference. This 

particular choice may have been biased by historic use of the proton 

model to rationalize (13) the NMR results in metal hydrides. However, 
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photoemission spectroscopy {44,45) and x-ray emission spectra {46,47) 

provide direct experimental evidence for electron transfer from the met

al atom to the hydrogen atom in several metal hydrides. The band theory 

calculations (40,48,49) also indicated an increased electron density 

about hydrogen atoms in several metal hydrides. Hence, it is more 

appropriate to reference the oK to the frequency for the hydride ion(H

rather than the bare proton(H+). The chemical shift for the H-ion is 

27 ppm upfield from the H+ reference according to Mason (50). From a 

study of the proton shifts in the alkaline hydrides CaH
2

, SrH
2

• and 

BaH
2 

by Nicol and Vaughan {51), an average upward shift of 23 + 2 ppm 

relative to bare protons is indicated for the hydride ion. A similar 

chemical shift is also expected for the protons in the transition metals 

although it is impossible to uniquely determine the absolute value. 

Consequently, all proton shifts obtained during the present studies are 

referenced to tetramethylsilane (TMS) which is about 30 ppm upfield from 

the bare proton frequency. The choice of TMS as the reference may give 

an absolute uncertainty of ±_5-10 ppm in the crK values, but TMS should 

give a better representation of the chemical shift effects than the 

alternative reference of the bare proton frequency. 

The combination of small Knight shifts and the broad linewidths for 

rigid-lattice dipolar interactions involving protons gives probable 

errors of 25-50% or more when the proton crK values for the metal hy

drides (35,37,52} are derived from conventional cw spectra that have 

been measured at low temperatures. Although more accurate oK measure

ments can be obtained when the proton spectra are extensively narrowed 

by rapid hydrogen diffusion (41,42), only limited temperature ranges may 

be experimentally accessible before various sample dissociation or de

composition effects severely interfere with the oK measurements. Some of 

the recently developed multiple pulse techniques that are designed to 

average dipolar fields to zero (4,5) have provided more accurate proton 

crK parameters in a few metal hydrides (39,43,51,53). However, the mul~ 

tiple pulse techniques are highly susceptible to pulse errors, probe 
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detuning, and rf field inhomogeneities (which can be substantial in the 

electrically conducting hydrides) and also cannot remove the often large 

heteranuclear dipolar linewidth contributions associated with many metal 

nuclei such as 51 v, 63cu, or 65cu. Although these techniques, in prin

ciple, permit resolution of the individual Knights on inequivalent sites 

(i.e., leading ta assessments of variations in local electronic struc

tures with a single phase), the expected small differences in the proton 

shifts as well as overlaps due to the anisotropic terms in lineshapes 

(4,5) for the polycrystalline samples and the residual heteronuclear 

broadening wi11 probably always prevent observations of these resolved 

spectra without the addition of magic-angle sample spinning procedures 

(39,43). 

Since the objective of the present studies was to obtain "average" 

proton Knight shifts for direct comparisons with proton T1e parameters 
and for use in Korringa-type analyses, the line-narrowing multiple pulse 

techniques (4,5) have not been employed. Instead, another multiple 

pulse technique recently developed by Burum, et al. (54) that can 

measure the 11 average 11 shift of a dipolar broadened NMR line to within 

~l ppm has been exclusively used during the present evaluations of the 

Ti and Zr based binary and ternary metal hydrides. This technique is a 

variation of the well-known (1,2,55) "zero-crossing" experiments of 
sol id-sdte NMR where a spi n)iemperature is estab'lished during a' long rf 

pulse at a frequency wand the initial amplitude of the transverse mag

netization M is observed. For the sudden application of the rf pulse, x 
this initial amplitude obeys (55) 

(28) 

where M
0 

is the equilibrium magnetization, HL is the local dipolar field 

defined by 
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( 29) 

with H~ = M2/3, and the off resonance tenn h is given by 

h = N-l ~ [H (1 t cr .) - w/Y
1
J 

j 0 ZZJ 
(30) 

for a total shift cr . (i.e., the combination of Knight, chemical, and 
ZZJ 

possibly other terms) of the jth spin in a total of N spins. For a 

polycrystalline sample with an average shift of <cr >. in the ;th 
zz 1 

particle and the application of a sufficiently large H
1 

field to satisfy 

the condition 

H2L + H21 » (H <a >. )2' 
0 zz 1 

(31) 

the zero crossing of M /M in eqn. (28) will occur at the frequency x 0 

-1 
w ~YI N ~ H (1 + o .. ) 

,• J' 0 ZZlJ , 
(32) 

which corresponds to the exact center (or average) of all the individual 

shifts within the po1ycrystalline sample. By applying a train of 

closely spaced short rf pulses and sampling the steady-state magnetiza

tion between the pulses, Burum. et al. (54) have developed an analogous 

zero-crossing technique for measuring the average frequency shift which 

has several orders of magnitude greater effective sensitivity than the 

corresponding cw technique {55). The multiple pulse zero-crossing tech

nique is also easy to use under varying experimental conditions such as 

during large temperature changes and will work equally we1T in the pres

ence of heteronuclear dipo1ar interactions or other inhomogeneous broad

ening contributions to the NMR lineshapes. The most significant limita

tion of the multiple pulse zero-crossing technique is an inability to 
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separate the individual shifts for inequivalent nuclei that can occur in 

the more complex crystal structures. However, the accurate measurements 

of the average proton Knight shifts with this technique have provided 

many useful insights on the electron structures of several metal hy

drides as will be demonstrated in several subsequent chapters. 

V. INSTRUMENTATION 

Two transient NMR spectrometers were used to perform all of the 

measurements that constituted this study of the transition metal 

hydrides. 

The proton lineshapes. Knight shifts. and T
1 

values at 56.4 MHz 

were obtained using the previously described (56) wide-band spectrometer 

illustrated in Fig. 2. The original spectrometer has been modified by 

the additions of a computer controlled prograrrmable pulse generator (57), 

a 400 watt final rf amplifier, a Biomation Model 1010 transient recorder, 

and a magnetic field lock system. Rf irradiation at frequencies near 

56.4 MHz is applied to samples contained in 5 mm o.d. tubes using a 

single coil for both the rf transmitter and receiver systems. Four dif

ferent phases of rf are available with relative shifts of 0°, 90°, 180°, 

and 270°, which correspond to irradiation along the x, y, -x, and -y 

coordinate axes of the rotating frame of magnetization (3). Pµlse timing 

and phase channel selection is determined through the use of rf switches, 

or "gates, 11 whi.ch are controlled by a pulse sequence generator (57) pro

grarrmed by the PDP 11/10 computer but operating independently. The 

receiver "dead" time (i.e., the time following the end of an rf pulse 

during which the receiver is saturated and accurate data are not detec

table) for this spectrometer is about 3 µsec. The typical time required 

to produce a 90° pulse was 1.5 µsec. 

A commercial Bruker BKR-SXP spectrometer system was used for the 

measurements of all the Tlp data and the r1 data at 34.5 MHz. A single 

coil, which would accept 8 ll111 o.d. sample tubes, was used by both the rf 

transmitter and receiver systems. The deadtime of this spectrometer is 
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about 10 µsec and the 90° pulse length was about l.O µsec. A Biomation 

Model 8100 transient recorder and a Nicolet Model 1074 signal averager 

were used for the data collection system. 
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Table 1. Some Spin Properties of Selected Nuclei 

Natural 
YI 

Quadrupole 
Abundance Moment 

Nucleus I (%) (rad/Gauss} (barns} 

H 1/2 99.984 26751. 0 

47Ti 5/2 7.28 -1507.9 +0.29 

49Ti 7/2 5.51 -1508.3 +0.24 

51V 7/2 99.76 7032.6 -0.05 

53Cr 3/2 9.55 -1512.0 0.03 

63Cu 3/2 69.09 7090.4 -0. 211 

65Cu 3/2 30.91 7595.8 -0.195 

91Zr 5/2 11. 23 2487.2 ? 

105Pd 5/2 22.23 1225.2 +0.8 

FIGURE CAPTIONS 

Fig. 1. Relaxation rates, in arbitrary units, as a function of w
0
ld for 

-1 _, -1 
T

1 
, T

1
P , and T2 as calculated with the BPP model for the 

correlation function G{q)(t) and with w
0 

= 500 w
1 

[after Catts 

(13)]. 

Fig. 2. Schematic diagram of the wide-band pulse NMR spectrometer 

operating at 56.4 MHz. 



101 

.! 
ca er 
.2 10° -ca 
)( 
CG 
a; 
a: 10·1 

10·2 

43 

10° 101 102 103 104 

FIGURE l 



ATTENUATOR 

QUADRIPOLE NETWORK 

x 

DRIVER 
AMPLIFIER 

400 
WATT 

AMPLIFIER 

44 

FREQUENCY SYNTHESIZER 

ISOLATION 
AMPLIFIER 

AMPLITUDE 
TRIMMERS 

f...14 ____ _.,.. 

PROBE 

PHASE 
SHIFTER 

PULSE LENGTH 
ADJUSTMENT 

COMPUTER 
PROGRAMMED 

PULSE 
SEQUENCE 

GENERATOR 

TRIGGER PULSE 
GFNFRATOR 

BIOMATION 
1010 RECORDER 

FABRITEK 
SIGNAL 

AVERAGER 

PDP 11/10 
COMPUTER 

INTEGRATE 
AND HOLD 

RECEIVER 

ELECTROMAGNET 

POWER FIELD LOCK 
SUPPLY 1-------1 SYSTEM 

FIGURE 2 



45 

CHAPTER 3 

A SIMPLE MAGIC ECHO SEQUENCE FOR 

SECOND MOMENT MEASUREMENTS 

[This chapter is essentially an article with the same title by 
R. C. Bowman, Jr. and W.-K. Rhim in Journal of Magnetic Resonance, 
August 1982 Issue (in press).) 
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ABSTRACT 

A relatively simple pulse sequence that generates magic echoes for 

dipolar solids in the rigid-lattice limit is presented. The proton line

shapes from the magic echoes obtained using polycrystalline TiH1.98 yield 

second moments in excellent agreement with calculations based upon the 

Van Vleck expressions. 
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The dipolar lineshapes of nuclear magnetic resonance spectra have been 

widely used to either determine or clarify the structures of numerous 

solids. Although a general solution to the NMR lineshape is an extremely 

difficult probiem, detailed analyses are possible using the magnetic mom-

ents as defined by the expression(l) 

n 
M = (-i)n d G(t) 
n dtnG(O) t=O 

[1] 

where G(t) is the free induction decay following an rf pulse at the res-

onance frequency. In practice, structure determinations from NMR line-

shapes usually consist of comparing the experimental second moment M
2 

with 

calculated dipolar values using the well-known Van Vleck expressions{2). 

The d1polar M
2 

values are calculated for alternative arrang~nents of the 

magnetic nuclei to obtain the best agreement consistent with other param-

eters such as x-ray lattice constants~ etc. Unfortunately, the initial 

portion of G{t), which makes the most important contribution to M2, is al-

ways hidden by the recovery of the probe and receiver circuits from the rf 

pulse overload. Hence, an accurate determination of M2 from G(t) becomes 

more difficult as M
2 

increases unless great instrumental effort is made to 

reduce the recovery times. Although conventional CW NMR techniques can 

be used to measure M2 while avoiding receiver blocking, compromises in 

operating conditions are often required to obtain adequate signal-to-

noise factors with minimal modulation and saturation contributions to 

the CW 1 ineshaoes. Powles and $trange(3) haw~ developed a simple two-

pulse solid echo technique that partially overcomes the recovery time 
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difficulties by generating a well-defined echo. Although the solid echo 

has been commonly used for M2 determinations, it is generally inferior 

to the 'magic' dipolar echo devised by Rhim et a1(4). The major advan-

tages of the magic echo sequence are the formation of a well-defined echo 

maximum with minimal lineshape distortion(4) well beyond the instrumental 

recovery time and the much greater efficiency(4) of echo recovery. How-

ever, rather complex multiple-pulse sequences were originally utilized 

(4) to produce the magic echoes. which may have discouraged any exten-

sive M
2 

determinations from the magic echoes although accurate M
2 

values 

were obtained(5) for single crystal CaF2. The present paper describes 

a simplified version of the magic echo sequence that yields remarkably 

accurate M
2 

values for polycrystalline TiH
1

_98 which provides a rather 

severe test due to a high density of protons with strong homonuclear 

dipolar interactions. This technique should provide reliable M
2 

deter

.rninations whenever dipolar lineshapes are in the rigid-lattice limit 

( 1 '2). 

Since the spin dynamics associated with magic echo phenomena have 

been previously described in great detail(4,6), only a brief sketch of 

the theoretical foundations will be given. Consider a dipolar solid 

where the secular Hamiltonian Hd(Z) determines{l) the NMR lineshape and 

moments M . When a long rf pulse is applied at the exact resonance fre
n 

quency along the Y-axis of the rotating frame for a duration 2td~ the 

dipolar interactions during this interval can be represented(6) by the 

effective Hamiltonian (-1/2) Hd(Y) where contributions from various non-
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idealities are assumed to be sma11(4). Hence, spin system will be evolv-

ing 11 backwards 11 during this Y-pulse as though there has been a reversal 

in time as has been thoroughly discussed by Rhim et al(4). If this 

pulse is imnediately followed by a 90°-phase shifted n/2-pulse, the mag-

netization vector will lie in the X, Y-plane of the rotating reference 

frame rather than the initial equilibrium direction along the Z-axis. 

This orientation permits observation of the formation and decay of the 

magic echo signal from which the magnetic moments can be extracted. The 

magic echo maximum occurs at the time td after the end of the Y-pulse. 

It has been demonstrated(?) that continuous rf irradiation can be re-

placed by a string of identical, small angle pulses without modifying the 

physics as long as the average applied rf field H1 is much larger than 

the local dipolar field HL and the condition 

[2] 

is satisfied. Here, w1 = en/2n is the average precession frequency in 

the rotating frame due to the rf pulses applied with repetition frequency 

D/2n and e is the pulse angle. Hence, the pulse sequence 

N 
(e_y - ·r} - x [3] 

with N short pulses of angle e along the -Y direction of the rotating 

frame separated by times T much shorter than the spin-spin relaxation 

time r2 and X representing a n/2-pulse along the X-direction will pro

duce a magic echo completely analogous to the more complex pulse sequen-

ces previously described(4}. The major advantage of using a string of 

closely spaced short pulses rather than a long continuous pulse is the 
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ability to accurately align the magnetization along the receiver phase 

for maximum signal amplitude at any convenient td value by simply ad

. justing the common width of each pulse in the string. However, with a 

long continuous pulse only a few, specific 2td lengths will give a max

imum amplitude for a given receiver phase, which can make the tuning 

procedures rather tedious and complicated, and the echo maxima will 

occur at a different td if the phase is changed. Although the simpli

fied sequence given by eq. [3] is not as efficient as the original ver-

sion(4) for the long term recovery of the magic echo, with N .i;;;; 10 it 

has been found to generate well-resolved echo maxima as well as reliable 

M2 values for proton lineshapes in various metal hydrides where the M
2 

values are usually quite large (i.e., M
2 

> 10 gauss 2). 

In order to assess the reproducibility and reliability of M
2 

values 

derived from magic echoes generated by several variant pulse sequences 

based upon eq. [3], a series of experiments have been performed on a 

sample of polycrystalline TiH
1

_
98

, which is isomorphic with the tradi

tional NMR standard CaF
2 

except M2 for TiH2 is about 3.5 times larger 

(8). Pulse sequences with N=B and N=lO were utilized and the 8 
-y 

lengths were extensively varied while retaining a constant separation 

of 3 µsec between the beginning of each e pulse. The echo signals were 

detected with the receiver phase experimentally set along either the Y 

or X directions of the rotating reference frame. The widths of e -y 

pulses were carefully adjusted to produce maximum amplitudes for the 

magic echoes. Whenever an extrema in echo intensity was obtained, the 
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M2 values were evaluated from gaussian plots of the signal decays for 

about 10-12 µsec after the experimentally defined peak of the magic 

. echo, which corresponds to G(O) in the free induction decay. The nom

inal proton frequency was 56.4 MHz where exact resonance conditions were 

established by the multiple-phase zero-crossing technique(9). The sam

ple was maintained at 18.0 + l.0°C throughout the measurements. 

The apparatus consisted of a home-built wide-band transient spec

trometer(lO) that had been modified by the addition of a programmable 

pulse generator(ll), an external magnetic field lock system, and a Bio

mation Model 1010 transient recorder to permit data collection at a 

10 MHz sampling rate. The spectrometer produces a TI/2-pulse in about 

1.5 µsec and has a total recovery time of about 3 µsec from the end of 

the rf pulse. Each measurement had 64 scans stored in the memory of a 

Fabritek Model 1072 signal averager. For half of these scans the magic 

echo sequence had been preceded by an initial 1r-pulse and the resulting 

inverted signals were digitally subtracted from the echoes produced 

using only the sequence of eq. [3]. This procedure was very effective 

in reducing systematic noise as well as probe ringing and the weak 

background signals. 
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Severa1 magic echoes for protons in TiH1 .98 that have been created 

using the pulse sequence of eq. [3] with N=lO are presented in Fig. 1. 

Positive or negative echoes have been formed along either the X or Y axes 

of the rotating reference frame by varying the e angles. Thus, this sim
-y 

ple pulse sequence permits great flexibility for the observation of the 

magic echoes and gives relatively versatile signal detection configura-

tions. For example, the extrema in echo amplitudes can be obtained by 

either varying e for a constant detector phase setting or alternating the 
-y 

phase setting at a constant e value. As can be readily seen in Fig. l, 
-y 

the primary advantage of the magic echo technique is the formation of eas-

ily identified echo peaks well outside of the instrumental recovery time, 

which allows accurate determination of the echo maximum to establish the 

initial point in the lineshape decay G(t). In contrast, the peak for the 

solid echo sequence(3) typically occurs just beyond the experimental re-

covery time because the spacing between the two pulses must be kept as 

short as possible to minimize lineshape distortions(l2). Hence, it is of-

ten difficult to clearly define the maximum point in the solid echo which 

can seriously affect the accuracy of the corresponding M2 value. 

Table 1 summarizes the experimental proton M2 values for the poly

crystalline TiH1•98 sample using the magic echo sequence with N=8 and 10 at 

several e values. Although a wide range of pulse lengths are included 
-y 

tnd a significant variation in maximum echo amplitudes are observed, the 

moments exhibit excellent consistency. In fact, the average of all the 

measurements in Table l is M2 = 24.6 gauss2 with a standard deviation of 
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2 0.5 gauss . The theoretical dipolar M2 for protons in TiH1.98 • including 

the very small contributions from the 47Ti and 49Ti nuclei, is calculated 

to be 24.7 gauss 2 using the Van Vleck formulas(2) with the measured cubic 

-8 lattice parameter a ~ 4.448 x 10 cm and assuming the protons randomly 

occupy 99% of the tetrahedral interstitial sites of the TiH2 crystal struc

ture. Although this remarkable agreement between the experimental and cal-

culated proton M2 values may be somewhat fortuitous considering the exper

imental uncertainty, the reliability of the simplified magic echo sequence 

to determine accurate M
2 

values has been clearly demonstrated. Successful 

M2 measurements that have been performed on several other metal hydrides 

including ZrH , TiCr
2
H • and TiCuH will be published elsewhere. The re-x x x 

sults in Table l are also in good agreement with M2 values previously meas-

ured in TiHx by broadline NMR techniques(S). Because the proton dipolar M
2 

is very large for TiH
2

, determination of reliable experimental M
2 

values 

was found to be much more difficult with either solid echoes or free induc-

tion decays. 

The systematic decrease in the magic echo amplitudes with large N and 

reduction in e length probably reflects some limitations in the simpli-y 

fied version relative to the original{4) magic echo sequence. However, the 

M2 values from the simple sequence of eq. [3] appear not to be seriously 

affected by these limitations. If a relatively unattenuated magic echo at 

long td is desired, the rather complex multiple-pulse sequence of Rhim, et 

a1(4) should be employed. Nevertheless, for an accurate determination of 

M2 in most practical situations the sequence represented by eq. [3] should 
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be quite satisfactory and experimentally very convenient while avoiding 

potentially expensive instrumental modifications to generate and transmit 

the long trains of phase-alternated pulses of the original magic echo 

sequence. Finally, the simple magic echo sequence has been found to pro

vide a readily observable signal that monitors the magnetization of samples 

whose short G(t) decays are mostly lost in the spectrometer recovery time. 

This capability has proven to be very useful in measuring spin-lattice re

laxation times. 
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Table 1. Proton second moments (M2
) for polycrystalline TiH1. 98 obtained 

from magic echoes generated by the pulse sequence N (El - T} - 90 -y x 

Nomi na 1 Detector Maximum M2 e_Y Phase Echo 
Amplitudea 2 

N Length Direction (gauss ) 

8 goo y 0.925 24.0 

8 79° x 0.912 24.4 

8 68° y -0.893 24.6 

10 81° x -0.825 24.9 

10 720 y 0.812 25.2 

10 63° x 0. 788 24.7 

10 54° y -0. 775 25.2 

10 45° x -0.744 24.9 

10 36° y 0.650 23.9 

aRelative to amplitude, of free,induction decay signal immediately after 

receiver deadtime. Negative values correspond to inverted echoes as 

shown in parts C and E of Fig. 1. 
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FIGURE CAPTION 

Figure 1. Representative magic echoes for polycrystalline TiH1. 98 at 18°C 

obtained using the pulse sequence described in the text with N=lO. Parts 

B and D were generated under identical pulse parameters except the detector 

phase was shifted by 90°. Each trace is 51 .2 µsec long. 
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A. 'e _y = 72° DET. PHASE = y D. 8 _y = 63° DET. PHASE = x 

e = 63° DET. PHASE = Y 
8. -y 

E 0 = 81° DET. PHASE = X 
. -y 

C. 8 -y 54° DET. PHASE "" Y 

FIGURE l 
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CHAPTER 4 

PROTON NMR LINESHAPES IN ZrH x 

[This chapter is essentially an article with the same title by 
R. C. Bowman, Jr., E. L. Venturini, and W.-K. Rhim in Physical Review 
B, September l, 1982 Issue (in press).] 
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ABSTRACT 

The second moments (M20 ) were obtained from magic echo measurements of 

the proton lineshapes for high purity polycrystalline ZrH . Contrary 
x 

to prev1ous reports of anomalously large M20 values in ZrHx' the pres-

ent results are in excellent agreement with the calculated dipolar 

moments which assume random occupancy of protons on only tetrahedral 

interstitial sites. 



61 

I. INTRODUCTION 

Nuclear magnetic resonance (NMR) has proven to be a very valuable tech· 

nique to evaluate the hydrogen s1te occupancies, electronic properties, 

and diffusion behavior in numerous metal-hydrogen systems(l,2). Since 

protons are spin 1/2 nuclei without a nuclear quadrupole moment, the 

lineshapes of the proton spectra are usually dominated by the well

understood(l ,2) nuclear dipolar interactions as long as strong local 

magnetic moments such as those occurring in ferromagnetic materials are 

absent. In particular, the second moments (M20 ) of proton lineshapes 

measured in the rigid-lattice limit (i.e., when the various diffusion 

motions become sufficiently slow) have often been directly related(3-6) 

to the arrangement of the H-atoms in a host metal lattice. The hydro

gen locations are identified by comparing the experimental M20 for a 

powder metal hydride sample with a theoretical value calculated using 

the dipolar expressions(l,2) for a model arrangement of H-atoms that 

considers stoichiometry and the host met~l lattice structure. This 

comparison is most straightforward when the proton-metal dipolar term 

is sma 11 due to either sma 11 gyromagnetic moments or low isotopic abun

dance of magnetic metal nuclei (e.g., Ti, Cr, Y, Zr. Pd, etc.). 

The proton M20 have generally yielded hydrogen arrangements(3-6) that 

were in excellent agreement with independent elastic and inelastic neu

tron scattering measurements. However, two previous broadline (CW) 

(NMR) studies(7,8) of the proton spectra in 6-phase (fee) and E-phase 
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(fct) ZrHx gave experimental M20 values that greatly exceeded the cal

culated dipolar values. These results are summarized in Table 1. 

Since ZrH does not exhibit any other unusual electrical or magnetic 
x 

properties{9,10) (in fact, ZrH can be considered a prototype transi
x 

tion metal hydride), these anomalously large experimental M20 values 

are completely unexpected considering the very good agreement between 

the measured and calculated M20 values(3,8,ll) for isostructural and 

isoelectronic Y-phase TiH . Nakamura(8) has reported that the experimental 
x 

M20 values were sample dependent for ZrHx' but not for TiHx' and he 

concluded that impurities probably contributed to the line broadening 

in the ZrH phases. Because no subsequent investigation has apparently 
x 

attempted to clarify the anomalous proton 1inewidths for ZrH , the 
x 

magic echo pulse sequence(ll) has been utilized to determine the proton 

M20 values for four samples of ZrHx prepared from high-purity Zr metal. 

In contrast to the previous studies{7,8}, the present experimental M20 

values are in good-to-excellent agreement with the dipolar values cal-

culated assuming random occupancy in only the tetrahedral sites. 

II. EXPERIMENTAL DETAILS 

The ZrH samples were prepared by the direct reaction between zone-re
x 

fined Zr metal as 254 µm-thick foils(l2) and hydrogen gas that had 

been purified by diffusion through a Pd-Ag tube. To minimize oxygen on 

the surfaces, narrow strips of the Zr foil were sandblasted, which was 

followed by a 3 to 5 min. ultrasonic cleaning in acetone. Each sample 

of about a dozen cleaned strips was weighed and placed into a molyb-
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denum boat prior to insertion in a quartz reaction tube. The loaded 

reactor was quickly evacuated and flushed several times with purified 

hydrogen prior to heating to 600°C under dynamic vacuum of about 10-4 

Pa. The desired quantity of hydrogen was stored in a calibrated 

stainless steel cylinder. After isolating the reactor from vacuum, the 

hydrogen gas was admitted. After 20 min. at 600°C, the temperature was 

adjusted to between 450°C and650°C to give an approximate equilibrium 

pressure of 500 Pa. After remaining at this temperature overnight, the 

reactor was cooled at a rate of 20°/hr until the pressure fell below 10 

Pa when final cooling occurred during an air quench. The hydrided ZrH x 

foils were removed from the reactor. weighed. and quickly sealed in 

evacuated glass tubes. The ZrH compositions are x = 1.60, 1.80, 1.90, x 
and 2.00 where the volumetric analyses of absorbed hydrogen and weight 

gains agree within x = .:!:_0.01. 

The glass tubes containing the ZrH foils were passed into a glovebox 
x 

that circulated a purified argon atmosphere. Each tube was opened and 

the brittle ZrH foils removed. The foils were ground in an agate morx 

tar and pestle to produce a powder that passes a 200-mesh sieve (i.e., 

corresponding to a 74 µm particle size). Weighed amounts of each ZrH x 
powder were loaded into 5 mm o.d. NMR sample tubes, which were evac-

uated and torch sealed. 

Powder x-ray diffraction measurements confirmed that each ZrH sample x 



64 

was single phase with the following lattice constants: 

6-ZrH1. 60 (a
0 

= 4.7775(8)A), E~ZrH 1 . 80 (a0 = 4.954(6)A and c
0 

= 4.50(2)A), 

· E-ZrH1 . 90 (a
0 

= 4.986(22)a) and c
0 

= 4.461(37)A), and E-ZrH2.00 

(a = 4.971(5)A) and c = 4.426(6)l). 
0 0 

The proton lineshapes for the ZrH samples were obtained using the . x 
simplified magic echo pulse sequence described elsewhere(ll). The pro-

ton resonance frequency (vH) was 56.4 MHz and the transient NMR spec

trometer and measurement procedures have been discussed(ll). Since 

well-resolved echo maxima were obtained for the ZrH samples, the zerox 

time point(2,ll) for the proton lineshapes was easily established. 

Gaussian plots of the initial portion of this decay of the magic echo 

signal were used to determine the M20 parameters. The magic echo se

quence has been found(ll) to yield very reliable M20 values in 

Y-Ti H1. 98 as we 11 as several other meta 1-hydrogen sys terns. 

III. RESULTS AND DISCUSSION 

The proton M20 parameters for the high-purity ZrHx (x = 1.60, 1.80, 

1.90, 2.00) polycrystalline samples are summarized in Table 2. The 

experimental values have been derived from analyses of the magic echo 

lineshapes. The calculated values are obtained using the expression(l, 

5) 

(l) 
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( ) - l 2 2 ( + ) k -6 M2 H-H - 5 My H I I 1 f 1 i ri 

( - 4 fi2 2 ) ~ -6 M2 H-Zr) - 15 y S S(S+l f S k rk . 

( 2) 

(3) 

91 
Here, YH and Ys are the gyromagnetic moments of protons and Zr, res-

pectively; I and S are the spin quantum numbers; f1 is the isotopic 

91 :z -6 . 
abundance of Zr; n is Planck's constant divided by 2TI; • r. 1s the 

1 1 

-6 
H-H lattice sum for occupancy on only tetrahedral sites; and ! rK is 

the H-Zr lattice sum centered on a proton site. These lattice sums 

were computed by direct summations over a radius of about 40~ for both 

the fee and fct lattices. The experimental lattice constants for the 

ZrH samples were used. For the fee structure, the present summations 
x 

converged to the values of Gutowsky and McGarvey(l3). Although the 

M2(H-Zr) term has been included in the calculated M20 values shown in 

Table 2, i~ is very small (i.e.,-0.1 G2); he~ce, ~20 ===M2 (H-H) within 

the accuracy of both the experiments and the calculations. 

In contrast to the anomalously large M20 
parameters measured by Hon(7) 

and Nakamura(B) and shown in Table 1, the ratios of experimental M20 to 

the theoretical d1polar values given in Table 2 are found to lie be-

tween 0.95 and 1.00. Hence, the proton lineshapes for 8 and E phase 

ZrH are accurately represented by only rigid-lattice dipolar inter
x 

actions - providing the ZrH samples are sufficiently pure. Although 
x 
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the source of the earlier anomalous M20 values(7.8) cannot be definite

ly established, the rather large Fe content in these samples, as shown 

in Table 1, appears to be the obvious choice. This view is further 

'supported by the field dependent magnetic susceptibilities for ZrH as 
x 

reported by Ducastelle, et al(9) {about 40 ppm Fe) and Nemchenko and 

Charnetskii(lO) (<160 ppm Fe). Since the Fe content was only 20 ppm in 

the starting Zr metal and none should have been inadvertently intro-

duced in preparing the ZrH powder samples, the present proton line
x 

shapes measurements gave only the expected dipolar values for M
20 

that 

are completely analogous to the behavior for Y-TiH (3,8,11) as well as x 

many other metal-hydrogen systems(4-6). 

The experimental M
20 

values in Table 2 are actually systematically 

slightly smaller than the calculated dipolar values. A small loss in 

hydrogen content from the initial synthesis compositions can easily 

account for this difference. Howev.er, the experimental and calculated 

M
20 

values are generally within their combined uncertainty of about 

,::t5%. If there was disordering of protons from the tetrahedral sites to 

octahedral sites, which has been reported for the fee hydrides LaH (4) x 

and YHx(6}, the experimental M
20 

would be larger than the values calcu-

lated assuming only occupancy on tetrahedral sites(4.6). Hence. the 

present proton M
20 

experiments imply only tetrahedral site occupancy in 

both 6 and £ ZrHx. This conclusion is consistent with elastic and in

elastic neutron scattering studies(14,15} on ZrDx and ZrHx. 
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The M20 comparisons have only been made at 291 K in Table 2 since the 

low-temperature lattice constants are unavailable. However, the exper-

imental M20 values become larger as the temperature decreases. This is 

consistent with smaller lattice constants at the lower temperatures. 

Finally, Soviet workers(l6-18) have reported experimental evidence that 

both o and e phase ZrH undergo phase transitions below 230 K. 
x 

Naskidashvili(l9) has proposed that hydrogen ordering to form either 

6-ZrH1.
50 

(3-transitions) or E~ZrH 1 . 75 (1-transition) superlattices in 

the tetrahedral sites causes these transitions. Table 3 summarizes the 

predicted proton dipolar M2D parameters for o-ZrHl.50 and E-ZrHl.75 for 

random hydrogen occupancy of the tetrahedral sites as well as the four 

superlattices of Naskidashvili(l9). It would be very difficult to make 

any definite statements concerning models II and III for o-ZrH1 .SO and 

model IV for E-ZrH1.75 since the differences with random occupancy are 

quite small. However, model I for 6-ZrH1.
50 

predicts a rather large 

decrease in M20 , whereas the experimental values for o-ZrH1.60 in 

Table 2 are seen to increase slightly between 291 K and 89 K. Hence, 

the proton M20 parameters in Table 2 do not provide any support to 

Naskidashvili's mechanism. Furthermore, no superlattices were found by 

neutron diffraction measurements(l4) when Zro1•82 was cooled to liquid 

nitrogen temperature. Thus, no structural technique has yet verified 

that hydrogen atoms can order in o- or e:-ZrH to form s.uperlattices on 
x 

tetrahedral sites(l9). 
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IV. CONCLUSIONS 

The experimental M20 parameters for the proton lineshapes of both o(fcc) 

and E(fct) phase ZrH are accurately given by only rigid-lattice dipolar 
x 

interactions contrary to earlier measurements(7,8) on lower purity ZrH 
x 

samples. The protons occupy only tetrahedral interstitial sites and 

probably do not form ordered superlattices at low temperatures. 
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Table 3. Theoretical M20 parameters for rigid lattice dipolar inter

actions in ZrH . Only tetrahedral sites are occupied by x 

protons and M
2

(H-Zr) term is included. 

Composition 

o-ZrH1. 50 
(a) 

(b) 
e:-ZrH1. 75 

Nature of tetrahedral 
site occupancy 

Random 

Ordered (Fig. l of Ref. 19) 

Ordered (Fig. 2 of Ref. 19) 

Ordered (Fig. 3 of Ref. 19) 

Random 

Ordered (Fig. 4 of Ref. 19) 

(a) a = 4.7745 ~ 
0 

(b) a = 4.9338 A c = 4.so21 A 
0 0 

M20 (G2) Model 

12.29 

11. 23 I 

11. 91 II 

12.36 III 

14.49 

14.24 IV 
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CHAPTER 5 

PROTON NMR STUDIES OF ELECTRONIC 

[This chapter is essentially an article by R. C. Bowman, Jr. and 

W.-K. Rhim entitled 11 Proton NMR Studies of Electronic Structures in 

Ti 1 V H , 11 Physical Review B 24, 2232-5 (1981).] 
-y y x -
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The nonstoichiometric Y-phase of TiH , which exists for hydrogen
x 

to-metal ratios of 1.5 ~ x ~ 2.0, is often regarded as a prototype 

transition metal hydride and has been the subject of numerous experimen

tal and theoretical studies. When x approaches 2, fee Y-TiH exper-
x 

iences a tetragonal (fct) distortion below about 310 K. Ducastelle. et 

al.(1) originally suggested this fee+ fct transition arises from a 

Jahn-Teller type effect which reduces the density of electron states at 

the Fermi energy (EF). Support for this mechanism is provided by recent 

APW band theory calculations(2,3} which place EF for fee TiH
2 

on doubly 

degenerate metal d-bands to yield a partially occupied very sharp peak 

in the density of states N(EF}. The fct distortion removes this degen

eracy to produce a large decrease in N(EF). No Jahn-Teller effect can 
occur if the degenerate states are either empty or filled. 

The magnetic susceptibility and x-ray diffraction measurements of 
Ti 1 V H (where 0 ~Y ~ 0.5 and l.6~x,.;;;;1.92) by Nagel, et al.(4) -y y x 
indicate that substitution of V (with one more electron than Ti) sig-

nificantly alters the fee - fct transition behavior. Any combination of 

hydrogen substoichiometry and V substitution which places EF in the 

sharp d-bank peak should give the Jahn-Teller distortion. Although this 

interpretation is consistent with the results of Nagel, et al(4), there 

have not been any subsequent experiments to deduce the temperature de

pendence of N(EF) in Ti 1 V H . -y y x 
In this chapter we present NMR measurements of proton shifts and 

spin-lattice relaxation times (T1) for TiH1. 95 , Ti 0.85v0. 15H1.96 • and 

Ti 0. 5v0
. 5H

1
. 94 in the temperature region (i.e., between 80 Kand 360 K) 

where TiH
1_95 undergoes the tetragonal distortion associated(l ,2} with a 

reduction in N(EF). Our observations agree with the Ti 1 V H phase -y y x 
diagram proposed by Nagel, et a1~(4) and also confirm Switendick's pre-

dictions(2) that V substitution can eliminate the Jahn-Teller effect. 

Although previous NMR studies have indicated that N(EF) in ~-TiHx(5,6) 

and isomorphic ternary Ti 1 Nb H (7) consist almost entirely of d-elec--y y x 
trons, the specific nature of the hyperfine interactions between protons 
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and conduction electrons has not been definitely established. Korn(6) 

suggested a transferred orbital interaction with the Ti d-electrons dom

inating the proton hyperfine couplings in Y-TiH ; whereas, Nowak, et al. 
x 

(7) invoked a "core-polarization" interaction with the completely occu-

pied(2,3) H s~states lying below EF. The similar temperature and compo

sition dependences of proton shifts and T
1 

for the three Ti 1_YVYH
1

.
95 

samples strongly favor the core-polarization mechanism used by Nowak, 

et a 1. (7). 

The hydrides were prepared by the direct reaction of high purity 

hydrogen gas with Ti metal or the Ti 1 V alloy at temperatures between 
-y y 

500°C - 600°C before slowly cooling to room temperature. Zone-refined 

Ti and V metals with purities of 99.99% were obtained from Materials 

Research Corporation and the Ti 1 
V alloys prepared by multiple arc 

-y y 
melting under purified argon. The hydride stoichiometries were deter-

mined to within ~1% by volumetric analyses of the hydrogen evolved during 

thennal decomposition. Powder x-ray diffraction verified that the samples 

contained only the Y-phase. The powdered hydrides were sealed in evac

uated 5 mm o.d. NMR sample tubes. 

The NMR experiments were performed at a proton resonance frequency 

of 56.4 MHz on a wide-band transient spectrometer. The standard inver

sion-recovery technique gave T1 values with an accuracy of .±_5%. The 

recently developed multiple-pulse zero-crossing technique(B) yielded 

proton frequency shifts with a precision of ~l-2 ppm over the temper

ature range 100 K to 360 K. A spherical sample of tetramethylsilane 

(TMS) served as an external reference. In contrast, the previous cw NMR 

measurements of proton shifts in TiHx{5,6) and Ti 1_YNbYH1. 94 (7) had 

uncertainties of at least +20-30 ppm because of limitations imposed by 

the broad proton linewidths. The much greater precision of the zero

crossing data now permits more detailed comparisons of.the temperature 

behavior of the proton shift and Tl parameters. 

Although hydrogen diffusion is often a major proton T1 relaxation 

mechanism in metal hydrides(9), the observations during this study that 
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rigid-lattice dipolar interactions completely determine the proton line

widths for the three Ti 1_YVYH 1.95 samples below 350 K as well as the 

previous results for TiHx(6) and Ti
1

_YNbYH
1

. 94 (7) should ensure the dom

inance of ~he electron-nuclear hyperfine interactions for the present 

conditions. Following the conventional(9.10) assumptions to neglect 

electron-electron coupling and inter-band mixing effects, the conduction 

electron r
1 

relaxation in transition metals can be separated into three 

major terms 

( 1 ) 

where ~ , ad' and a are the electron-proton hyperfine coupling con-
s 0 

stants for the Fermi contact interaction, the "core" polarization 

arising from an s - d exchange interaction, and the d-electron orbital 

angular momentum, respectively; N
5

(EF) and Nd(EF) are the densities of s 

and d electrons, respectively, at EF. If any of the terms in eq. (l) is 

dominant, the density of electron states at EF is directly proportional 
-1: -J:. 

to {T1T) 2
• Fig. l gives the temperature dependence of (T

1
T) 2 for the 

three Ti 1_YVYH1.95 samples. The significant decrease in (T1 T)-~ for 

TiH1•95 below 300 K agrees with Korn's previous results(6) for TiH1•99 
and the lowering the density of state via the Jahn-Teller effect. As 

anticipated from the experiments of'. Nagel~ et al .(4) and the arguments 

of Switendick(2) that Ti 1 V H
2 

would not experience the Jahn-Teller 
-y y k 

distortion when y ~ 0.1, (T1T)- 2 for both Ti 0. 85v0. 15H1. 96 and 

Ti
0

•
5
v
0

•
5
H
1

•
94 

are independent of temperature within exper~mental 

accuracy. 

Fig. 2 summarizes the temperature dependencies of the proton Knight 

shifts (aK) for the three Ti 1_YVYH1. 95 samples obtained after correcting 

the experimental shifts relative to TMS for the demagnetization effects 

(9,11) arising from rather large paramagnetic bulk susceptibilities(4). 

Although the reductions in the proton shifts varied between 10-15% for 

the three samples, the relative differences and temperature-dependent 
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behavior were not significantly modified by this correction. Under the 

same conditions considered previously for T1, crK can also be separated 

into three contributions(9,10) 

(2) 

where 8
5

, Sd' and e0 are analogous electron-proton coupling coefficients 

and x0 is the orbital {also called Van Vleck) paramagnetic susceptibil

ity. Since x0 represents the mixing of the unoccupied states above EF 

into "all'' the occupied states below EF' it is not directly related to 

Ns(EF) or Nd(EF). Because Ss always gives(lO) a positive contribution 

to crK (i.e., higher resonance frequency than diamagnetic reference at 

constant applied magnetic field) w~ereas ad and a0 usually give(lO) neg

ative and positive shifts, respectively; partial cancellation occurs un

less one of the terms in eq. (2) is dominant. 
-k 

Examination and comparison of the proton oK and (T1T) 2 parameters 

in Figs. 1 and 2 lead to several interesting conclusions on the electron 

structure changes in Y-TiH
2 

during the Jahn-Teller distortion and upon 

the partial substitution with V. The negative shifts observed for all 

the Ti 1_YVYH1.95 samples seem to preclude any significants-electron 

contact interactions in general agreement with the previous NMR studies 

of TiH (5,6) and Ti 1 Nb~ (7). This interpretation is further supported 
x -y y x 

by the theoretical work of Gupta(3) who has found negligible Ns(EF) at 

both the Ti and. H sites of TiH2. Hence, the first terms in eqs. (1) and 

(2) can be neglected during further analysis of the NMR parameters. Al

though the orbital term X nearly always gives(lO) a temperature inde-
o 

pendent contribution to Knight shifts, the orbital contribution to 

(T
1
T)-% is directly proportional to Nd(EF) and will usually exhibit a 

large variation with temperature whenever EF occurs in or near a peak in 

the dens1ty of states. Hence, significant differences in the tempera

ture dependence and effects of substituting V should exist between crK 

and (T
1

T)-Yz if the orbital contributions are large for protons in 
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Ti 1_YVYH1. 95 . However. when core polarization is the major interaction, 

eqs. (1) and (2) predict very similar behavior since both parameters are 
-k 

now proportional to Nd{EF). A comparison of the oK and (T1T) 2 behavior 

in Figs. 1 and 2 clearly indicates the similarities for each sample. 

Furthermore, during the Jahn-Teller distortion of TiH1 .95 below 300 K, 

where the reduction in Nd(EF} is the primary consequence, the percentage 

decreases in crK and (T 1 T)-~ are nearly identical. If the orbi-
-k 

tal contributions were mainly responsible for oK and (T1T) 2
, these 

close correlations would not occur. Hence. the present proton NMR 

parameters for Ti 1_yVyHl .95 are completely consistent with the core 

polarization interactions while the transferred orbital mechanism sug

gested by Korn(6) does not seem justified when x ~ 2. It is possible 

that changes in the relative positions of the "s" and "d 11 bands as well 

as a general lowering of EF with decreasing x could increase a
0 

and e
0 

to the point where the orbital terms become important contributors in 

X-TiH . However, if decreasing x raises the hydrogen antibonding s-band 
x 

{2,3) sufficiently near to EF' the direct contact interaction previously 

ignored by Korn(6) could also become an important contributor to the 

proton parameters. A resolution of this point would require an exten

sive evaluation of the NMR parameters for both stoichiometry and temper

ature behavior as well as more detailed calculati~ns of the band struc

ture in substoichiometric TiH . 
x -k 

From the above assertions that proton crK and (T
1
T) 2 directly 

represent Nd(EF) in Ti 1_YVYH1
. 95 , the data in Figs. 1 and 2 indicate 

Nd(EF) remains essentially constant for Ti 0. 85v0. 15H1. 96 and 

Ti 0. 5v0.5H1. 94 while Nd(EF) for TiH1. 95 at 100 K has decreased by about 

25% from its temperature independent value above 310 K. This difference 

independently verifies the previous contentions(2-4) that V-substitution 

can eliminate the Jahn-Teller effect to produce a temperature indepen

dent Nd(EF) when y ~ 0. 15. The proton parameters also suggest Nd(EF) 

for Ti 0.85v0_15H1_96 and Ti 0.5v0.5H1.94 increases by 16% and 21%, res

pectively, relative to Nd(EF) in cubic TiH1.95 . However, Nowak, et al.(7) 
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found Nb substitution to substantially decrease Nd(EF) in Ti 1_YNbyH1_94 
(e.g., Nd(EF) is reduced by about 40% for y = 0.5). If the only roles 

. of V and Nb are to add electrons to a rigid TiH2 band structure, Nd{EF) 

should have the same y-dependence. Hence, V and Nb must produce some 

different modification to the band structure above the EF level of TiH2. 

The most apparent physical difference is a decrease in the fee lattice 

parameter with V substitution(4) and an increase for Nb(l2). Although 

recent APW calculations(l3) of transition metal dihydrides show the 

antibonding s-band to be quite sensitive to the lattice parameter, the 

total widths of the d-bands in the region of EF did not significantly 

change with volume. Since the s-bands are completely occupied in both 

ternary hydrides, there must be some relative shifts in the d-band posi

tions to account for the different Nd(EF) values. However, a detailed 

assessment must await future experiments and calculations that can 

better describe changes in the band structure and hyperfine interactions 

with varying lattice constants. 
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Fig. l. 
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FIGURE CAPTIONS 
-k 

Temperature dependence of proton (T1T) 2 for Ti 1_YVYH1. 95 . 

The break near 300 K for the TiH1.
95 

sample corresponds to the 

fee~ fct transition induced by the Jahn-Teller effect. 

Fig. 2. Knight shifts of the protons in Ti 1_YVYH1.95 as a function of 

temperature. The results are reported relative to tetra-

methylsi1ane and have been corrected for the temperature

dependent susceptibilities of Ti 1_YVYH1. 95 . Typical error 

bars are included on a few data points. 
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CHAPTER 6 

ELECTRONIC STRUCTURE OF ZIRCONIUM HYDRIDE: 

A PROTON NMR STUDY 

[This chapter is essentially an article with the same title by 
R. C. Bowman, Jr., E. L. Venturini, B. D. Craft, A. Attalla, and 

D. B. Sullenger that is submitted to Physical Review B.] 
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ABSTRACT 

The proton spin-lattice relaxation times {T1) and Knight shifts 

(oK) have been measured as a function of temperature in fee (8-phase) and 

fct (e-phase) ZrH for hydrogen concentrations 1.5 ~ x ~ 2.0. Inter-
x 

actions with the conduction electrons were found to be the only important 

T1 relaxation processes below 320 K for the high-purity ZrHx samples, and 

no anomalous temperature effects were observed between 320 K and 100 K. 

The dominant hyperfine interaction for the protons was the transferred 

core-polarization term from the Zr d band. Both (TleT)-~ and crK indicate 

that the density of electronic states N(EF) at the Fermi level is very 

dependent upon hydrogen content with a maximum occurring near ZrH1.83 • 

This behavior is ascribed to modifications in N(EF) through the fcc-fct 

distortion associated with a Jahn-Teller effect in the d bands. The pro

ton NMR results are consistent with a recent band theory calculation of 

fee ZrH2 and photoemission spectroscopy studies of ZrHx when the changes 

in d-bands caused by the Jahn-Teller tetragonal distortion are included. 

The fcc-fct distortions and electronic structures of the ZrH phases are 
x 

compared with the corresponding properties of the TiH system. 
x 
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I. INTRODUCTION 

The electronic properties of the non-stoichiometric dihydrides 

formed by the group IVb metals Ti, Zr, Hf and some of their alloys have 

been the subjects of numerous theoretical (l-9) and experimental (10-26) 

studies. Understanding the fonnation and characteristics of the metal

hydrogen bonds in transition metal hydrides has been a major motivating 

factor in most of this work. Much attention has also focused on 

the roles of temperature, hydrogen stoichiometry, and alloying on the 

cubic (fcc)-to-tetragonal (fct) distortions near the stoichiometric di

hydride limit. The fcc-fct phase transitions have been associated (1,3, 

4,7,11,15-17,20,22,25,26) with a splitting of the energy bands at the 

Fermi level (EF) that is analogous to the Jahn-Teller distor-

tions (27) for the orbitally degenerate electronic energy levels in 

molecular systems. According to the Jahn-Teller model, the fcc-fct dis

tortion is accompanied (4,11,25,26) by a decrease in N(EF)' the density 

of electronic states at the Fermi level. 

As described in the recent reviews by Switendick (28,29), band 

theory calculations of the electronic structures in various metal-hydro

gen systems have clearly demonstrated the inadequacies of the historic 

11 protonic 11 and the alternative 11 anionic 11 models that had been formulated 

using rigid band concepts to describe metal hydride electronic proper

ties. According to the band theory calculations for metal hydrides, 

interstitial hydrogen atoms interact strongly with metal bands of 

suitable symmetry (28,29) to form new hydrogen-metal bonding states (1-9) 

composed of the hybridized s-d levels and 1ying several electron volts 

below EF of the host metal as well as other less significant changes in 

the d bands near EF. Photoelectron spectroscopy measurements in IVb 

metal hydrides (18,22) have detected the presence of the hydrogen bonding 

peaks in the valence band levels that lie -5-7 eV below EF in semi

quantitative agreement with the theoretical (1-9) band structures. A 

general feature of the calculated band structures for the fee dihydrides 

TiH
2 

(2,3,7,9) and ZrH 2 (8) (the HfH2 electronic structure has not 
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yet been calcu1ated} is EF being very near (or on) the exact center of an 

extremely sharp peak in the density of states. It is the decrease in 

N(EF) with an accompanying small movement of EF to a lower energy as the 

degeneracy is reduced for the lower synmetry that is the suggested (1,3, 

4.7) driving force for the fcc-fct distortion. In fact, reductions in 

N(EF} with an increase in the fct distortions are consistent with low

temperature specific heats (11), photoelectron spectra (22.)~ and results 

from nuclear magnetic resonance (NMR) spectroscopy (14-17, 20,21,25,26). 

Experimental studies (14,25,30-32) of the nominal dihydrides Ti
1 

M H 
-y y x 

where M = V, Nb, or Ta {i.e., group Vb metals with one more valence 

electron than Ti) and 1.9 ;S x ;S 2.0 have indicated the fcc-fct phase 

transition is eliminated when y ;;;i: 0.15. With a cautious assumption (1, 

8) of rigid-band behavior for the d bands near EF' these observations im

ply that the extra electrons from the group Vb metals fill additional 

states to move the Fenni level above the sharp peak and thus stabilize 

the fee phase since a Jahn-Teller splitting of the completely filled peak 

states cannot lower the energy. The changes in fcc-fct distortion behav

ior induced by varying the hydrogen concentration are more difficult to 

interpret {l,22,30,31) since band structure also changes with the hydro

gen content and a rigid band description should not be rigorously valid. 

However, the fee phases are stable when the hydrogen contents are suffi

ciently reduced to apparently shift EF below the sharp peak (1). No 

Jahn-Teller effect can occur if the degenerate states are either empty or 

filled~ 

Although the non-self-consistent band theory calculations (1-4, 7-9) 

for stoichiometric TiH2 and ZrH2 have provided a sound theoretical frame

work for the Jahn-Teller distortion mechanism, the absolute accuracies of 

the calculated energy levels and density of states are quite sensitive to 

initial atomic configurations, input values of the muffin-tin parameters, 

and the numerical procedures used during the actual computations. Hence, 

there are several quantitative differences among the calculated TiH2 band 

structures (1-5,7,9) and with the experimental photoelectron energy dis-
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tribution curves obtained by Weaver, et al (22). While these differences 

do not lessen confidence in the fundamental validity of the Jahn-Teller 

model for the fcc-fct distortions, detailed theoretical assessments of 

temperature and composition dependences have not yet been possible. 

Furthermore, the band calculations have not yet been extended to the sub

stoichiometric hydrides and only limited results (1,4) are available for 

fct TiH2. 

The experimental situation is somewhat better, but there are still 

some serious 1imitations. For example, the room temperature photoelec

tron spectra (22) of ZrH with x = 1.63, 1.77, 1.86, and 1.94 do show 
x 

changes in the band structure near EF and about 7 eV below EF that corre-

late with the fcc-fct distortion. However, the approximately 0.5 eV 

spectral resolution prevents more detailed observations of any smaller 

changes and the temperature behavior has not been studied using this 

technique. The composition behavior of the electronic specific heats 

(11) of TiH and ZrH indicate N(EF) is reduced by the fcc-fct distor-
x x 

tions, but only a few samples were measured and these results pertain to 

temperatures below 10 K. Magnetic susceptibilities (X) have been meas

ured in TiH (11,30), Ti 1 M H (30-32), for M = V, Nb, Ta, and ZrH (11, 
x -y y x x 

13) and have been related to the fcc-fct distortions and the temperature 

and composition dependences of N(EF). However, X for transition m:tals 

usually has large orbital (i.e., Van Vleck) contributions in addition to 

the Pauli terms that are directly proportional to N(EF). Hence, Switen

dick (28) has cautioned against assuming the X changes only reflect var

iations in N(EF). NMR measurements of the Knight shifts {crK} and conduc

tion electron contributions to the spin-lattice relaxation times (T1) 

usually monitor N(EF) through hyperfine interactions (33-36) at the nuc

leus. In fact, recent studies (14,15,25,26) of the proton crK and r1 
values in TiH , Ti 1 V H , and Ti 1 Nb H have given temperature and com-

x -y y x -y y x 
position behavior that is in excellent agreement with the N(EF) varia-

tions expected (1,4,7) for the TiH band structure and the Jahn-Teller 
x 

distortions. Only limited proton NMR data (12,16,20) address the similar 
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electronic properties for a-phase (fee) and €-phase (fct) ZrH . x 
In the present study the temperature and composition dependences of 

the proton Knight shifts and spin-lattice relaxation times have been 

measured in high-purity polycrystalline ZrH for 1.5 ~ x ~ 2.0. The 
x 

purposes of this work are to provide some comprehensive conclusions on 

the electronic structures of o and E phase ZrH and to compare these re
x 

sults with recent theoretical predictions (l,2,7-9) and the similar pro-

ton NMR parameters (15,25) for the electronic structure of TiH • Anal-x 
yses of the proton aK and T1 data for the ZrHx samples show the dominance 

of the transferred core-polarization hyperfine interaction (17,25,26) 

with the Zr d electrons at EF and yield a composition dependent maximum 

in N(EF) near x = 1.83. These observations support the Jahn-Teller mech

anism for the tetragonal distortion and are also consistent w1th recent 

APW band-theory calculations (8) for fee ZrH2 and the photoemission (18, 

22) and soft x-ray emission (19) spectra for ZrH as well as an electron 
x 

spin resonance study {24) of Er impurities in ZrH . 
x 

II. A BRIEF REVIEW OF SOME ZrH PROPERTIES x 
The phase diagram and physical properties of the zirconium-hydrogen 

system have been extensively studied (37). The several ZrH phases (37) . x 

are typical metallic solids with no unusual electrical properties (38) 

and normal paramagnetic behavior {11,13) for a transition metal alloy if 

ferromagnetic impurities (11,13) are avoided. For x ;;;;i. 1.50 and temper

atures below 700K, the cubic (fee) o-phase and tetragonal {fct) ~-phase 

are the only known stable ZrH phases. A presumably metastable {39-41) 
x 

Y-phase monohydride with a tetragonal crystal structure (42) coexists 

with the o-phase for x $ 1.5-1.6. Soviet workers (43-45) have reported 

some low-temperature (i.e., T < 200 K) phase transitions for ZrH with 
x 

1.65 ~ x ~ 1.85, but there have been no confirmations for these tran-

sitions by other groups {24,46,47). The structures of the Y, o, and £ 

phases have been established by x-ray and neutron diffraction (37,42,48, 

49) where the hydrogen atoms only occupy tetrahedral interstitial sites 



91 

for each phase (42,46). However, the phase boundari.es for the o and E 

phases have not been completely resolved (11 ,24,37,39,49) and contradic

tory behavior has been observed (39-42,46) for the Y-phase. Using the 

results taken from several sources {including present x-ray diffraction 

measurements on high purity ZrHx samples}, the single phase region for 

cubic o-ZrH 'is 1.55(5) ~ x ~ 1.65(2) from above 300 K to much lower 
x 

temperatures (i.e., $200 K) while the single phase region for tetragonal 

E-ZrH is 1 .74(2) ~· x ~ 2.0 over a similar temperature range. A mixed 
x 

o and E phase region exists for 1.65(2) ~ x ~ 1.74(2) while Y-phase 

ZrH1.0 as well as the hep Zr-metal a-phase are found (37,39-42) when 

x ~ 1.55(5). 

The ZrHx phases are thermodynamically quite stable with very low 

dissociation pressures (37) at temperatures below 500 K. Because massive 

ZrH can be handled in air at room temperature without an apparent loss 
x 

in stoichiometry, ZrH has often been assumed (37) rather unreactive to 
x 

oxygen or water vapor. However, clean surfaces of zirconium metal and 

hydride have been observed (18) to rapidly form Zr02 films from the 

residual oxygen in a vacuum at the low 10-9 Torr range. The oxide film 

serves as a passivating layer which inhibits further reaction at ambient 

temperature. In massive samples only a relatively small quantity of Zr 

will be converted to the oxide and no significant reduction in hydrogen 

content is usually detected. However, fine powders of ZrH should be 
x 

prepared and handled only in vacuum or inert atmosphere environments to 

avoid excessive oxidation. 

Gupta and Burger (8) have, apparently, performed the most complete 

non-self-consistent one-electron band calculation of the electronic 

structure for fee ZrH2.0. Fig. 1 reproduces their theoretical total den

sity of states where several features should be noted. First, the hydro

gen-metal bonding states are split with peaks -6 and -7 eV below EF. 

This reflects bonding/antibonding effect (28,29) between the two hydrogen 

atoms. The Fermi level falls exactly at the center of a very sharp peak 

in N{E) which rises out of a nearly flat plateau {actually, a slightly 
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decreasing density is found in the region below the peak). Finally, the 

metal-hydrogen peak is nearly completely separated from the higher d 

bands. The experimental photoelectron energy distribution curves (22) 

·for fee o-ZrH1.63 and fct E-ZrH1_94 are in excellent qualitative agree

ment with Fig. 1 although the experimental peaks in the presumed metal

hydrogen bonding region are only partially resolved and differ by about 

1 eV from the calculated peak positions (8). However, both EF and the 

detailed shape of the N(E) curve will change as the hydrogen concentra

tion is decreased (i.e., in fee o-phase) and as the lattice is distorted 

in the fct e-phase (i.e., the Jahn-Teller splitting of the sharp peak at 

EF in Fig. 1). Hence, quantitative agreement with Fig. 1 should not be 

expected, but all of the major predicted properties (8) have been ob

served by Weaver, et al ·(22). 

Since Ti and Zr have the same valency, the electronic properties and 

structures of the fee and fct ZrH phases are very similar to those for x 
the TiH system (1-4,7,9). However, the several minor differences in the x 
photoelectron emission spectra (22) indicate the N(E) curves are c1ear1y 

not identical for TiH and ZrH . Furthermore, Gupta's calculations (7,8) 
x x 

and several experimental studies (11,12,15,16,20,21) show that N(EF) val-

ues for ZrHx are significantly smaller than the corresponding N(EF) val

ues o~t~ined for TiHx samples with similar, compositions;. This may b~ at 

least partially attributed to the larger unit ce11 vo1umes (11) for the 

ZrH phases relative to corresponding TiH samples. There should be x x 
smaller metal-hydrogen overlap and metal-metal overlaps for the more 

diffuse 4d orbitals of Zr atoms compared to the corresponding overlaps 

for the 3d orbitals of the Ti atoms. Finally, the magnitudes of the fcc

fct distortions arising from the Jahn-Teller effect in the electronic 

energy bands are much greater for the ZrH system. The highest temper-x 
ature for the existence of tetragonal TiH2_0 is about 310 K with the 

fcc-fct transition temperature occurring at lower temperatures as the 

stoichiometry is decreased (11,15,30,31,48). However, tetragonal €-ZrH 

is the stable room-temperature phase for x ~ 1.74 and ZrH1.92 remains 
x 
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tetragonal up to temperatures above 750 K according to Yakel (48). 

Nevertheless, any differences in fcc-fct behavior are more a matter of 

degree since the same basic mechanism is believed (22) responsible in 

all the group IV metal hydrides. 

III. EXPERIMENTAL DETAILS 
The ZrH samples were prepared by direct reaction between zone-re-x 

fined Zr metal foils (50) and hydrogen gas that had been purified by 

diffusion through a Pd-Ag tube. The synthesis procedures have been 

previously described (47) and compositions between 1.50 and 2.00 were ob

tained where the volumetric analyses of absorbed hydrogen and weight 

gains usually agreed within x = _:t0.01. The few discrepancies were re

solved using volumetric analyses of hydrogen evolution during thennal 

desorption from portions of the samples. The ZrH foils were ground 
x 

under a purified argon atmosphere to produce powders (47) that were sub-

sequently sealed in evacuated glass tubes for the NMR experiments. 

X-ray diffraction measurements using standard Debye-Scherrer 
photographic techniques to record the powder patterns were per-

formed at room temperature on every ZrH sample. A small amount of Y-
x 

phase ZrH was detected in ZrH
1

. 50 while only the strongest Y-phase 1ine 

was found (as a very weak line) in ZrH
1

_55 . The powder pattern for 

ZrH1_70 gave approximately equal amounts of the o and e phases. All of 

the other-ZrH samples were single phase within the detection limits of 
x 

the x-ray diffraction method. Fig. 2 gives the room temperature lattice 

parameters for the ZrH samples with x ~ 1.50 and the corresponding x 
phase boundaries. The lattice parameters in Fig. 2 are generally in very 

good agreement with values for ZrH from several previous measurements by x 
others (ll,22,39,49). 

Wide-band transient spectrometers were used for all the NMR exper

iments. The proton spin-lattice relaxation times (T1) were obtained by 

the standard inversion-recovery method at a resonance frequency of 34.5 

MHz. Within experimental uncertainties the magnetization recoveries were 

exponential and yielded r1 value.s with an average precision of !_3% over 
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the temperature range 100 K to 300 K. The proton Knight shifts were 

measured in four ZrH samples with the multiple-phase zero-crossing x -
method of Burum, et al (51) on a spectrometer where the magnetic field 

was locked by an external probe system and the nominal proton resonance 

frequency was 56.4 MHz. The crK values are relative to an external refer

ence of tetramethylsilane (TMS) contained in a spherical bulb and have an 

experimental precision of .±.2 ppm over the temperature range 170 K to 

310 K. No corrections to the crK values for the demagnetization effects 

(35) due to sample susceptibility have been made since the X values for 

high-purity ZrH should be sufficiently small (11,13) to make relatively 
x 

minor contributions of about 5 ppm to the total proton shifts. 

IV. RESULTS 

Figures 3 and 4 show the temperature dependent behavior of the pro

ton T
1 

values for several ZrHx samples. There is no indication for any 

anomalous breaks from the smooth T
1 

increases as the temperature is low

ered below 200 K for any of the high-purity ZrH samples. This contrasts 
x 

with the low temperature anomalies in proton T1 that were reported by 

Naskidashvili, et al (44) for ZrH1_65 and ZrH1.75 which they assoc-

iated with possible phase transitions implied by other techniques (43,45). 

However, from neutron diffraction studies, Petrunin, et al (46) saw no 
. ' ' ' ' , . . ' i" 

changes in the phase composition of ZrD
1

•
82 

when it was cooled to liquid 

nitrogen temperature. Furthennore, no evidence for these low-temperature 

phase transitions was found from electron spin resonance studies (24) of 

Er ions in ZrH or low temperature proton lineshape measurements (47) on 
x 

high purity ZrH samples. Petrunin, et al (46) have suggested that the 
x 

low temperatures anomalies (43-45} may actually involve transitions of an 

impurity phase. Since no anomalies are found for the T1 data in Figures 

3 and 4 for high purity ZrH samples, there is again no confirmation for x ' 
the low temperature phase transitions in ZrH as proposed by x 
Naskidashvili, et al (43-45). Hence their existence remains unsubstan-

tiated and must be regarded as highly speculative and will not be 
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considered further. 
-1 

In general, the total relaxation rate T1 in a metallic solid can 

be separated into three potential contributions 

(1) 

where T1 
represents relaxation due to hyperfine interactions (33-36) 

e . 
with the conduction electrons, Tld 1s the well-known (36) diffusion con-

tribution, and T1p is the relaxation term for localized paramagnetic 

centers. The rigid-lattice dipolar lineshapes for proton NMR spectra 

(47) of polycrystalline ZrHx at room temperature as well as previous pro

ton T1 measurements (16,20,21) imply that Tld is not a significant con

tribution to the proton spin-lattice relaxation process until the tem

perature exceeds at least 400 K. Hence, the diffusion contributions to 

all the T1 data in Figures 3 and 4 will be completely negligible. The 

temperature independent Tlp term can also be neglected since the concen

tration of any paramagnetic impurities is very low in these high-purity 

ZrHx samples. Thus, the experimental T1 values of Figures 3 and 4 only 

correspond to the conduction electron relaxation time Tle' The anom

a,1ously. shor~ .proton T1 data of Khodosov .~~d She~nov ;(12) for, ZrHx' 

which are nearly a factor of 10 shorter than the r1 values in Figures 3 

and 4, probably contain large Tlp contributions although this cannot be 

directly established since the purities of their samples are unknown. It 

should be noted that Khodosov and Shepilov (12) also gave proton 11 val

ues for TiH samples that are much shorter than the spin-lattice relax-
x 

ation times obtained for TiH by other research groups (15,21,25,26). 
x 

Hence, the proton T1 data of Khodosov and Shepilov {12) for ZrH and TiH x x 
are probably not reliable indicators of the conduction electron contri-

butions to spin-lattice relaxation times. 
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The temperature dependence of the proton Knight shifts crK were 

measured for ZrH1.60 , ZrH1.80 , ZrH1. 90 , and ZrH2. 00 . These results are 

. summarized in Fig. 5 where the oK values are negative (i.e., the shifts 

are upfield for a constant frequency) relative to the resonance frequency 

for the external standard of TMS. In some previous studies (52-54} of 

the proton Knight shifts for metal hydrides, the frequency of the bare 

proton nucleus (i.e., H+) has been chosen as the reference. This choice 

may have been biased by use of the rigid-band proton model (28) to des

cribe NMR results (36) in the hydrides. However, photoemission (18,22) 

and soft x-ray emission (19) spectroscopies as well as the band theory 

calculations clearly indicate an increased electron density about the 

hydrogen interstitials in ZrH . Hence, it is probably more appropriate 
x 

to reference the proton Knight shift to the frequency for the hydride 

anion (i.e., H-) rather than H+. According to Mason (55) the chemical 

shift for free H- is 27 ppm upfield from the H+ reference. The measure

ments of Nicol and Vaughan (56) on proton shifts in the alkaline hydrides 

CaH
2

, SrH
2

, and BaH
2 

imply an average upfield chemical shift of 23 !_ 2 

ppm for the hydride ion relative to H+. A similar chemical shift is also 

expected for hydrogen interstitials in the transition metals, but it is 

·impossible to uniquely define an absolute value. Consequently, the pro

ton. crR values are refere;nced to TMS which isl about 30 ppm \IPfield from l i. 

the bare proton frequency. The use of TMS as the reference may give an 

absolute uncertainty in crK of ±_5-10 ppm, but at least a consistent esti

mate of the chemical shift term has been included. 

V. DISCUSSION 

A. Hyperfine Interactions of Protons in ZrH x 

The nuclear spin systems in metals are affected by the electronic 

structure of the metal through the hyperfine fields produced by the con

duction electrons at the sites of the nuclei. In transition metals and 

alloys, including the metal hydrides, the conduction electrons will pri

marily occupy the s and d orbitals of the constituent atoms. However, the 
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densities of d-electron states in the region of the Fenni level are usu

ally much larger than the densities of the s-electron states since EF 

lies in the rather narrow d band formed by the transition metal orbitals 

while the s band extends over a wide energy distribution. Although de

tailed models (33-35) have been formulated for the hyperfine interactions 

in the simple metals, the general expressions are rarely applied to tran

sition metal systems since unique identification of the various hyperfine 

interactions is usually impossible. Instead, some simpler models that 

neglect effects from electron-electron correlation. mixing of the s and d 

bands, and various higher-order contributions have been extensively used 

(33-36) to analyze Knight shifts and Tle parameters for transition metals 

and transition metal alloys. Within the free electron approximation and 

assuming only s and d orbitals contribute to the hyperfine interactions, 

the Knight shift and Tle value can each be separated into three compon

ents 

Here, ~B is the Bohr magneton; NA is Avogrodo 1 s number; n is Planck 1 s 

constant; Y1 
is the gyromagnetic ratio for nuclei with quantum number I; 

kB is the Boltzmann's constant; Ns(EF} and Nd(EF) are the s band and d 

band density of states at the Fermi level, respectively; X is the 
0 

Van V1eck term of the magnetic susceptibility caused by paramagnetic 

orbital interactions {33) with the d-electrons; and p and q are the re

duction factors resulting from d electron orbital degeneracy at EF as 

described by Narath {33). The hyperfine fields at the nuclei are pro

duced as follows: Hhf(s) is due to the Fenni contact interaction with 

unpaired s electrons at EF' Hhf(d) is the 11 core 11 polarization of 
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spin-paired s orbitals at energies below EF by the unpaired d electrons 
I 

at EF; and Hhf(o) and Hhf(o) are the fields generated by the orbital mo-

tion of the d electrons. Although Hhf(o) represents only d electrons at 
. I 

EF' Hhf{o) is an average (33) over all contributing states in the d band 

lying above ~nd below EF. Since theoretical estimates of th~ orbital 

fields are very difficult (34), the approximation Hhf(o) ~ Hhf(o} is of

ten used to analyze experimental data. Although the contact field 

Hhf(s) is usually much larger (35) than the core polarization or orbital 

hyperfine fields, the large Nd(EF) in most transition metal systems us

ually insures that core polarization and/or orbital terms will dominate 

T1e and oK. Alt~ough Hhf(s) is always positive (33-35), Hhf(d} is nega

tive (33} for the transition metals. Hence, significant cancellations 

can occur in oK to give positive, negative, or even zero shifts depending 

upon the relative magnitudes of the three terms in eqn. (2). Since only 

the squares of the hyperfine fields influence (T1eT}-l, the three terms 

in eqn. (3) are always additive. 

Because several independent parameters contribute to the oK and 

(T1eT)-l values for transition metal systems, quantitative assessments of 

the individual hyperfine fields and density of states are usually very 

difficult without supplemental experimental and theoretical results. 

Nevertheless, many significant insights on the electron structures of 

transition metals have been obtained from the crK and (T1eT)-l data (33-35) 

without explicitly evaluating all of the parameters in eqns. (2) and (3). 
. _L 

If one of the termsdominates,eqn. (3), (T1eT) '2 is directly proportional 

to the density of states at EF. When either the Fermi contact or core 
-% 

polarization hyperfine interaction is dominant, both OK and cr,eT) 2 will 

directly correspond to N
5

(EF} or Nd(EF), respectively, and the NMR param

eters will exhibit very similar behavior when temperature or alloy compo-
• 

sition is varied. Because the orbital terms Hhf(o) and X
0 

for oK in eqn. 

(2) depend upon averages over the entire d band {34-35), the orbital term 

is not proportional to Nd(EF) and usually gives a temperature independent _,, 
contribution to oK. However, the orbital contribution to (T1eT) ·2 is 
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directly proportional to Nd(EF) and will usually exhibit a large varia

tion with temperature whenever EF occurs in or near a peak in the den

sity of states. Hence, significant differences in temperature behavior 
1, 

·for oK and (T 1 eT)-~ are expected whenever orbital contributions are 

large and EF falls near a peak in the density of states. The orbital 

contributions are generally large for the transition metal nuclei (33-35) 

and give positive contributions to crK as were observed (10) for Ti nuclei 

in TiH with 1.7 ~ x ~ 2.0. 
x 

Because the hyperfine field from the hydrogen ls orbital is intrinsi-

cally small, transferred hyperfine interactions from the metal d states 

are assumed (15-17,25,26) to be the major contributors to the proton 

Knight shifts and T1e relaxation times. In fact, the transition metal 

d states appear to dominate the hyperfine interactions for any non

transition element nucleus (57-60) that is contained in a transition 

metal host. In his analysis of the electronic structure of TiH , Korn 
x 

(15) proposed a transferred orbital hyperfine interaction for protons. 

His major justification was that the proton shifts of Stalinski, et al 

(61) did not show the same stoichiometry dependence as Korn's proton 
-k 

(T1eT) 2 data. This difference is consistent with the behavior expected 

(33} for orbital hyperfine interactions. However, the proton Knight 

shitts of Stalinski, et al (61) were obtained by CW-NMR techniques and 

are very imprecise since the shifts are much smaller than the dipolar 

linewidths. More reliable proton oK values for TiHx were recently ob

tained by multiple-pulse techniques (26) and gave excellent agreement 

with both the composition and temperature dependencies of the proton 
-k -k 

(TleT) 2 values (15,26). Similar agreement between crK and (TleT) 2 be-

havior has been obtained (25) for protons in Ti 1_YVYH1.95 . Hence, the 

original experimental basis for Korn's proposed orbital hyperfine inter

actions at the proton sites has been invalidated by subsequent (and more 

accurate) proton aK measurements (25,26). Furthermore, there is exper

imental and theoretical evidence (57-60) that orbital contributions are 

usually negligible for non-transition nuclei in transition metal hosts. 
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The recent NMR data for TiH and related alloy hydrides (17,25,26) 
x 

favor the dominance of a 11 transferred 11 core-polarization hyperfine inter-

action from the metal d-orbitals to the filled hydrogen ls orbitals lying 

below EF. This interpretation is consistent with the band-theory calcu

lations (l-4,7,9) which have indicated the formation of the s-d hybridized 

metal-hydrogen bonding band. The negative proton crK values (17,25,26,61) 

are easily associated with core~po1arization interactions (33-35,57-60). 

In contrast the orbital hyperfine interaction usually gives positive 

Knight shifts and tenuous arguments were required to rationalize (15) the 

negative proton aK values in TiHx. Since the valence bands of Ti and Zr 

are isoelectronic and the proton crK in ZrHx are also ~egative as shown in 

Fig. 5, any orbital contributions to the proton hyperfine interactions 

will be neglected during the remaining discussion. Hence, the experimen-
-k. 

tal proton crK and (T1eT) 2 parameters for ZrHx are assumed proportional to 

the density of electron states at EF through the Fermi contact and core

polarization terms as shown in eqns. (2) and (3). 

A useful relationship that was originally derived by Korringa (62) 

for the contact hyperfine interaction can be generalized in the form 

{4) 

' 2 2) . 1 t" t" where CK= J'iYe /{4rrk8
Y1 and Ye lS thee ectron.gyromagne ic, ra 10.-> 

When the Fermi contact terms dominate both aK and Tle' qexp = 1.0 if 

electron-electron interactions (33) are excluded. For the core-polar-

ization terms, q = q, the reduction factor for T
1 

relaxation by d 
exp e 

electrons. In cubic lattices, q obeys (33) 

(5) 

where f(t ) is the fractional character of the t 2 d-orbitals at the 
2g g 

Fermi surface. The minimum value for q is 0.20 when f(t 29 ) = 3/5 and 

the 

there is an equal population of all five d-orbitals at the Fenni level. 
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The maxima for q are 0.50 and 0.33 when f(t2Q) equals zero or one, 
respectively. However, q > 0.5 are possible if both contact and core-exp 
polarization interactions contribute to crK because of the fortuitous can-

cellations of positive and negative shift contributions. In non-cubic 

lattices q will not be given by eqn. (5), but the -10% tetragonal dis

tortion in E-ZrH should not 1ead to large deviations and 0:2 < q < 0.5 
x - -

should remain approximately valid for the core-polarization interaction. 

The shift in the Fenni level and the widening of the electron dis

tribution function about this level with increasing temperature can make 

aK and T1e temperature dependent if EF happens to lie in a region where 

the density of states is very dependent upon energy. This temperature 

dependence will be given by the expressions {15,26,63} 

= { l 2 2 2 [-1 d
2

N(E) (-1 ~i 2 ] } crK(T) crK(O) 1 + ~ kBT N(E} 2 - N(E) dE (6) 
dE E=EF 

(7) 

Since oK(T) depe~ds on the difference between the first and s~cond 

derivatives of N(E), oK(T) will not necessarily exhibit the same temper

ature behavior as [T1e(T)Tf1 In fact, oK(T) could have an opposite 

dependence or be temperature independent when [T1 (T}T]-l varies with e . 
temperature. According to eqns. (6) and (7), the major factor determin-

ing crK and {T1eT)-l temperature dependent behavior is the relative posi

tion of EF to a peak. However, a second mechanism can also produce temper-
-1: 

ature dependent crK and (T1eT) 2 values. If N(EF) itself is strongly tem-

perature dependent due to a change in some external parameter ~.g., an 

increasing tetragonal distortion from the Jahn-Teller effect), oK and 
r1 Twill directly follow the change in N(EF) and changes associated with 
eq~s. (6) and (7) probably make only secondary contributions. The reduction in 
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Nd(EF) for Ti~ 2 below 310 K is presumably respon~ible (25,26) for the 

temperature behavior of the proton oK and (T1 eT)-~ parameters in TiHx 

when x > 1.8. In the next section it will be shown that a different 
- -k 

situation apparently causes oK and (T1eT} 2 to be temperature dependent 

in E-ZrH (i.e., the processes corresponding to eqns. (6) and (7) are 
x 

responsible). 

B. Relation of Proton NMR Parameters to fct Distortion and Electronic 

Structure in ZrH x 

Figures 6 and 7 show the temperature dependent behavior of the pro-
-k 

ton (T
1
eT) 2 values for the T

1 
data ·. · presented in Figures 3 and ~, 

respectively. From the discussion of the previous section, (T1 eT)-~ is 

presumed directly proportional to the local density of electron states 

at the Fenni level as sampled at the proton site. The proton Knight 

shifts are also proportional to N(EF). The negative oK values in Fig. 5 

indicate the dominance of the transferred core-polarization hyperfine 

interactions over the Fermi contact contribution as has been previously 

concluded for protons in the Ti-based dihydrides (17,25,26). This im

plies Nd(EF) >> Ns(EF) in all these hydrides which is completely consis

tent with the band theory calculations for TiH
2 

(1-4,7,9) and ZrH2 (8). 
. -k 

Hence, (TleT) z should also mainly represent Nd(EF) through the core-

polarization inte~action$ 1 However, some contributipns from the tonta~t 
. . -~ 

term are expected for both aK and (T1eT) ·:z since N
5

(EF) is predicted (8) 

to be finite (although small) in fee ZrH
2 

and Hhf(s) should be larger (35) 

than IHhf(d) I· 
_1_, 

The composition dependence of the proton oK and (T
1
eT) ~ parameters 

in ZrH is summarized in Fig. 8 for various temperatures. The major fea-
x I 

ture for (T1eT)-7 is an increase above x = 1.75 (i.e., in the £-phase) to 

reach a maximum near x = 1.83 before decreasing smoothly with composition 
-k 

to x = 2.00. (TleT) 2 exhibits the largest temperature effects for 

1.80 < x < l.85 (i.e., at the peak). Similar behavior is also noted for 

the proton aK; however, neither the composition nor temperature dependence _,_ 
of oK is quite as large as seen for (T1eT) -~ 
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Korn {16) has reported preliminary measurements of the room temper

ature variation of proton (T
1
eT)-% as a function of hydrogen concentra

-k 
tion for ZrH with 1.54 < x < 2.00. His (T

1 
T) 2 data also showed a 

x e 
large peak near x = 1.82 in excellent agreement with Fig. 8. However, 

-k 
Kern's (T1eT) 2 values are consistently 10-15% larger than the present 

-k 
results and Korn found (T

1
eT) 2 to increase by about 10% in the composi-

tion range 1.54 < x < l.64 (i.e., in the mixed Y+o and pure o-phase 

regions) while Fig. 8 indicates (T1 eT)-~ at room temperature is essen

tially independent of composition for 1.50E;;;xE;;;1.65> which is in 

better accord with the ZrH phase diagrams (37,39-42). Finally, Korn 
1 x 

reports a (T1 eT)-~ minimum in the o+e mixed phase near x = 1.72 that is 

not apparent in Fig. 8. Since Korn's paper (16) is brief, there is not 

enough information to resolve these discrepancies with the present data 

in Fig. 8 although his systematically larger (TleT)-~ values may repre

sent paramagnetic r
1 

contributions to the spin-lattice relaxation times. 
p -~ 

Nevertheless, a well-defined (T
1
eT) 2 peak in the fct £-phase region seems 

to be an unmistakable property of ZrH since it was so clearly present 
x 

in both studies. This feature should be associated with changes in N(EF) 

as the hydrogen concentration is varied. 

In order ta obtain a better understanding of the proton hyperfine 

interactions and the character of electron states at EF, the generalized 

Korringa'.relat'ion of 'eqn. (4) was ·applied bn the samples ZrHl. 60, 
ZrH1.80 , ZrH1_90 , and ZrH2.00 . The resulting parameters qexp at 300 K 

and 170 Kare sunmarized in Table I. Because the proton crK shifts for 

ZrH are small, their absolute values have rather large uncertainties due x 
to choice of a zero shift reference (i.e., the TMS frequency) and the 

neglect of possible susceptibility corrections (25,26,35). Hence, the 

q values in Table I have limited accuracy and should not be regarded exp 
as definitive in deducing the relative proportions of s and d electron 

character at EF. However, more qualitative interpretations of q 
exp 

should be fairly reliable. For example, there is probably an appreciable 

mixture of Fermi contact and core-polarization contributions for ZrH1.60 
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since qexp > 1.0. While the negative crK implies Nd(EF) > N
5

(EF) for 

ZrH1. 60 , a more quantitative estimate of Ns(EF) and Nd(EF) is not possi

ble since the relevant hyperfine fields Hhf(s) and Hhf(d) are unknown. 

The q values for the threes-phase samples with x > 1.80 are within 
exp 

the range expected (33) for the core-polarization reduction factor (i.e., 

0.2 =:;;; q =:;;; 0.5 for a cubic lattice). However, the tetragonal distortion 

(i.e .• c/a ~ 0.9) in £-ZrH may influence the allowed range since the 
. x 

orbital degeneracy of the d functions will change as the symmetry is re-

duced by the distortion. Furthermore, some residual contact contribution 

from s states at EF could also be present, but this tenn must be much 

less than.for the a-phase since q < 0.5 for the £-phase samples. 
exp 

Hence, Nd(EF) is probably much larger than Ns(EF) for fct s-ZrHx' and EF 

has moved further up into the d bands as the hydrogen concentration is 

increased. This trend is consistent with the general predictions (28,29) 

of the theoretical band structure calculations. 

Table I also includes mean slopes of the temperature behavior of the 
-1 

proton crK and (T1eT) parameters for several ZrHx samples. Although 

positive or near zero slopes are observed when x < 1.8 or x > 1.9, the 

proton parameters for the samples with 1.80 =:;;; x =:;;; 1.85 have strongly neg

ative temperature dependence as shown in Figures 5-8 and Table I. Assum

ing the temperature dependence corresponds to the thennal broadening 

effects of the electron distribution functions, eqns. (6) and (7) can 

approximately relate the slopes of crK and (T1eT)-l in Table I to the 

derivatives at EF for the density of states with respect to electron 

energy. Since both oK and (T
1
eT)-l have negative temperature slopes near 

x = 1.83, EF must fall on a local maximum in the density of states at 

this composition. On the other hand, nearly flat (or, at least, more 

slowly changing functions with. convex curvatures) density of states are 

indicated for the o-phase and x > 1.90. This description of the ZrHx 

density of states is not very consistent with the calculated (8) one 

shown in Fig. 1 for fee ZrH2 if a quasi-rigid band model is used to shift 

EF to lower energies as the ZrHx stoichiometry is decreased. However, 
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£-phase ZrH is fct and the Jahn-Teller mechanism (1,4) predicts the 
x 

energy levels responsible for the N{EF) peak in fee ZrH2 to split during 

the tetragonal distortion. 

Schematic pictures of the density of states of the d-bands in the 

region near EF for fee o-ZrH and fct e:-ZrH are given in Fig. 9. The 
x x 

calculated curves by Gupta and Burger (8) serve as the basis for N(E) in 

the fee structure while the composition dependence of the proton (T 1 eT)-~ 
data and the presumably symmetric band splitting from the Jahn-Teller 

effect leads to the proposed density of states shape for the tetragonal 

structure. A quasi-rigid band model, which recognizes that some elec

trons associated with the hydrogen atoms will go into the metal-hydrogen 

bonding states (l,28,29) lying several electron volts below EF' has been 

used to locate the Fermi levels at several ZrH compositions. The magni~ 
x 

tude of the splitting between the two peaks for e:-ZrH will probably be 
x 

sensitive to .the c/a rat1o as well as some secondary perturbations with 

changes in hydrogen concentrations since the rigid band cannot be rigor

ously valid (7,8). However, the c/a ratio only changes from 0.91 to 0.89 

over the composition range 1.75 ~ x ~ 2.00 which is small compared to 

the 10% distortion that characterizes the e:-phase. Hence, the increase 

of the Jahn-Teller splitting in e:-ZrH with increasing x should not be a 
x 

large effect, but it could contribute (along with the electrons supplied 

by the hydrogen atoms) to accelerate the rise of EF through the lowenergy 

peak in N(E) towards a presumably rather flat valley at x = 2.00. 

Although a quantitative determination of the energy difference ~E(f.) 
a 

between the two maxima in N(E) is beyond the capabilities of the present 

analysis, it is probably one electron volt or smaller. This value was 

estimated from the photoelectron spectra of Weaver, et al (22) for ZrH1
_94 

in which they observed a rather sharp peak in the d-band spectrum about 

0.5 eV below their cutoff at EF. Furthermore, the photoelectron spectra 

{22) for e:-ZrHx are also consistent with EF moving through a N(E) peak. 

Because the instrumental resolution of the photoelectron spectra is about 

0.4 eV, Weaver, et al (22) cannot detect an N{EF) peak until EF lies more 
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than about 0~4 eV above the peak. Hence, the sharp peak in Fermi-level 

emission spectra for ZrH1. 94 indicates EF is a few tenths of an electron 

volt above a peak in N(E),which is in qualitative agreement with the 

·Fermi level for ZrH
1

. 94 predicted in Fig. 9b. For ZrH
1

•75 , Weaver, et al 

(22) sawno i.ndication of a peak in the Fermi-level emission of the 

photoelectron spectra while a small rise was observed for ZrH
1

•88 as 

though EF was near (or, just past) the middle of a peakwhith is being 

obscured by the instrumental resolution. These spectra suggest the N(E) 

shape in Fig. 9b is· at least qualitatively correct for s-ZrH x 
although the peak maximum and width cannot be reliably specified. 

Further evidence in favor of the N(E) distribution in Fig. 9b is 

provided by the electronic specific heat measurements of Ducastelle, etal 

(11) and by the electron spin resonance studies (24) .of 0.1% Er substi

tuted in ZrHx. According to Ducastelle, et al (11) the N(EF) values for 

ZrH1. 55 , ZrH1.85 , and ZrH1_96 are 0.36, 0.76, and 0.46, respectively, in 

units of states/eV per metal atom. Hence, N(EF) is larger for the £-ZrHx 

samples than o-ZrH1. 55 and the largest N(EF) occurs for £-ZrH1.85 . This 

behavior is exactly as indicated in Fig. 9. Analyses (24) of the temper

ature dependent increase in the linewidths of the Er ESR spectra for 

several ZrHx samples also imply that N(EF) was substantially larger for 

the fct £-phase compositions with a maximum near x = 1.85 to 1.90. Thus, 

the N(E) peak in Fig. 9b is again consistent with another independent ..,, 

experimental technique that monitors N(EF) behavior. 

C. Comparison of Electronic Structures in TiH and ZrH x x 

Although the TiH and ZrH systems have similar phase diagrams, 
x x 

crystal structures, and electronic properties, a number of qualitative and 

quantitative differences have been noted in section II and in the liter

ature (5,8,ll,15,16,21,22,48). For example, Table II compares the theo

retical (8) partial density of states (n.11,) at EF for fee TiH2 and ZrH2. 

The angular momentum representation of nR. in Table II is relativ~e to the 

local metal or hydrogen sites where the electron band structure is formed 
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mainly from the hydrogen ls orbitals and the metal nd and (n+l} s orbi

tals. Thus, the np and nf terms should not be considered to represent 

occupied p or f orbitals as an intra-atomic effect, but np and nf at a 

given metal or hydrogen site primarily come from overlaps with the tails 

of the d orbitals from neighboring metal atoms (8). Hence, the hyperfine 

interactions at the proton sites are due to local s states and the trans

ferred core-polarization interactions with the d states on neighboring 

metal atoms as was presumed in Section V A. The dominant nd value at the 

metal site and all the ni values for the hydrogen sites are significantly 

larger for fee TiH2 to make the total N(EF) larger as well. This predic

tion is consistent with the various experimental results such as elec

tronic specific heats (11) and magnetic susceptibilities (11,13,30,31) 

that are affected by N(EF). However, most of these experiments corre

spond to the fct phases for TiH and ZrH where N(EF) has already been 
x x 

decreased by the Jahn-Teller distortion, but the trend agrees with N(EF) 

values i.n Table II. The s electron contributions at EF are small at both 

the metal and hydrogen sites in TiH2 and ZrH2. However, "s gives a 

significantly larger contribution at the hydrogen sites than at the metal 

sites, but ns(H) is still less than 2% of the total partial ni(H) in fee 

TiH2 and ZrH2. The relative n
5

(H) portion will probably be increased by 

the tetragonal distortion since the contributions from the metal d orbi

tals will be greatly reduced with only minor changes expected for the s 

band. 

The proton (T1 
T)-~ parameters of Goring, et al (26) for TiH and 

e x 
the present values for ZrH are compared in Fig. 10. If the proton hyper

x 
fine fields are assumed to be approximately equivalent for these systems, 

-k 
the proton (T1eT) 2 parameters in Fig. 10 imply the effective N(EF) 

values at the proton sites 1n ZrH are about 40% or less of the density 
x 

of states at EF in TiHx. Taking the ni values with £. ~ l for the hydro-

gen sites from Table II, the ratio of the N(EF) in the fee dihydrides is 

0.49. The good agreement is consistent with the expected dominance of 

the Nd(EF) term in both hydrides and again indicates the ns terms are not 
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major contributors to the proton hyperfine interactions (25,26). How

ever, the n term can give a larger relative contribution in the fct 
s 

TiHx and ZrHx phases since Nd(EF) is substantially decreased by the Jahn-

Teller effect. The much larger tetragonal distortion in ZrH [i.e., a x 
minimum c/a ratio of about 0.89 compared to a c/a ratio of about 0.945 in 

TiH 2 according to Yakel (48)] should yield a greater relative Nd(EF) dif

ference between TiH and ZrH when x ~ 2.00. which is consistent with 
1 x x 

the {T1 eT)-~ data in Fig. 10. 

The Korringa parameters for the ZrH samples in Table I suggest a 
x 

larger s-e1ectron contact contribution than was apparent in similar anal-

yses for TiH
0

. 99 and TiH1_99 by Goring, et al (22}. However, the actual 

difference cannot be reliably estimated considering the difficulty in 

accurately defining the absolute aK values in both studies, but a system

atically larger n level for ZrH would not be unreasonable since the 
s x 

Nd(EF) value is a1so sma·ller in ZrHx. Although Goring, et al (26) con-

cluded that the tetragonal distortion reduced the relative population of 

t 2d d states at EF' a similar evaluation for E:-ZrHx is more dif,ficult 

since then and the various non-rigid band structure effects {1,8) can-
s 

not be readily identified for these samples and interpretation of the 

Korringa parameter q becomes much less straightforward. A partial den

sity of states analysis in fee TiH
2

.by Fujimori and Tsuda (9) indicated 

the peak at EF is due to the t
29 

states. Assuming a similar situation in 

ZrH
2

, the split peaks in Fig. 9b should also be primarily t
29 

d bands 

sitting on top of smoothly varying e
9 

states. Hence, the largest t
29 

contribution should be at the peak (i.e., near ZrH1•83) and the smallest 

portion of t 2 states at ZrH
2 

oo· Unfortunately, the present q values g • exp 
in Table I do not pennit a clear assessment of the fraction of t

29 
states 

for any of the E-ZrH samples. x 
Some significant differences in the temperature behavior of the pro-,_ 

ton (T
1 
T)-~ values for TiH and ZrH are also indicated in Fig. 10. 

e 1 x x 
When x > l.95, (T1 Tf~ values for ZrH decrease with x and are nearly 

- e x -:?.: 
independent of temperature; whereas, the (T1 T) 2 values for TiH e x 
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increase with x at 287 K and decrease with x at 122 K to produce an 

effective Nd(EF) reduction of nearly 25% for TiH1
_99 between these tem

peratures. This difference reflects the more rapid decrease (48) in the 

c/a ratio with decreasing temperature for the TiH system since the crit-
x 

ical temperature is near 310 K while there will be only very minor varia-

tions in the ZrH c/a ratio,which has already become nearly temperature 
x 

independent (37,48) at these temperatures and compositions. Since the 

Nd(EF) decrease is predicted (l,4,7) to be proportional to the c/a ratio 

through the Jahn-Teller effect. the Nd(EF) in TiHx will change rapidly 

(25,26) below 310 K but will be nearly constant for E-ZrH when 
1 x 

x > 1.95. (T
1 
Tf~ in TiH system has only a positive temperature de-

e x 
pendence, but a negative temperature dependence is observed for,ZrH sam

x 
ples with 1.77....:; x....:; 1.85, which was related in the last section to EF 

moving through a local maximum in the density of states with changes in 
-U. 

hydrogen content. Although the (T
1
eT) 2 data in Fig. 10 suggests a peak 

in N(EF) may occur near x ~ 1.75 in TiHx' it is clearly not of the same 

character as has been suggested for the N(E) peak in the ZrH system. 
x 

The Jahn-Teller distortion will definitely reduce N(EF) in TiHx by a 

broadening of the sharp peak (7,9) at EF' but the resulting splittings of 

.the energy levels for the observed (48) 5% (or less) tetragonal distor

tion in TiH apparently cannot generate the resolved peaks proposed in 
x 

Fig. 9b for E-ZrH (where the tetragonal distortion exceeds 9% when 
x 

x > 1.75). Hence, a continual N(EF) decrease is observed (25,26) in TiHx 

as the temperature is lowered and the tetragonal distortion presumably 

becomes larger. Whether this mechanism is also val id for TiH with 
x 

1.6 =< x =< l.8 will require further proton crK and r 1 measurements on addi-

tional samples as well as possible low-temperature x-ray diffraction 

measurements of the lattice parameters. However, the widely split N(E) 

peaks in Fig. 9b are quite consistent with the behavior of the proton 

(T 1 eT)-~ and oK in Fig. 8 as well as the other available experimental re

sults (11,16,22,24) for ZrH . Band theory calculations of the electronic 
x 

structure of tetragonal (i.e., c/a :::::: 0.90) ZrH2_0 should provide a more 
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quantitative verification of the split band model represented in Fig. 9b. 

Extensions of the existing calculations (1-9) to nonstoichiometric fee 

and fct TiH and ZrH systems would be extremely helpful. 
x x 

VI. CONCLUSIONS 

Measurements of the proton spin-lattice relaxation times and Knight 

shifts in ZrH have indicated the dominance of a transferred core-polar-
x 

ization hyperfine interaction from the Zr d-band to the s-band at the 

hydrogen sites. which is completely analogous to the hyperfine inter

actions for protons in TiH (25,26) and related ternary hydrides {17,25). 
x 

The ZrH band structure in the d-band region is significantly modified by 
x 

the Jahn-Teller fct distortion when the hydrogen content exceeds 

x = 1.75. The predicted sharp peak at the Fermi level in fee ZrH2_0 is 

split into a resolved doublet in £-ZrH with reduced densities of elec-
x 

tron states as shown in Fig. 9. The composition and temperature depen-

dences of the proton parameters (T 1 eT)-~ and crK indicate EF will lie at 

different positions of the lower energy peak as the hydrogen content 1n 

£-ZrH is varied. Photoelectron spectra (22) and other experimental 
x 

results (11,24) are consistent with this model. 
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TABLE I. Korringa Parameters and slopes for temperature dependences of 

crK and (TleT)-1 for ZrH Samples 
x 

Slope Slope 1 

c qeXE crK (T T)-~ 
le 

Sample a Ratio 300 K 170 K 1rnm/de9 io- 4 s- 1 K- 1 /deg 

o-ZrH1_60 1.000 1. 73 1.47 -o +0.022 

E-ZrH1. 75 0.913 +O. 017 

e-ZrH1.80 0.908 0.46 0.38 -0.053 -0.029 

E-ZrHl. 85 0.902 -0.047 

E-ZrHl. 90 0.895 0.43 0.35 -0.031 +0.010 

e:-ZrH1. 95 0.893 +0.008 

e:-ZrH2.00 0.890 0.37 0.37 -o +0.003 
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TABLE II. The partial-wave analysis n~ of the density of e1ectron 

states inside the muffin-tin metal and hydrogen spheres at 

the Fermi energy from APW calculations of Gupta and Burger 

(Ref. 8). N+(EF) is the total density of states at EF for 

one spin direction. 

Sample Site n 
p 

Ti 0.0015 0.0590 18.741 0.035 
23.519 

lxH 0.015 0.8755 0.0535 0.0015 

Zr 0.004 0.073 10.805 0.035 
16.460 

1 xH 0.008 0.432 0.021 0.001 
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FIGURE CAPTIONS 

FIG. l. The total density of states (DOS) of fee ZrH2 as calculated by 

Gupta and Burger. DOS given by full line curve and left-hand

side scale with units of states of both spin per rydberg unit 

~ell. The number of valence electrons given by dashed line and 

right-hand-side scale. 

FIG. 2. Room temperature lattice parameters for high purity ZrH where 
x 

phase boundaries are based upon several literature sources 

(i.e., Refs. 24t 39-42, 49). 

FIG. 3. Temperature dependence of proton spin-lattice relaxation times 

for some ZrH samples. The curves through data points are 
x 

FIG. 4. 

FIG. 5. 

FIG. 6. 

FIG. 7. 

FIG. 8. 

merely visual aids. 

Temperature dependence of proton spin-lattice relaxation times 

for more ZrH samples. The curves are merely visual aids. 
x 

Proton Knight shifts for polycrystalline ZrH measured using 
x 

the multiple pulse zero-crossing technique of Ref. 51 at a 

resonance frequency of 56.4 MHz and referenced to an external 

standard of TMS. 
-k 

Temperature dependence of proton (T1 T) 2 for the ZrH samples 
e x 

given in Fig. 3. The straight lines are linear least square 

fits to the data. 
-k . 

Temperature dependence of proton (T
1 

T) 2 for the ZrH samples 
e x 

given in Fig. 4. The straight lines are linear least square 

fits to the data. 
-k Composition dependence of proton (T1eT) 2 and crK parameters for 

various temperatures. 

FIG. 9. Schematic densities of states of d bands for fee (Part A) and 

fct (Part B) ZrH . Solid vertical lines are locations of EF 
x 1 

from proton (T1eT)-Yz parameters while dashed vertical line in 

Part A is predicted {Ref. 8) EF position for fee ZrH2. ~E(c/a) 

is energy difference between N(E) maxima. 
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Composition dependence of proton (T1 
T)-~ for TiH {after 

e x 

Goring, et al, in Ref. 26) and ZrH (present study). 
x 
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CHAPTER 7 

PROTON NMR AND MAGNETIC 

SUSCEPTIBILITY STUDY OF TiCrl.SHx 

[This chapter is a slightly expanded version of an article with the same 

title by R. C. Bowman, Jr., J. F. Lynch. and J. R. Johnson, that is 

submitted to Materials Letters.] 
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ABSTRACT 

The electronic properties of the hexagonal {C-14) and cubic {C-15) 

allotropes of the nominal TiCr
2
-hydrogen system have been examined via 

magnetic susceptibility and proton NMR measurements. Both methods indi

cate an unusual increase in N(EF)' the electron density of states at the 

Fenni Jevel, with increasing H/M for both allotropes; the trend extends 

into the a'-hydride phase. Although negative proton Knight shifts indi

cate the N(EF) increase is primarily due to d-electron states, a high 

concentration of s-electron states at EF is also present. The results 

suggest a possible basis for thermodynamic anomalies reported for the 

solution of hydrogen in TiCr1.8. 



132 

I. INTRODUCTION 

Titanium and chromium fonn two intennetallic Laves phase intennetal

lic compounds at the composition TiCrl.B+O.l' a high temperature hexag

onal. {C-14) phase and a low temperature cubic (C-15) phase. Both allo

tropes exothermi ca 11 y absorb hydrogen to fonn very unstable hydrides { 1-

3). The thennodynamic behavior of the solid solution of hydrogen in 

TiCrl.B+O.l (i.e., the a-phase) exhibits several unusual features (4) 

when compared to most other metal-hydrogen systems (5). The most strik

ing of these is a pronounced positive deviation from Sieverts 1 law of 

ideal solubility, even as H/TiCr1•8 approaches zero. This is a conse

quence of a decline {4) in exothermicity of absorption with increasing 

hydrogen content; as the H-content increases, the partial molar enthalpy 

of solution becomes less negative. This trend is opposite to that exhib

ited by most exothermic hydride forming systems (4-6). 
The hydrogen absorption process requires insertion of a H-atom into 

an appropriate lattice interstitial site where the chemical potential of 

the hydrogen dissolved in the metal is given (5) by the expression 

{ 1 ) 

Here, µHo is the standard potential, the second term is the configura

tional tenn for idea1 statistical distribution of the H-atoms among the 

available interstitial sites with n being the occupancy factor, ~µH+ is 

the elastic tenn resulting from lattice dilation with hydrogen insertion 

into the interstitial sites, and ~µ - is the excess potential contribu-
e 

tion that results from the accommodation of the hydrogen electron by the 

metal conduction band which alters (5) the electronic screening of the 

proton by shifting the Fermi level. If the last two terms in eqn. (1) 

are neglected, the metal-hydrogen system behaves as an ideal solution and 

obeys Sieverts' law. The elastic term f.µH+ reflects (5) the attractive 

interactions between the H-atoms which cause the usual negative devia

tions from Sieverts' law. Although the electronic term ~µe- is positive, 
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its contribution has often been found small for low hydrogen concentra

tions in the Pd alloys (5) and other systems (6) where N(EF}, the density 

of electron states at the Fermi level EF, is known (5,7) to decrease with 

hydrogen content. However, the electronic term ~~ - has been associated 
e 

with the positive deviations from Sieverts 1 law for Ti/Mo alloys (8) and 

TaV2 with the C-15 Laves structure (9,10}. Although the relationship be

tween changes in N(EF} and the thermodynamic behavior has not been defini

tively established, apparent correlations seem to be indicated in sev

eral diverse transition metal alloys (5,8-10). The present study was 

undertaken to investigate the behavior of N(EF) in the C-14 and C-15 

TiCrl.B+O.lHx phases in order to see if the electronic term could be 

responsible for the unusual thennodynamic behavior of the TiCr1•8tH2 
system. 

There are several experimental methods that can provide information 

on the N(EF) values. Magnetic susceptibility {X) has been widely used 

for transition metal hydrides (11,12), but great caution must be exer

cised when estimating the N(EF) values from X data since several other 

significant contributions (12} are usually present. Nuclear magnetic 

resonance (NMR) spectroscopy is sensitive (13} to the electronic struc

ture of a metal through Knight shifts (crK) of the resonance frequency and 

conduction electron contributions to the spin-lattice relaxation times 

(T1e). NMR methods have also been wide1y used {l4) to study the elec

tronic structures in several metal-hydrogen systems ~nd rather detailed 

analyse·s of N(EF) values for several titanium binary and ternary hydride 

phases were recently reported (15-18). The present measurements of the 

magnetic susceptibilities, proton Knight shifts, and proton spin-lattice 

relaxation times indicate a significant increase in N(EF) for both C-15 

and C-14 TiCr
1

.8Hx with increasing hydrogen content. This trend is the 

reverse of most metal-hydrogen systems (5,7,10-12) where N(EF) decreases 

with hydride formation. 
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II. EXPERIMENTAL DETAILS 

Most of the experimental procedures employed to prepare the samples 

for the present studies have been described in detail elsewhere (l-3). 

Thus, details concerning preparation of the starting intermetallics with 

C-15 and C-14 structures, activation, hydrogen charging, and poisoning 

techniques (1-3) that inhibit the loss of hydrogen from the unstable hy

drides will not be reiterated here, except to note that the poisoning was 

accomplished by cooling appropriately charged samples to -196°C before 

exposure to CO and slowly warming to room temperature under a high pres

sure CO atmosphere. Several CO poisoned TiCr1.8+0.lHx samples were 

sealed into evacuated glass tubes for the NMR studies. 

The Faraday-type susceptibility apparatus at Brookhaven has been 

previously described {19). The measurements were made at fields from 

2500 Oe to 8650 Oe and for temperatures between 78 K and 298 K. The X 
0 

values were obtained from extrapolations (10) to infinite magnetic fields 

to remove the small ferromagnetic contributions. 

The proton Knight shifts were measured at 56.4 MHz with the multi

ple-pulse zero-crossing technique devised by Burum, et al (20) while the 

T1 values at 56.4 MHz and 34.5 MHz were obtained with the standard in

version-recovery method. Wide-band transient spectrometers (17.20.21) 

were used for these measurements. The crK values are relative to an ex

ternal reference of tetramethylsilane and have not been corrected for any 

demagnetization effects (14,17) arising from the bulk susceptibilities. 

The sample temperatures during the NMR measurements were regulated within 

~2 K down to 80 K with a thermocouple controlled nitrogen gas-flow and 

heater system. To prevent accidental decomposition the NMR samples were 

never heated above 300 K. The reported compositions of the TiCr1•8Hx and 

TiCr1
_9Hx samples were determined by vacuum outgassing after , comple

tion of the NMR experiments. 

II I. RESULTS 

Typical magnetic susceptibility data ~xhibited by several hydrogen

free Ticr1
•9 specimens are summarized in Table I along with their room 
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temperature lattice parameters. Both nominal TiCr2 allotropes are Pauli 

paramagnets with nearly identical susceptibilities, regardless of crystal 

structure or small variations in Cr content. It has not been possible to 

prepare single phase alloys with the stoichiometric composition TiCr2
.0. 

Only a slight increase in susceptibility was observed with increasing 

temperature as demonstrated by the single 80 K result included in Table 

I. Very similar temperature behavior was found for the hydrogen-contain

ing samples indicating they are also Pauli paramagnets. 

The variation of room temperature magnetic susceptibility with hy

drogen content is displayed in Figure 1 for the C-15 and C-14 allotropes 

of TiCr
1

_8• All of the X
0 

data refer to the region of single phase solid 

solution (i.e., the a-phase) except for the result at H/Ti = 1.59, which 

is a two-phase (a+a') specimen. The line drawn through the data points 

in Figure 1 is merely a visual aid and has no analytical significance; 

thus, the break suggested at H/Ti :::: 0.8 is speculative. The X data 
0 

clearly indicate that magnetic susceptibility increases with increasing 

hydrogen content in the a-phase region of solid solution. Extrapolation 

from H/Ti :::: 0.9 to higher hydrogen contents suggests X = 5.6 x 10-6 emu/g 
0 

f,or the a'-phase hydride Ticr
1

•
8
H

2
•
3

, an increase of more than two-fold 

over the value exhibited by the hydrogen-free TiCr
1

_
8 

alloy. There is no 

difference in the X values for the C-15 and C-14 allotropes of 
0 

TiCr1.9Hx. 
The proton oK and (T1 eT)-~ parameters for TiCr1

•8Hx with C-15 struc

ture and TiCr
1

. 9Hx with the C-14 structure are summarized in Figure 2. 

Because of the high hydrogen mobility in the a and a' TiCr1_8Hx phases 

(22), proton oK or T1 data obtained above 120 K cannot be readily related 

to the electronic structure parameters without complications (14,20) from 

diffusion contributions to the proton relaxation times. Hence, only oK 

and T1 data obtained at temperatures (T) between 80 K and 120 K have been 

included in Figure 1. The measured T1 is assumed equal ~o r1e for 

T < 120 K. Within experimental error the oK and (T1 eT)-~ parameters in

crease linearly with hydrogen content in the a and a' phases and there is 
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essentially no difference between the C-15 and C-14 allotropes. 

IV. DISCUSSION 

The magnetic susceptibility of a metallic solid consists of several 

contributions 

(2) 

where the orbital tenn XORB (also widely known as the Van Vleck term} 

arises from the orbital angular momentum and is usually very large for 

most transition metal elements and their alloys. The diamagnetic term 

XDIA reflects contributions from the closed-shell ion cores and is us

ually quite small. The Landau term XL represents the diamagnetism of the 

conduction electrons and is generally considered to be given by 

XL:::::: -XP/3 where XP is the Pauli paramagnetic susceptibilit~ Xp de

pends directly on the N(EF) value and is given by 

{3) 

. where ~B is the Bohr magneton and AX represents enhancements of N{EF) 

from the s1mple noninteracting electron model due to various excitation 

processes (13). There have been numerous studies of magnetic susceptibil

ity behavior in transition metal-hydrogen systems (5,10-12) and X nearly 
0 

always decreases with an increase in the H/M ratio to give X (hydride) 
. 0 

< X (H-free metal). Indeed, the only exceptions to this trend among the 
0 

transition metals are Ti and Cr which both exhibit (12) X (hydride) > X 
0 0 

{H-free metal). The decline in X with increasing H/M has often been in-o 
terpreted (5,12) as reflecting a decrease in the density of states at EF 

although only the Pauli tenn of eqn. (3) depends directly upon N(EF). 

Switendick (11) has cautioned against placing undue emphasis on X data 

alone to deduce the N(EF) changes with alloying or variations in hydrogen 

content since the orbital contribution XORB; which can be large. is 
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normally very difficult to reliably estimate without some supplemental 

data such as NMR measurements (13,14). With this reservation in mind~ 

the variation of X with H/M exhibited by TiCr1 8H in Figure l suggests 
0 . x 

,a significant increase in N(EF) with increasing hydrogen content. The 

results of the proton NMR experiments completely support this view. 

The nuclear spin systems in metals are affected by the electronic 

structure of the metal through hyperfine fields produced at the site of 

the nucleus. In transition metal systems the hyperfine fields are usually 

generated (13,14) by three mechanisms: Fermi contact interaction with the 

unpaired s electrons at EF; core polarization of the spin-paired s elec

trons at energies below the Fermi level by the unpaired d electrons at 

EF; and the effect of the orbital motion of d-electrons that is also 

responsible for the Van Vleck term XORB in eqn. (2). Recent NMR studies 

of TiH (16), Ti1 V H1 95 (17), and Ti 1 Nb H1 94 (15) have indicated 
x -y y . -y y . 

that the orbital hyperfine interaction gives a negligible contribution 

to the proton crK and T1e parameters. Similar behavior is assumed to hold 

for the Ticr2Hx system and any orbital contributions to the proton crK and 
-1: 

{T1eT) 2 data in Figure 2 are neglected. After making the conventional 

assumptions (13,14) to ignore electron-electron coupling and interband 

mixing terms, the proton NMR parameters are given by 

Here, Hhf(s} and Hhf(d) are the hyperfine fields for the Fermi contact 

and core polarization interactions, respectively; YI is the gyromagnetic 

ratio for nuclei with quantum number I; n is Planck's constant; k8 is the 

Boltzmann's constant; Ns(EF) and Nd(EF) are the densities of s and d 

electron states at the Fermi level, and q is the reduction factor result

ing from d electron orbital degeneracy at EF as described by Narath (13). 

Hhf(s) is always positive, but Hh~(d) is usually negative (13). Thus, 
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the contact and core polarization terms make additive contributions to 

(T1eT)-l, but their contributions to crK tend to cancel. 
-k 

The proton aK and (T1eT) 2 values for four ~ominal TiCr2Hx samples 

are compared in Table II with recent results for several other Ti-based 

hydrides. In every case the crK values are negative, indicating dominance 

of the core-polarization term, and imply that Nd(EF) >> Ns(EF). Howe;er, 

the Ticr
1

_8Hx and TiCr
1

. 9Hx samples have significantly larger (T
1

eT)-Yz 

values relative to their oK values than are observed for the other Ti

based hydrides. The generalized Korringa expression (13,14) 

(6) 

can provide some insight where CK= nYe2/(4~kBYI 2 ) and Ye is the electron 

gyromagnetic ratio. When the Fermi contact terms dominate both crK and 

r1 
, q = 1.0 if the electron-electron interactions (13) are excluded. 

e exp 
For the core-polarization terms, q = q.which is the reduction factor exp 
in eqn. (5) and varies between 0.2 ~ q ~ 0.5 for cubic lattices (13) de-

pending upon the fractional character of the t
29 

d orbitals at the Fermi 

level. However, q > 0.5 becomes possible if both contact and core-
exp 

polarization interactions contribute to oK because of the fortuitous 

cancellation of positive and negative shift contributions. Table II also 
-k 

includes the q values calculated using the crK and (T1 T) 2 data. 
exp e 

While TiHl.96' Ti0.5v0.5Hl.94' Ti0.5Nb0.5Hl.94' and TiCuH0.94 yield qexp 
values in the range expected (13) for pure core-polarization inter-

actions, the q for the TiCr1 8H and TiCr1 9H samples are signif-
exp . x . x 

icantly greater than one. Hence, it is concluded that Ns(EF) is propor-

tionally larger in both the C-15 and C-14 TiCr2Hx systems relative to the 

vanishingly small N
5

(EF) levels in other Ti-based hydrides (15-18). 

Since the Fermi contact interaction provides the more efficient T1e re

laxation process (13), this conclusion is consistent with the larger 
-k 

(T1eT) 2 values as well as the partial cancellation of the negative crK 

values for the TiCrl.B+O.lHx samples. Unfortunately, independent values 
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for the hyperfine fields Hhf{s) and Hhf(d) are unknown and more quantita

tive estimates of N
5

(EF) and Nd(EF: are not currently possible. 

The trends in crK and (T1eT} -~ observed in Figure 2 indicate an in

crease in Nd(EF) with increasing H/M since any increase in N
5

(EF) would 

produce smaller oK (i.e., tending towards more positive) values. This 

view is supported by the q values in Table II. The q values de-
exp exp 

crease in the sequence u-TiCr1. 9H0_63 > a-TiCr1. 8H
0

_88 > u'-TiCr
1

. 8H
2

. 40 
> ~'-TiCr1 • 9H2 _ 85 while the aK values are systematically becoming more 

negative. This behavior requires that the negat1ve core-polarization 

term makes a greater contribution at the larger hydrogen contents. 

Assuming the hyperfine fields do not significantly changet an increase in 

Nd(EF) with hydrogen addition is clearly indicated. However, either sub

stantial Ns(EF) levels or large Hhf(s) exist in the a'-phase samples 

since q still greatly exceeds the values predicted (13) for dominant 
exp 

core-polarization contributions. It is possible that the large Ns(EF) 

values are responsible (11,23) for the high instability of the TiCr2Hx 

phases (1-3). Band theory calculations of the electron structures of the 

TiCr2 and TiCr2Hx phases (which are currently unavailable) should be very 

enlightening to this interpretation of the proton NMR parameters. 

Figure 2 indicates Nd(EF) is increased by about threefold between 

a-phase TiCr
1

_
8
H
0

_
2 

and the a 1 -hydride TiCr
1

•8H
2

•8• This is in reasonable 

agreement with the susceptibility result X (TiCr
1 8) = 2.6 x 10-6 emu/g 

-6 0 . 
and X

0
(TiCr1.8H2.3) = 5.6 x 10 emu/g and supports our view that the X

0 

increase with H/M in Figure l reflects an increase in N(EF). It is also 
• -k 

interesting to note that the aK and (T1eT) 2 parameters in Figure 2 

extrapolates across the mixed (a+a') phase region. This is consistent 

with hydrogen occupying identical Ti 2cr2 interstitial sites in the iso

structural a and a' phases (3) as indicated by the neutron diffraction 

studies of Reidinger, et al (24). 

The NMR and magnetic susceptibility data imply that the electronic 

structures of the C-15 and C-14 allotropes of TiCr1•8 are quite similar 

in both the a-phase solid solution and the a'-phase hydride. Although 
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both allotropic hydrides are remarkably unstable, there are significant 

differences in their thennal stability (1,2). For example, the C-15 

allotrope exhibits (l) an equilibrium plateau pressure of about 2 atm at 

195 K for the at a' transition which is a factor of ten greater than the 

corresponding plateau pressure, (2) of 0.2 atm for the C-14 allotrope at 

the same temperature. Thus, while an electron density of states effect 

may be important in determining the overall general instability of the 

two TiCr1.8Hx systems, other factors are clearly also significant. For 

example, the volume of the Ti 2cr2 interstitial site occupied by hydrogen 

in C-14 phase is slightly larger than the similar Ti 2cr2 site in the C-15 

structure. Lundin, et al (25) have correlated increased stabi1ity with 

larger tetrahedral interstitial volume which is qualitatively consistent 

with the TiCr1_8Hx results. Considerations in addition to electronic 

factor appear to play a role in determining hydride stability in 

TiCr1.BHx and the same is likely true in the region of solid solution. 

V. CONCLUSIONS 

The density of states at the Fermi level for both cubic (C-15) and 

hexagonal (C-14) TiCr1_8±0.lHx have been shown to significantly increase 

with hydrogen content which is opposite of the N(EF) change exhibited by 

most other metal-hydrogen systems. Hence, there may be a basis for the 

previous suggestion (4) that the unusual positive deviation from Sieverts' 

law for the TiCr1_8Hx system may be associated with some anomalous elec

tronic effect in the chemical potential µH for hydrogen absorption. How

ever, other factors such as defect states (3,24) in the nonstoichiometric 

Ticr1.8 alloys could also prove to be important. Further work on both 

the electronic and thermodynamic properties of the TiCr2-hydrogen system 

are required to resolve this problem. 
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TABLE I. Susceptibility and x-ray diffraction results for several 

starting TiCr1.8 samples that had not been previously exposed to 

hydrogen. 

Laves Lattice X (298 K) X (80 K) 
Structure Parameter 0 0 

-6 -6 Sample Type (~) { l 0 emu/g) (10 emu/g) 

TiCr1.8 C-15 6.940 + 0.004 2.568 + 0.010 

TiCrl. 87 C-15 6.934 + 0.005 2.582 ~ 0.015 2.540 + 0.005 

TiCrl. 9 C-15 6.932 + 0.004 2.565 + 0.020 

TiCrl.Q C-14 a = 4.932 2.636 ~ 0.010 

c = 7.983 
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-k 
TABLE II. Proton Knight shifts (aK). {T1eT) 2 values and Korringa param-

eters (q ) for several hydrides containing titanium. 
exp 

k 

Structure T (Tl Tf2 OK Data e 1 

Sample Type (K) (sK)-,2 (ppm) qexp Source 

cx-TiCr1. 9H0.63 C-14 80 0.086 -21 4.6 Present 

Cl-TiCrl.BH0.88 C-15 80 o. 106 -37 2.2 Present 

a 1 -Ti Cr 1. 8H2. 40 C-15 80 0.223 -90 1.62 Present 

o.' -Ti cr1. 9H2 _85 C-14 80 0.239 -98 1. 57 Present 

TiHl. 96 
f ct 107 0.108 -96 0.34 Ref. 17 

Ti0.5V0.5Hl.94 f cc 110 0.163 -161 0.27 Ref. 17 

Ti O. 5Nb0. 5Hl. 94 f cc 296 0.096 -110 0.20 Ref. 15 

TiCuH0. 94 
Bll 86 0.150 -113 0.46 Ref. 18 
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FIGURE CAPTIONS 

FIG. 1. Variation of room temperature magnetic susceptibility (X) with 
0 

hydrogen content exhibited by TiCr1.8Hx system with the Laves C-14 and 

C-15 structures. 

FIG. 2. The proton Knight shifts (crK) and (T1eT)-%? values for CO-stab

ilized Ticr1_8Hx (C-15 Laves phase} and Ticr1_9Hx {C-14 Laves phase) as 

a function of hydrogen concentration. The open symbols correspond to a 

proton resonance frequency of 56.4 MHz while closed symbols correspond 

to a frequency of 34.5 MHz. 



146 

4.5 x (C-15) TiCr1•8 0/ + (C-15) TiCr1.87 
o (C-15) TiCr1•9 

~ (C-14) TiCr1•9 
' 

4.0 

J 
O'I 3.5 ~/ -1 ...... l ::J 

·I E 
q,) ./ I 

i ID ~ co I 0 _......--+ : - 30 fj. l x . 
0 

;>< 

¥)( 
2.5 

0 0.2. 0.4 0.6 0.8 1.0 1.2 1.4 L6 
H/Ti Atom Ratio 

FIGURE 1 



0.30 

~ 
I Q 0.20 
~ 

~ 
I 

~ .... 
!:: 

0 

D• T1 
C::i. OK 

0 e T1 

'\} OK 

C::i. 

a-Phase 

0.5 

147 

TiCr1.9 Hx (C-14) 

TiCr1.9 Hx 

TiCr1.8 Hx (C-15) 

TiCr1.8 Hx 

a+ a 
, 

1.0 1.5 2.0 

H/Ti ATOM RATIO 

FIGURE 2 

I 
I 
I 
I 

: a'-Phase 

2.5 

-150 

-100 
e 
a. 

.S: 

-50 

3.0 



148 

CHAPTER 8 

PROTON NMR STUDIES OF HYDROGEN 

DIFFUSION AND ELECTRONIC STRUCTURE 

IN CRYSTALLINE AND AMORPHOUS 

TITANIUM-COPPER HYDRIDES 

[This chapter is essentially an article with the same title by 

R. C. Bowman, Jr., A. J. Maeland, and W.-K. Rhim, submitted to Physical 

Review B.] 
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I. INTRODUCTION 
The properties of amorphous a11oys (i.e., the metallic glasses) and 

the behavior of hydrogen in metals are two of the most active research 

areas for the transition metals. Much of this attention has focused on 

the electronic structure and diffusion behavior. In the metallic glasses, 

electronic structure has been related to phase stability (1) as well as 

the magnetic behavior, superconductivity, and electron transport proper

ties (2) while diffusion phenomena are presumed (3-6) to dominate the 

structural relaxation processes and crystallization. There have been 

extensive theoretical (7-9) and experimental (10-13) studies of the elec

tronic structures for numerous transition metal-hydrogen systems in order 

to better understand the nature of metal-hydrogen bonds and various phys

ical properties of the metal hydride phases. Diffusion behavior of the 

hydrogen isotopes has also been extensively evaluated (10,14-16) in 

crystalline metals and alloys. However, the specific ro1es of crystal 

structure on the diffusion mechanisms in glassy metals and meta1-hydrogen 

systems remain poorly understood and controversial. Recent studies (17, 

18} have indicated very similar electronic structures for amorphous and 

crystalline transition metal al1oys with nominally identical composi

tions. The structural changes associated with hydrogen absorption can 

significantly alter (7,8) the electron band structure of the host metal. 

Although there is a vast literature on the properties of crystalline 

metal-hydrogen systems that dates back over several decades, the first 

report of an amorphous metal-hydrogen system (i.e., a-Ti 1 Cu H) was 
-y y x 

published by Maeland (19) in 1978. There have been severa1 subsequent 

papers on amorphous a-Ti 1 Cu H (20-22) as well as other glassy metal--y y x 
hydrogen systems (23-28). Furthermore, low concentrations (i.e.,$ l 

atm %) of hydrogen exert a major influence on the mechanical relaxation 

properties in many diverse metallic glasses (29-32). Since amorphous 

alloys and metal hydrides have many potential technological applications 

as well as inherently interesting fundamental properties, research on the 

amorphous metal-hydrogen systems has been rapidly esca1ating with the 
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expectations for improved understanding of both material classes. 

The present study addresses the roles of crystal structure on the 

interstitial site occupancy by hydrogen atoms, electronic structure prop

erties, and hydrogen diffusion behavior in crystalline TiCuH and x 
Ti 2CuHx and the amorphous hydride a-TiCuH1.4. This task has been accom-

plished by nuclear magnetic resonance (NMR) measurements of the proton 

lineshapes, relaxation times, and Knight shifts, which are extensions of 

previous studies (22,33). A preliminary version of the present results, 

along with some relevant magnetic susceptibility data, was presented at a 

recent conference {34). 

The Ti 1 Cu H system is a very favorable candidate for comparative 
-y y x 

studies of crystalline and amorphous metal hydride phases. Metallic 

glasses form readily in the Ti 1 Cu system over the wide composition -y y 
range of 30-70 atm % Cu which includes the crystalline intermetallic com-

pounds Tieu and Ti 2Cu. Both TiCu and Ti 2Cu have been found (19,21,35) to 

form ternary hydrides with limiting compositions TiCuH1.0 and Ti 2CuH2.80. 

Under suitable conditions the corresponding Ti 1 Cu glasses can also 
-y y 

absorb hydrogen without crystallization (19,21) to form amorphous hy-

drides such as a-TiCuH where 1.2 ~ x ~ l.4. The present experiments 
x 

confirm the previous assertion (22,33) that crystal structure has a dom-

inant role in the diffusion behavior for both crystalline and amorphous 

Ti 1 YCu H phases. The occupancy of more diverse interstitial sites 
- y x 

(i.e., Ti 4cu2 sites, for example, in addition to the preferred Ti 4 sites) 

in Ti 2CuHx and a-TiCuH1_3±0.l greatly enhances the observed hydrogen mo

bility (with an accompanying decrease in activation energy Ea) in these 

phases relative to the diffusion rates in TiCuH0.94 and y-phase TiHx. 

Analyses of the proton Knight shifts and spin-lattice relaxation times 

indicate that core-polarization (10) with the metal d-electrons dominates 

the proton hyperfine interactions in Ti 1 Cu H . The Fermi-level popula-
-y y x 

tion of d states greatly exceeds the s state population as has been found 

in other Ti-based hydrides (36-39). Furthermore, the proton NMR param

eters suggest that N(EF)' the density of electron states at the Fermi 
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energy EF as sampled at the proton sites, is significantly reduced in 

a-TiCuH1.4 compared to crystalline TiCuH0.94 . A similar N(EF) difference 

at the proton sites has been observed (28) between amorphous and crystal-

1 ine Zr2PdHx. Hence, a general tendency for N(EF) reduc!ion in amorphous 

metal hydrides may be occurring although there seems to be little differ

ence in the electronic structures of amorphous and crystalline alloys (2, 

17,18) when they are hydrogen-free. 

II. A BRIEF REVIEW OF THE PROPERTIES OF TITANIUM-COPPER ALLOYS AND THEIR 

HYDRIDE PHASES 

The intennetallic TiCu crystallizes with a tetragonal structure of 

the Bll type. This structure is illustrated in the upper portion of 

Figure 1 where the interstitial sites occupied by the H-atoms are also 

shown. When Tieu is exposed to hydrogen gas and the temperature is main

tained below 200°C, a ternary hydride TiCuHl.O forms (19) with a 9% vol

ume increase but no change in the metal host structure. In a neutron 

diffraction study of TiCuo
0

.
90

, Santoro, et al (40) determined the crys

tal structure in Figure 1 where the D-atoms only occupy the interstitial 

sites with four Ti nearest neighbors. The tetrahedral site occupancy of 

H-atoms in crystalline TiCuH
0

.
93 

has also been verified by inelastic 

neutron scattering measurements (20) while the second moment (M20 ) for 

the proton lineshape (33) in TiCuH
0

.
94 

agrees with the st~ucture ,in 

Figure 1.; The absence of H-atoms from the 'other i~terstitial sites, 

which always include several Cu atoms as nearest neighbors, is not sur

prising since copper is an endothermic absorber of hydrogen with no known 

stable hydride phases. When the crystal structure of the fee y-phase 

TiD
2 

structure (Figure la) is compared with the TiCuD structure (Figure 

lb), it is clear that the double layer of Ti atoms in TiCuD gives a two

dimcnsional analog of the TiD2 structure.· Because a double layer of Cu 

atoms separate each 2-D TiH layer, diffusion in crystalline TiCuH is x x 
restricted to direct jumps between nearest-neighbor tetrahedral sites 

within the H-atom plane while jumps through vacant octahedral sites are 

possible (41 ,42) in fee y-TiHx. In fact, the relatively large Ea value 
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for the proton relaxation times in crysta1line TiCuH0.
94 

has been attrib

uted (16,33) to higher activation energies for the direct jumps between 

the neighboring sites compared to the lower energy required (41) to jump 

through the vacant octahedral sites in y-TiH . x 
If ternary TiCuH is heated above 250°C for extended times (19,33), x 

it will disproportionate into a mixture of y-TiH and Cu metal. Similarx 
ly, when TiCu alloy is heated above 250°C and exposed to hydrogen gas, it 

will form (43) the segregated TiH + Cu mixture and not the ternary phase x 
TiCuH1•0 • Maeland (19) has shown by a thermodynamic analysis of the free 

energies that the ternary TiCuH
1

•0 phase is unstable with respect to TiH
2 

+ Cu. The formation of metastable TiCuH below 200°C occurs because the x 
metal atom mobilities are too slow to permit attainment of the equilib-

rium products TiH
2 

and Cu metal. 

The crystal structure of Ti 2cu is tetragonal of the type Cllb and is 

illustrated in Figure 2. The Ti
2

Cu structure is very similar to the TiCu 

structure except the double 1ayers of Ti atoms in r2cu are separated by a 

single Cu layer instead of the double layer as in the TiCu structure. 

The presumably preferred Ti 4 interstitial site for hydrogen occupancy is 

also indicated in Figure 2. At temperatures below 200°c, crystalline 

Ti 2Cu wi11 absorb hydrogen to form (19,35) a metastable ternary hydride 

phase Ti 2CuHx with x :S 2.8. However, x-ray and neutron diffraction 

measu~ements ( 19 ,35.,44) indicate ~ stru~ture change occurs for the : 

Ti 2CuHx phase. A tentative analysis (44) of the neutron pattern for 

Ti 2cuo2. 5 suggests an orthorhombic structure with lattice parameters: 

a = 0.306 nm, b = 0.333 nm, and c = 1.01 nm. Since hydrogen occupancy of 

all the Ti 4 sites in the Ti 2Cu structure limits the composition to 

x = 2.0, other sites must also be occupied to yield Ti 2CuH2.]±0.l' In
elastic neutron scattering (45) indicates some H-atoms do occupy octahed

ral sites in Ti 2CuHx. From Figure 2, the most likely candidates are the 

Ti 2cu4 and Ti 4cu2 sites in the Cu-only layers. The poor quality of the 

x-ray patterns (19,35) and apparent complexity of the Ti 2CuHx structure 

has precluded a reliable structure determination at this time. The 
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ternary Ti
2

CuHx phase is unstable (19,35,43) above about 200°C relative 

to the TiHx + Cu mixture as previously described for the TiCu-H
2 

system. 

The a-Ti1 Cu amorphous alloys are conveniently prepared by stan-y y 
dard melt-spinning techniques. The crystallization temperatures of hy-

drogen-free a-T1 1 Cu metallic glasses are found (19,21,46) to be above -y y 
300°C. Although the x-ray patterns of the a-Ti

1 
Cu metallic glasses -y y 

gave the broad maxima that are consistent with the absence of crystalline 

order, recent neutron diffraction (46,47) and EXAFS (48) experiments on 

amorphous a-Ti
1 

Cu samples have indicated extensive chemical short -y y 
range ordering in these glassy metals. These results imply that the 

local structures for those amorphous a-Ti
1 

Cu alloys with compositions -y y 
near the intermetallic phases (i.e., TiCu or Ti 2Cu) should be very simi-

lar to the structure in the corresponding crystalline phases. However, 

there can be a wider distribution (46-48) of local structures in the 

metallic glass. 

The metallic glasses a-Ti
1 

Cu where 0.35 <::y <::0.65 will absorb 
-y y 

hydrogen at room temperature to form ternary amorphous a-Ti
1 

Cu H with-
-y y x 

out crystallization {19.21). An interesting aspect of the Ti-Cu system 

is that the amorphous alloys absorb significantly more hydrogen than the 

corresponding crystalline intermetallics. This behavior has not been 

observed in other amorphous'."crystalline alloys (23-25,27,28) and may 
I ~ ' , , ' l i , 

reflect the ability of hydrogen to occupy a wider variety of Ti-Cu inter

stitial sites than are available in the ordered crystalline structures. 

A comparison of the neutron vibrational spectra (20) for crystalline 

TiCuH0_93 and amorphous a-TiCuH1. 3 implies that H-atoms in the amorphous 

hydride occupy a much broader distribution of local environments (possi

bly, including some octahedral sites) with nominal tetrahedral synmetry 
than the single Ti 4 site occupied in TiCuH0_93 . The proton spin-spi~ (T

2
) 

and dipolar (r
10

) relaxation times have indicated (22) that hydrogen 

mobility in a-TiCuH1. 3 is significantly greater than in crystalline 

TiCuH0_94 or y-TiHx. Although the proton relaxations for both TiCuH0.94 
and y-TiH can be represented by single activation energies over wide 

x 
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temperature ranges (22,33,41 ,49), four Ea values are required (22) to 

represent hydrogen diffusion in a-TiCuH
1

.
3 

between 115K and 420K. The 

enhanced hydrogen mobility in the amorphous a-TiCuH
1

_
3 

phase has been 

attributed (22) to the removal of the structural constraints (33) on the 

H-atom jump paths in crystalline TiCuH
0

_
94

. However, a more complete 

description of the diffusion processes in the amorphous phase was not 

possible since detailed models of site occupancies and alternative jump 

paths were not available. The greater mobility in the amorphous phase is 

consistent with the lower thermal stability of a-TiCuH1.3, which segre

gates (21,22) into the TiH +Cu mixture at about 425K whereas crystal-x 
line TiCuH0_94 does not decompose until the temperature exceeds 550K under 

similar experimental conditions (33). 

There is very little experimental information on the electronic 

structure of the Ti-Cu alloys or hydrides and apparently no published 

theoretical results on their band structures. X-ray emission spectra 

(50) for several crystalline Ti-Cu intermetal1ics and a photoemission 

spectrum (51) for an amorphous Ti 0. 60cu0_40 alloy indicate the valence 

bands consist of two peaks where the low lying peak {i.e., 3-4 eV below 

EF) corresponds to the Cu states and Ti atoms contribute to the peak at 

·the Fermi level. This behavior is apparently typical for crystaliine or 

amorphous alloys {18,51) composed of an early (e.g., Ti) and late {e.g., 

Cu) transition metal.· Although hydride phase formation is presumed to 

distort the Ti 1 Cu valence d bands and fonn a metal-hydrogen bonding -y y 
peak (7,8) several electron volts below the Fermi level, there have been 

no photoe1ectron spectroscopic experimental studies of Ti 1 Cu H to -y y x 
collaborate this supposition. 

III. EXPERIMENTAL DETAILS 
Most of the experimental procedures employed to prepare the crystal-

1 ine and amorphous samples for the present studies have been described in 

detail elsewhere (19-22,35) and will not be repeated. The crystalline 

TiCuH0_94 , Ti 2CuH1_9, and Ti 2CuH2_63 samples were prepared by reaction 

with hydrogen gas at a temperature of about 150°C. The amorphous 
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a-TiCuH1.4 sample was prepared at room temperature to avoid crystalliza

tion. Compositions were verified by volumetric analyses during thermal 

desorption at 1000°C. All the samples were handled and stored in inert 

atmosphere gloveboxes prior to loading the NMR tubes, which were subse

quently evacuated and flame sealed. 

The proton 1ineshapes were measured with a simplified version {52) 

of the magic-echo sequence and the second moments (M20} were determined 

from Gaussian plots of the initial portions of the 1ineshape decays. The 

spin-lattice relaxation times (T1) were measured with the standard inver

sion recovery method. The proton Knight shifts (crK) were measured with 

the multiple-pulse zero-crossing technique devised by Burum, et al (53) 

and had an estimated precision of ±2 ppm. The crK data are relative to an 

external reference of tetramethylsilane (TMS) and have been corrected for 

the demagnetization effects (10,36) with the magnetic susceptibilities 

measured (34) on the same samples used for the proton NMR experiments. 

The magic echoes, T
1 

values, and Knight shifts were measured at a proton 

resonance frequency of 56.4 MHz on a wide-band transient spectrometer 

that was previously described (52). A different spectrometer (33) was 

used to measure the rotating frame relaxation time (T
1
P) at a proton 

resonance frequency of 34.5 MHz and spin-locking magnetic field of nom

inally 7.3 G. The total temperature range of the NMR experiments was BOK 
. , ' i \ , : • i ' ~ ;. ' t . ~ ... l ' i ' 

to 560K; however, the amorphous a-TiCuH1 ~ 4 was not heated above 420K to 

prevent the decomposition previously observed (22). 
IV. RESULTS 

The crystalline TiCuH0. 94 and Ti 2CuHx samples yield room temperature 

proton spectra with the nearly Gaussian lineshapes that are expected (10) 

for immobile 11 rigid-lattice 11 nuclei. However, a motionally narrowed 

exponential decay is observed (22) at room temperature for the proton 

spectra in the amorphous a-TiCuH samples. When the a-TiCuH samples are x x 
cooled below 220K, the rigid-lattice lineshapes are obtained. Table I 

summarizes the proton M20 values determined from the decays generated 

during the magic echo experiments (52) at temperatures corresponding to 
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the rigid-lattice conditions. Crystalline TiCuH0. 94 gives the largest 

M20 even though the other samples contain greater densities of protons 

per unit volume. In the next section. this behavior will be related to 

differences in the distributions of the hydrogen atoms among the avail

able interstitial sites. 

The proton r1 relaxation times below 310K are surrmarized in Figure 

3. The experimenta1 recoveries for the T1 measurements were always ex

ponential as expected for single phase materials. The T1P data are pre

sented in Figure 4 where the minima indicate the dominance (10,16} of the 

diffusion contributions. Although the r1P recoveries for the Ti 2CuH0.94 
and a-TiCuH1. 4 samples were usually exponential within experimental un

certainty, the recoveries for the Ti 2CuHx samples tended to be non

exponential at most temperatures. Hence, the Tlp values in Figure 4 are 

defined by the time corresponding to the decay to l/e of the initial 

amplitude. This procedure permits consistent comparisons among the 

samples, but it is apparent that the hydrogen diffusion mechanisms are 

inherently complex in the Ti 2CuHx samples. 

The temperature dependent behavior of the proton Knight shifts aK, 

referenced to TMS and corrected (36) for the demagnetization effects, are 

sumnarized in Figure 5. All of the crK values in Figure 5 are negative 

(i.e., upfield relative to the reference resonance frequency) as has been 

found previously in y-phase TiHx (Refs. 36 and 37)J Ti 1_YVYH1.95 (Ref. 

36), Ti 1_YNbyH1. 94 (Ref. 38), and TiCr2Hx (Ref. 39). Hence, negative aK 

seems to be a common characteristic of Ti-based hydrides. The differ

ences among the crK values for the four Ti 1 Cu H samples will be related 
-y y x 

to their electronic structures in a later section. 

V. ANALYSIS AND DISCUSSIONS 
A. Second Moment and Hydrogen Site Occupancies 

In the rigid-lattice limit it is often possible (10) to determine 

the hydrogen locations from the proton M20 values providing the structure 

of the metal atoms is known from x-ray diffraction or another technique. 

The general fonnalism for the dipolar contributions to M20 was originally 
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developed by Van Vleck (54). A generalized version (55) of the Van Vleck 

formula for a powder sample that takes account of the contributions from 

inequivalent lattice sites and nonresonant nuclear spins can be written as 

( 1) 

where c1 = {3/5}(y1n) 2I(I+l} for contributions from other protons with 

gyromagnetic moment Yr and spin I = %, n is P1anck 1s constant, and 

c5 = (4/15){y5n) 2S(S+l) for the contributions from unlike nuclei with 
. 5 (h 47T. 49T. 63c 65c ) d . spin ere 1, 1, u, u an gyromagnetic moments y5. 

Here, f. is the fraction of all protons located in sites of type i; ~. is 
l J 

the probability of occupation of a j site; and w. is the relative number 
J 

of j sites. Thus, f. is given by 
l 

N 
f. = w.a./ k wkcxk 

, 1 , k=l (2) 

where N is the number of inequivalent proton sites. S .• denotes the lat-

t . ~ - 6 h th . . . t k . . 
1 
J d h . ice sum ~ r .. were e origin is a en at an 1 site an t e surrunat1on 

j lJ I 

extends over all j sites. Similarly, Sij denotes the sum over metal 

nuclei with the origin taken at the ith proton site. The theoretical 

dipo~ar M20 is ~alculated for.model arrangem~nts ~~ proton~ wit~~n .the 
host metal structure and is compared with the experimental value to de-

termine which model structure gives the best agreement. The proton M20 
method for structure determination in a powder is not nearly as powerful 

as the neutron diffraction techniques, but M20 can be useful in eliminating 

many trial structures or choosing between alternative models when the 

neutron diffraction results are incomplete or not available. In prac

tice, the protons should not occupy more than two inequivalent sites if 

unambiguous results are to be obtained from eqn. (2}. 

The structure of crystalline TiCuD0.90 has been determined by powder 

neutron diffraction (40) as shown in Figure 1. Since the H-atoms only 

occupy the Ti 4 interstitial sites in the presumably isomorphic TiCuH 
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structure. the M20 expression reduces to a rather simple form. which has 

been previously evaluated (33) to give a calculated dipolar M20 of 

17.8 G2• The present magic echo experiments on the TiCuH0•94 gave 

M20 = 18.5 ± 0.5 G2, which is in good agreement with the theoretical 

value as well as the previous experimental result M20 = 17.8 ± 0.8 G2 

obtained from the 1ineshape of the proton solid echo (33). Hence, the 

TiCuH structure in Figure 1 seems well established from x-ray and neutron 

diffraction {19,40)~ inelastic neutron scattering (20), and the rigid

lattice proton M
20 

parameters. 

Although an orthorhombic structure has been proposed (44) for Ti 2CuHx' 

the analyses of the x-ray and neutron diffraction patterns have not been 

completed and the orthorhombic assignment remains tentative. Since 

interpretations of the diffusion behavior and the electronic properties 

require at least cursory knowledge of the interstitial sites that are 

occupied by the H-atoms, a preliminary assessment of the M20 parameters 

for the Ti 2CuHx samples has been performed using the data in Table I and 

some reasonable estimates (44) for the Ti
2

CuHx lattice parameters for the 

tetragonal and orthorhombic structures. Because of the poor quality of 

the x-ray diffraction patterns (19,35) for the Ti 2CuHx samples, the same 

lattice parameters were used for both Ti 2CuH1.9 and Ti 2CuH2.63 during the 

M20 cal~ulati?ns, whi~h redu~es th~ accuracy to some extent and 1irn~ts 

quantitative cNnparisons between the calculated and experimental M20 
parameters. 

Based upon the Ti 2cu structure given in Figure 2 and the ine1astic 

neutron scattering results (45) for Ti 2Cuo2.5, the three most likely 

locations for H-atoms are the Ti4, Ti 4cu2, and Ti 2cu4 interstitial sites 

with a preference for the presumably more stable Ti 4 sites. For the 

tetragonal unit cell of Figure 2, there are four Ti 4 sites, four Ti 4cu2 
sites, and two Ti 2cu4 sites. The limiting compositions for complete 

occupancy of the Ti 4 sites and either of the octahedral sites are Ti 2CuH3 
(for Ti

2
cu4 sites) and Ti 2CuH4 (for Ti 4Cu2 sites) if the original tetrag

onal structure is retained. However, an orthorhombic structure can be 
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generated if H-atoms occupy only half of the Ti 4cu
2 

sites (i.e., those 

lying along the expanded b-axis) to give the limiting composition 

Ti
2

CuH
3 

when the Ti
4 

sites are also completely occupied. This particular 

arrangement of H-atoms in Ti 2CuHx could provide consistent explanations 

for the orthorhombic distortion (19,35,44), the presence of vibrational 

frequencies (45) for hydrogen in both tetrahedra1 and octahedral sites, 

and the observed maximum composition Ti 2CuH
2

.8 • 

The dipolar second moments for Ti
2

CuH
1

.
90 

and Ti
2

CuH
2

•
63 

have been 

calculated for several distributions of H-atoms in both the tetragonal 

and orthorhombic structures. Table II surrmarizes the calculated M20 
values where preferential occupancy by the Ti

4 
sites has been assumed. 

During the M
20 

calculations, the various interstitial sites retain their 

ideal positions in Figure 2 (i.e., no further distortions to lower 

symmetry or puckering of alternating hydrogen sites occur) except for the 

elongation of the b-axis for the orthorhombic structure. Comparisons of 

the calculated dipolar M
20 

values with the experimental moments from 

Table I clearly give the best agreement for the orthorhombic structure 

where the Ti 4cu
2 

sites are occupied when x > 2.0. Considering the uncer

tainty in the Ti
2

CuHx lattice parameters, undue emphasis should not be 

placed upon the comparisons in Table II since other H-atom distributions 

with lower occupancies of the Ti
4 

sites can also give nearly as good 

agreement in some cases. However, the proton M20 results in Table II are 

consistent with the orthorhombic structure and the intuitively satisfying 

preferential filling of the presumably more stable Ti 4 sites. This 

structure for Ti 2CuHx provides a reasonable framework for subsequent 

analysis of the electronic structure and diffusion behavior. 

Since long-range order is absent in amorphous solids, eqn. (1) can

not be directly applied to calculate the dipolar M20 for a-TiCuH1_4. 

Although simulation calculations using Monte Carlo techniques have pro

vided theoretical M20 values in few glassy alloys (56). only qualitative 

comparison with experiment can be realistically expected. Because local 

short-range order is present in amorphous Ti 1 Cu alloys (46-48), the -y y 
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random packing calculation procedure (56) will be further compromised in 

these systems. However, the H-atoms predominantly occupy the same sites 
in the crystalline and amorphous TiCuH phases (20). Table I indicates x 
the experimental M20 for the amorphous a-TiCuH1.4 is much closer to the 

values for the Ti 2CuHx samples (where Ti 4cu2 sites as well as T1 4 sites 

are presumably occupied) than for crystalline TiCuH0.94 . This can be 

interpreted as suggesting the H-atoms are distributed among similar sites 

in a-TiCuH1.4 and Ti 2CuHx although greater variation is expected for the 

amorphous phase. More detailed assessments of the hydrogen distribution 

in amorphous a-TiCuH1.4 are not currently possible. 

B. Electronic Structure Properties from Proton T1 and crK Parameters 

The nuclear spin systems in metals are affected by the electronic 

structure of the metal through hyperfine fields (10957) produced at the 

site of the nucleus. The two NMR parameters that are determined by the 

hyperfine interactions are the Knight shift aK and the conduction elec

tron contribution (T1e) to the spin-lattice relaxation time. When the 

paramagnetic relaxation contributions (16) are small (as is assumed for 

the Ti-Cu hydrides), the total spin-lattice relaxation rate (T
1
-1) can be 

separated into two terms 

(3) 

where Tld arises from the atomic diffusion processes {10). T1e is the 
dominant proton relaxation mechanism at sufficiently low temperatures 

where the Tld term becomes negligible. According to prior proton NMR 

experiments (22,33), T1 should equal Tle below about 450 Kin crystalline 

TiCuH0. 94 and below 250 Kin amorphous a-TiCuH1.3±0.l' The present study 
indicates that Tld contributions to T1 for protons in the Ti 2CuHx samples 

are negligible below 350 K. Hence, the proton T1 data in Figure 3 should 

represent only the Tle values with the exception of the data points above 

240 K for a-TiCuH1_4 which contain larger T1d contributions with increas
ing temperature. In order to facilitate later analyses, the parameters 
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-J.: 
(T1eT) 2 have been determined from the proton T1 data in Figure 3 and are 

plotted versus temperature in Figure 6. 

In transition metal systems the hyperfine fields are usually sep

arated (10,57) into three contributions: Fenni contact interaction with 

the unpaired s electrons at EF' core polarization of th,e spin-paired s 
electrons at energies below the Fenni level via exchange interactions 

with the unpaired d electrons at EF; and the contribution of the orbital 

motion of d-electrons. Recent NMR studies of several other Ti-based 

hydrides (36-38) have indicated that the orbital hyperfine interaction 

does not give significant contributions to the proton aK and Tle param

eters. Similarly, the orbital contributions are assumed to be unimpor
tant for the proton parameters in the Ti-Cu hydrides. With the conven

tional assumptions (10,57) to neglect electron-electron coupling and 
interband mixing effects, the proton NMR proton parameters are given by 

where Hhf (s) and Hhf(d) are the hyperfine fields for the Fermi contact 

and core polarization interactions, respectively; k8 is the Boltzmann's 

constant; Ns(EF) and Nd(EF) are the densities of s and d electron states 

at EF' and q is the reduction factor resulting from d electron orbital 

degeneracy at EF as described by Narath (57). Hhf(s) is always positive, 

but Hd(EF) is usually negative (57). The Fermi contact and core polar
ization terms make additive contributions to (T1eT)-l, but their contri

butions to crK tend to cancel. 

If eqns. (4) and (5) are assumed to represent the proton hyperfine 

interactions, the crK and (T 1 eT)-~ parameters in Figures 5 and 6, respec

tively, will be directly proportional to the local densities of electron 

states at the proton sites in the Ti-Cu hydrides. In Table III the upper 
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. -k 
and lower temperature limits of the crK and (T

1
eT} 2 parameters from 

Figures 5 and 6 are compared with similar data for several other Ti-based 

hydrides (36,37,39). Since all the data in Table III were collected at a 

common-proton resonance frequency (i.e., 56.4 MHz) on the same apparatus 

(36,52} and all of the oK shifts are relative to the same TMS reference 

sample, extraneous effects should be minimal during these comparisons. 

The proton parameters for the Ti-Cu hydrides are within the range of val

ues obtained for the other samples, which implies that the basic char

acter of N(EF) must be similar in all of these Ti-based systems. Since 

the H-atoms preferentially occupy tetrahedral interstitial sites (with 

the notable exceptions of Ti
2

CuH
2

. 63 and, possibly, a-TiCuH
1

.
4

, which 

have mixed Ti
4 

and Ti 4cu2 site occupancies) in these hydrides, this ob

servation is not completely unanticipated. Because negative crK values 

were obtained for every sample included in Table III, the core polariza

tion term dominates the proton hyperfine interactions which further im

plies that Nd(EF) > N
5

(EF) in these hydrides. Although this last con

clusion is substantiated by the recent band theory calculations (7-9) for 

TiH2, no theoretical estimates of Nd(EF} or N
5

(EF) are currently avail

able for the various ternary Ti-based hydrides. However, the existence 

of negative crK shifts is strong evidence, by itself, for large Nd(EF) 

values since a dominant core polarization contribution to oK normally 

requires (36,37.57) a high density of d electron states at the Fermi 

1 evel. 

Additional insights on the character of N(EF) are provided by the 

generalized (37) Korringa expression 

(6) 

where CK= ny
8

2/(4rrk8y1
2) and y

8 
is the electron gyromagnetic ratio. 

When the Fermi contact interaction dominates both crK and r1 , q = 1.0 e exp 
if the electron-electron interactions (57) are excluded. For exclusive 

core polarization interactions, q = q, the reduction factor in eqn. exp 
(5). Typical values for q vary between 0.2 and 0.5 in cubic lattices (57) 
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which are assumed to be representative of the range expected for the core 

polarization terms in other structures. However, larger q becomes exp 
possible when both contact and core polarization interactions contribute 

to crK to give fortuitous cancellation of positive and negative shift 

tenn. 
-k Table III includes the q values derived from the crK and (T

1 
T) 2 

exp e 
data. TiH1. 96 and Ti0. 5v0•5H1. 94 exhibit qexp values that are consistent 

with only the core polarization interactions from Nd(EF). However, a 

significant contact term from a relatively large Ns(EF) is indicated for 

TiCr1 8H
2 40 

since its q exceeds one. Although the q values for . . exp exp 
TiCuH0•94 and a-TiCuH

1
. 4 are within the range expected for pure core 

polarization terms, some contact contributions are probably also present. 

Somewhat larger N
5

(EF) values are indicated for Ti
2

CuHx samples since 

their q are between 0.7 and 0.8. However, these assessments must not exp 
be taken too seriously but should be merely regarded as qualitative 

trends. Since the crK parameters can only be approximately corrected (36, 

37) for chemical shift and bulk susceptibility (10) contributions, the 

corresponding uncertainties in the q values are about ±0. 1 - 0.2. exp 
Furthermore, substantial changes in q can occur as the fractional popula-

tions of d orbitals at the Fermi level are altered (57). Hence, it is 

usually very difficult to discrimfoate be7ween s~all Ns(EF) contributions 
,, I • ! 

and variations in the d orbitals unless some supplemental information 

(such as partial densities of state from theoretical band structures) is 

also available. At least two types of interstitial sites are occupied by 

protons in Ti
2

CuHx and a-TiCuH
1

.
4 

(i.e., Ti 4 and Ti
4

cu2) and the hyper

fine fields are expected to differ at these inequivalent sites. However, 
-k 

the experimental parameters crK and (T1eT) 2 in Figures 5 and 6 and Table 

III represent averages over all occupied proton sites and they cannot dis

cern contributions from the inequivalent sites. Hence, the variations in 

the Nd(EF) ratio for these samples could be obscured by the changes in 

proton site occupancies. The combination of these factors restricts any 

quantitative evaluation of Ns(EF) and Nd(EF). Nevertheless, the relative 

populations of Nd(EF) and N (EF) that were deduced from the q values in s . exp 
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Table III should be qualitatively correct. In particular~ the Nd(EF) to 

Ns(EF) ratio for the Ti-Cu hydrides is intermediate to the limiting sit

uations of nearly vanishing N
5

(EF) (i.e., TiH1_96 and Ti 0.5v0.5H1.94) and 

the substantial N
5

(EF) contribution for TiCr1_8H2. 40 . , 

A closer examination of the proton oK and {T1 eT)-~ data reveals some 

interesting properties on the behavior of N(EF) in TiCuHx and Ti 2CuHx. 

Both parameters suggest the largest absolute N(EF) values occur for 

crystalline TiCuH
0

_
94 

where the protons occupy only the Ti
4 

sites as in 

y-phase
1 

TiHx. However, Table III shows that TiCuH0. 94 has a larger 

(T1 eT)-~ and a smaller crK that is observed for TiH1.96 . These differ

ences can be directly correlated with an increased Ns(EF) population in 

the TiCuH0. 94 sample compared to the apparently small (9,36~37) N
5

(EF) in 

TiH1 96 . This explanation is also consistent with a larger q for . exp 
TiCuH

0
•
94 

since the positive shift from the N
5

(EF) will partially cancel 

the negative shift from Nd(EF) to produce a less negative total oK value. 

The proton parameters for TiH
1

_
96 

have a greater temperature dependence 

because the Nd(EF) decreases with the Jahn-Teller distortion (7,36,37) of 
-k 

the fee structure. The aK and (T1eT) 2 data indicate lower total densi-

ties of states at the proton sites in the Ti
2

CuHx samples; however, their 

q values imply that N (EF) is proportionally larger in these samples. 
exp s 

The pronounced N(EF) increase between Ti 2CuH1. 9 and Ti 2CuH2. 63 can be 

mainly attributed to an increase in Nd(EF) since aK becomes more negative 

and q decreases. However, the earlier analysis of the M20 parameters exp 
for Ti

2
CuHx have indicated that protons occupy Ti

4
cu

2 
sites in addition 

to the preferred Ti4 sites when the composition exceeds Ti 2CuH2.0 since 

all the Ti 4 sites have been filled. Hence, interpretations of the proton 
-k 

crK and (T
1
eT) 2 parameters in terms of different Nd(EF) and N

5
{EF) popu-

lations with a change in the position of Fenni level may not be entirely 

valid. The local density of states can be different for protons in Ti 4 
and Ti

4
cu

2 
sites, but the present NMR experiments only respond to the 

11 a verage 11 hyperfine interactions and cannot resolve these differences. 

Unfortunately, no other experimental or theoretical results are available 



165 

to help identify the relative contributions at these proton sites. How

ever, it is possible that the hyperfine interactions and local N(EF) are 

actually similar since both proton sites have four Ti nearest neighbors. 

The x-ray {50) and photoelectron (51) spectra of Ti-Cu alloys indicate 

the Cu states lie several electron volts below EF and they are not expec

ted to contribute significantly to either the hyperfine fields (57) or 

N(EF). Thus, the Ti atoms should determine these quantities at Ti 4cu2 
sites as well as Ti

4 
sites and comparison between the Ti

2
CuH1.

9 
and 

Ti 2CuH2. 63 samples regarding changes in N(EF) behavior at the protons is 

probably all right as a first approximation. Under these assumptions, 
-11; 

the larger (T1eT) 2 and more negative aK for Ti 2CuH2.63 suggest that 

Nd(EF) has become larger at the 11 average 11 proton site as more hydrogen is 

absorbed. This view is supported by similar behavior in magnetic suscep

tibility (34) where Ti
2

CuH
2

•
63 

has the larger value. One reasonable in

terpretation is that with increasing hydrogen contents EF has moved fur

ther into the d band regions where Nd(EF) is now larger. Another possi

bility is the continuing modification (7,8) of the d bands with addition

al hydrogen to produce a greater density of d states in the region of the 

Fermi level. However, detailed band theory calculations of the electron 

densities in Ti
2

CuH
2 

and Ti
2

CuH
3 

are required beforethese ideas can be 

more thoroughly considered. 

The much smaller proton oK and (T1 eT)-~ values for amorphous 

a-TiCuH1. 4, compared to the corresponding data for crystalline TiCu~. 94 , 

are particularly interesting since a significant reduction in N(EF) is 

indicated. Because the qexp for TiCuH0_94 and a-TiCuH1•4 are similar, 

Nd(EF) and N
5

(EF) would appear to be reduced by comparable amounts unless 

there have been significant alterations in the proton hyperfine fields, 

which seem unlikely according to the arguments in the preceding paragraph. 

The larger hydrogen content in a-TiCuH1.4 would presumably favor an in

crease in the proton NMR parameters and Nd(EF) if amorphous a-]iCµHx is 

analogous to Ti 2CuHx. In fact, analysis of the M20 data in Table I has 

already suggested very similar hydrogen site occupancies and distributions 
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in a-TiCuHx and Ti 2CuHx. Although the crK and (T 1 eT}-~ parameters are in 

good agreement for a-TiCuH1.4 and Ti 2CuH1_9, significantly larger proton 

NMR parameters are found for the Ti
2

CuH
2

_
63

, which has an effective hy

drogen concentration much closer to the amorphous sample composition. ,, 
The smallest proton (T 1 eT)-~ parameter, which also implies the lowest 

local N(EF), occurs for a-TiCuH1•4. The slightly smaller crK values 

(i.e., the least negative) for Ti
2

CuH
1

_
9 

probably results from a larger 

N
5

(EF) contribution since its q values are also nearer to one. Hence, . exp 
the lowest local Nd{EF) for protons in Ti-Cu hydrides occurs for the 

amorphous a-TiCuH
1
•
4

• Similar behavior has been recently observed {28) 

for protons in crystalline and amorphous zr
2

PdHx. Hence, a reduction in 

Nd{EF} at p.roton sites may be a characteristic property of amorphous 

transition metal hydrides. However, recent evaluations of hydrogen-free 

amorphous and crystalline transition metal alloys of similar compositions 

(2,17,18) found little difference in electronic structure behavior. The 

absence of long range order in amorphous solids should remove some elec

tronic degeneracies which would tend to smear the peaks in N{E) and de

crease their amplitudes. Hence, reduced values for N(EF) would occur 

whenever EF falls in regions near these maxima. It is likely that the 

proton parameters are very sensitive to these N(EF) reductions. In the 

Ti-Cu hydrides, EF is expected to lie in the Ti d electron states (50,51) 
I • , }·I . -, "' ;, . . _ 

wh1 le protons preferent1a lly occupy the interstitial sites wfth only Ti 

neighbors (20,40,45). Since the proton hyperfine field primarily arises 

from the exchange polarization (36,37) from the Ti states at EF. the 

proton crK and (T1 eT)-~ would readily respond to any variation in Nd(EF). 

Thus, the proton parameters may be monitoring subtle differences in the 

electronic properties of crysta11ine and amorphous TiCuH and Ti 2CuH . x x 
These materials warrant further study by other techniques that can probe 

local and total densities of the electronic states. 

C. Hydrogen Diffusion Behavior 

The NMR techniques have been very successful in evaluating diffusion 

behavior in many metal-hydrogen systems (10,14-16). Since protons are 
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spin ~ nuclei without a quadrupole moment to interact with electric field 

gradients, atomic motion influences proton relaxation only through time 

dependent modulations of the nuclear dipolar interactions (10). The 

diffusion correlation time T is the parameter that relates nuclear re-
c 

laxation times to microscopic diffusion processes. The formal connection 

between the diffusion coefficient D and T is given by 
c 

(7) 

where Kd is a numerical parameter for symmetry and possible correlation 

effects and ~ is the mean jump distance. Various models have been devel

oped (10) to provide a theoretical framework for T that can reliably 
c 

describe the diffusion contributions to the nuclear relaxation times. 

The simple exponential correlation function model of Bloembergen, et al 

(58), widely called the BPP model, has provided reasonable activation 

energies (E ) and relative T values for numerous solids including many 
a c 

metal-hydrogen systems (10,16). However, the absolute T values from the 
c 

BPP model may be in error by as much as 50% and more detailed models have 

been developed (10). Unfortunately, these later models are complicated 

and require explicit computations of lattice summations that are not 

available (10) except for the simplest cubic lattices. Unless very 

accurate estimates of Dor~ are desired, the BPP model is normally ade

quate to determine the parameters E and T with sufficient precision to 
a c 

characterize the major features of diffusion behavior. Since the Ti-Cu 

hydrides have low symmetry crystal structures and moderately complex 

diffusion properties (22,33), analyses based solely upon the BPP model 

have been used to evaluate the diffusion contributions to the proton 

relaxation time data. This is not a serious limitation since the major 

intent of these proton NMR measurements has been to understand relative 

changes in hydrogen diffusion as the crystal structures and interstitial 

site occupancies are altered. Accurate absolute diffusion rates are not 

required for these evaluations. 
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Although most previous determinations of ~ behavior in metal hy-
c 

drides have employed (10,16) the diffusion contribution T1d to the proton 

spin-lattice relaxation times, the low hydrogen mobilities in the Ti-Cu 

hydrides (22,33) prevented T
1 

measurements in the region of the T
1 

minima 

due to the irreversible decompositions of the ternary TiCuH and Ti
2

CuH x x 
phases (19,21,22,33) at much lower temperatures. Without the minimum r

1 
values meaningful determination of the Tc parameters from the Tld data is 

seriously impaired (10,41). Consequently, the prior studies (22,33) of 

diffusion behavior in TiCuH0.94 and a-TiCuH1.3 had relied upon the proton 

r2 and r10 parameters to obtain the Ea values. However, these parameters 

can only provide order-of-magnitude estimates for T since it is usua11y c 
difficult to define (10,16) a quantitative correlation between T and the c 
absolute r2 and r10 values. Furthermore, the r2 parameters represent 

atomic mobility at temperatures above the onset of motional narrowing 
k 

(i.eq r 1M20
2 Tc« 1) where the weak-collision theory (10,16) of nuclear 

relaxation is valid. Analysis of the experimental r10 values obtained at 

temperatures below the motional narrowing region requires the strong 

collision theory (59) to describe the effects of single atomic jumps on 

the dipolar order. Thus, comparative analyses of the T2 and r10 data to 

deduce the T behavior over the entire temperature ranges were not 
c 

attempted (22) for the TiCuH0. 94 and a-TiCuH1.3 samples. 

The proton T1P relaxation times offer several advantages in charac

terizing diffusion behavior in the TiCuH and Ti 2CuH samples. First, x . x 
T1 is dominated by the diffusion processes over wide ranges of T to in-

P c 
elude the slow hopping regime (59) well below motional narrowing (i.e., 

until ~ approaches 10-3 sec). In the present case the T
1 

data in 
c p 

Figure 4 represented proton diffusion in the Ti-Cu hydrides as t varied . c 
over four orders-of-magnitude from well below motional narrowing (i.e., 

upper limits of the r10 results) until the decomposition reactions (19, 

21,22,33) altered the diffusion behavior. The presence of distinct and 

easily detected minima for the r1P data in Figure 4 allows straightforward 

identification of unique T values, within the framework of the weak-c 
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collision theory (10,49,59), at specific temperatures that are not sensi

tive to the details of a given model (10} in contrast to analyses based 

upon the T
2 

results. The T
1
P data are not particularly sensitive to the 

various inhomogeneous contributions at zero frequency that can greatly 

complicate (10,16) the measurement and interpretation of the T2 param

eters. Finally, proton T
1 

data for diffusion in y-TiH are available 
p x 

(49) for direct comparison. 

In order to determine the T parameters for the TiCuH and Ti
2

CuH 
c x x 

samples, the Tlp data of Figure 4 were first corrected for small conduc-

tion electron contributions (primarily, at the lowest temperatures) with 
-1 -1 -1 

the relation Tlp = (Tlp)d + (T1e) where the same hyperfine inter-

action constants are assumed (60) for the proton r1 and T1 relaxation 
k p 

processes. The average (TleT)- 2 values from Figure 6 were used to esti-

mate the T
1
e contributions at each temperature. Since the spin-locking 

fields H
1 

for the Tlp data in Figure 4 obey H
1 

2 » M
20

J3, the weak 

collision theory (10,59) remains applicable even at the temperatures be

low motional narrowing. Using the BPP model for the dipolar correlation 

function, T -l is obtained from the formula given by Korn and Goren {49) 
c 

(8} 

where (Tlp)d,min is the minimum value of (Tlp)d, Y = (w1Tc)-l, w1 = yHHl, 

a= w !w
1

, and w is the proton resonance frequency in radians/sec. The 
0 0 -1 

temperature dependences of the T values, which are proportional to D 
c 

through eqn. (7), for the TiCuH and Ti 2CuH samples are p1otted in 
x x 

Figures 7 and 8. The E values and preexponential factors A, where a 
T -l(T) =A exp(-E /kB T), are summarized in Table IV along with the c a _

1 temperature for (T1 }d . , the T value at 300 K, and the limits for 
p ,mrn c 

Arrhenius behavior of t values. c 
When the tc-l values for c~~stalline TiCuH0.94 and amorphous 

a-TiCuH1. 4 are compared with tc results of Korn and Goren (49} for 
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y-TiH1
•90 , all of the major observations from the earlier studies involv

ing the T2 and r
10 

measurements (22,33) are completely confirmed. First, 

a much slower hydrogen diffusion rate below 550 K and a larger E value 
a 

are obtained for TiCuH0.94 compared to the results for TiHx as is clearly 

evident from Figure 7 and Table IV. The greatly enhanced diffusion rate 

in amorphous a-TiCuH
1

•4 is also unmistakable where its tc-l (300 K) is 

8 x 105 times larger than the corresponding value for TiCuH0
.94 and more 

than 200 times larger than t -l (300 K) for TiH
1 81

• The E values for 
. c • a 

a-TiCuH1
•4 are smaller than the diffusion activation energies for TiHx 

and crystalline TiCuH0. 94 . While tc-l for crystalline TiCuH0
. 94 

and 

y-TiH follow Arrhenius behavior over the entire measured temperature 
x 

ranges, distinct non-Arrhenius temperature dependence is observed for 
. . -1 

a-T1CuH1 4 with three E values representing the t results between 
. a c 

150 K and 415 K. 

The hydrogen diffusion behavior for the crystalline Ti 2CuHx samples 

are compared to TiCuH0. 94 and y-TiH
1

. 90 in Figure 8. The proton mobil

ities for the Ti 2
CuHx samples are somewhat greater than observed in 

TiCuH0.94 but not quite as rapid as in y-TiH
1

. 50 when the temperature 

exceeds about 350 K. However, the smaller E values for the Ti 2
CuH 

a x 

samples produce slightly faster mobilities (i.e., larger t -l values) at 
-1 c 

temperatures below 350 K. Whereas the Tc values for Ti 2CuH1
•9 follow 

Arrhenius behavior over the entire range of the T
1 

measurements, two E 
P a 

values are required for the Ti 2CuH2. 63 sample. 

The differences in hydrogen diffusion properties in the Ti
1 

Cu H 
-y y x 

system are believed to illustrate the importance of metal atom structure 

and hydrogen site occupancy on the microscopic jump processes. The slow

est diffusion rate and largest Ea values occur for TiCuH0.94 where the 

crystal structure (see Figure 1) presumably requires (16,33) the H-atoms 

to jump the high barriers (61) between the nearest neighbor tetrahedral 

sites within the plane of the double Ti-atom layer. The lower E values 
a 

for y-TiHx and Ti 2CuH
1

. 9 reflect smaller barriers {61) for jump paths 

through octahedral interstitial sites. It is interesting to note that in 
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the hydrides where H-atoms occupy one type of site (i.e., the Ti 4 sites 

in y-TiHx, TiCuH0.94 , and Ti 2CuH1•9) the Arrhenius relation is-~beyed 

throughout the range of the T1 measurements. However, the T results 
p c 

for Ti 2CuH2. 63 , where the protons occupy both Ti
4 

and Ti4cu
2 

sites 

according to the M20 analysis given in section V-A, show distinct non

Arrhenius behavior where two E values are obtained. It is speculated 
a 

that the smaller value (i.e .• E = 0.29 eV) may correspond to jumps among 
a 

the octahedral sites while the larger E is a composite energy (22,62) 
. a 

which represents complex jump paths that involve both the octahedral 

intermediate sites as well as direct tetrahedral-tetrahedral jumps. In 

Ti 2CuH1•9
, the Ti

4
cu

2 
sites are presumably vacant and H-atoms in the Ti

4 
sites can diffuse without interference by jumping through the normally 

empty r;
4

cu
2 

sites to give a tendency towards a channel pathway along the 

c-axis. However, the occupancy of most Ti
4

cu
2 

sites in Ti
2

CuH
2

•63 would 

tend to block this channel and the H-atom would often be required to per

form direct tetrahedral-tetrahedral jumps before finding a vacant Ti
4
cu

2 
site. Of course, assuming H-atoms in the Ti

4
cu

2 
sites are more mobile 

gives an increased probability that a vacant octahedral site becomes 

available for occupancy by a H-atom from a neighboring Ti
4 

site. Conse

quently, this rather complex diffusion process should yield an inter

mediate Ea to the activation energies for TiCuH
0

.
94 

and Ti
2

CuH1. 9. Fig

ure 8 shows that this appears to be the situation above 400 K where the 

absolute Tc-l parameters for Ti
2

CuH
2
•63 are only slightly larger than the 

values in TiCuH
0

.
94

• which is qualitatively consistent with impedance of 

the more direct jump paths proposed for Ti
2

CuH1•9• Unfortunately, more 

complete information on the relative interstitial site occupancies as well 

as independent estimates of activation energies for the several elementary 

jump barriers are required before a detailed analysis can be presented. 

There are simply too many unspecified parameters to give anything other 

than the present very qualitative description. However, the experimental 

results in Figure 8 and Table IV are at least consistent with this tenta

tive explanation. 
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The three Ea values for a-TiCuH1.4 from the proton T1P measurements 

are in good agreement with earlier values (22) from the T2 and r10 data 

for the a-TiCuH
1

.
3 

samples at corresponding temperatures. The r1P exper

iments are not sufficiently sensitive to the very slow diffusion contri

butions to determine whether a smaller E exists below 150 K as was sug-a 
gested by the r

10 
experiments. If the arguments of the preceding para-

graph are extended to a-TiCuH , three (or four) types of interstitial x 
sites are being occupied by protons in the amorphous phase. The law Ea 
values imply that direct tetrahedral to tetrahedral jumps are not impor

tant hydrogen diffusion pathways in the amorphous phase. Alternative 

diffusion pathways are permitted in the disordered structure and are 

probably responsible for the greatly enhanced diffusion in a-TiCuH re1-x 
ative to crystalline TiCuH0. 94 . However, the amorphous phase irreversibly 

decomposes (19,21,22) at such a low temperature (i.e., about 425 K during 

the NMR experiments) that the possible contributions of tetrahedral to 

tetrahedral jumps to the overall hydrogen diffusion process are never 

observed. If amorphous a-TiCuH has retained much of the short range x 
order, which has been indicated in the a-Ti 1 Cu alloys {46-48), some 

-y y 
neighboring Ti

4 
sites should exist in a-TiCuHx and be occupied by H-atoms. 

However, the microscopic diffusion processes are probably even more 

complicated than the proposed mechanism for crystalline Ti
2

CuH
2

•
63

:
1 Nevertheless. the sharp breaks in the temperature dependence of Tc for 

a-TiCuH1.4 in Figure 7 as well as in the previous T2 and r10 data (22) 

suggest that only a relative few distinct changes in the diffusion process 

occur rather than a gradual variation from a quasi-continuous distribution 

of processes with slightly different activation energies. The latter 

situation would be expected (6) for a completely random arrangement of 

proton environments in the amorphous hydride. Since only relatively few 

processes apparently determine the proton diffusion behavior in a-TiCuHx, 

the retention of short range order in the amorphous hydride may have 

limited the number of allowed H-atom jump pathways. A brief, qualitative 

description of the diffusion processes that is similar to the mechanism 
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proposed above for Ti 2CuH2. 63 has been given (22). Unfortunately, addi

tional knowledge of the types and distributions of occupied H-sites as 

well as Ea values are again required before a detailed interpretation of 

hydrogen diffusion behavior in a-TiCuH is attempted. 
x 

Although the proton NMR experiments have provided unequivocal evi-

dence for orders-of-magnitude enhancement of the hydrogen diffusion 

(with accompanying Ea decreases) in amorphous a-TiCuH1.3±0.l relative to 

crystalline TiCuH
0

.
94

, recent studies of amorphous alloys with low-hydro

gen concentrations (26,29-31) indicated that hydrogen mobi1ities are com

parable or even slower (i.e., with larger E values) than obtained in a 
essentially identical crystalline alloys. These apparent discrepancies 

can be reconciled if some reasonable conditions are imposed. First, it 

is probably safe to assume that at low concentrations most H-atoms in an 

amorphous alloy are trapped either at defect sites or small voids al

though this does not appear to have been experimentally demonstrated. A 

hydrogen in such a trap is more tight1y bound than an H-atom in the nor

mal interstitial site and should also have a higher activation barrier 

(14,15} for any subsequent diffusive jump. However, at large hydrogen 

concentrations (i.e., in a-TiCuH
1

.
3

±
0

•
1

) most H-atoms will occupy a much 

wider distribution of interstitial sites which may include many sites 

where the diffusion E values are much smaller than the jump paths allow-a 
ed for sites occupied in the corresponding crystalline structure. Conse-

quently, an enhanced hydrogen diffusion rate with smaller E values than a 
are observed in the crystalline phase becomes possible. This is assumed 

to be the situation for a-TiCuH1.3±0.1. However, the constraints that 

are imposed on hydrogen diffusion by the TiCuHl.O crystal structure, whose 

T -l (300 K) in Table IV is more than three orders-of-magnitude smaller 
c 

than the corresponding values for y-T1H and Ti 2CuH , probably produce an 
x x 

exceptionally large differential between amorphous and crystalline 

structures. In very recent studies of internal friction in hydrogen doped 

amorphous a-zr0. 76Ni 0. 24 , Agyeman, et al {32) found the relaxation times, 

which areinversely proportional to D, to decrease and the activation 
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energies to decrease with the addition of more hydrogen. Hence, their 

results are in complete accord with the present description. Proton 

lineshape measurements (28) in crystalline and amorphous ZrPdH with x 
x ;;;;i. 1.9 have also indicated greater hydrogen mobility in the amorphous 

hydride phases. However, extensive and systematic studies of hydrogen 

diffusion behavior in several amorphous and corresponding crystalline 

hydrides are needed to establish the specific contributions of short 

range order and interstitial site occupancies on the basic diffusion 

mechanisms. 

VI. CONCLUSIONS 

The NMR measurements of the proton lineshapes, relaxation times T1 
and Tlp' and Knight shifts have indicated that crystal structure and hy

drogen site occupancies play important roles on the electronic properties 

at proton sites and the diffusion behavior. In particular, there are 

distinct difference between the crystalline and amorphous phases for the 

Ti-Cu hydrides even though the Ti 4 sites appear to be preferentially 

occupied in every case. The N(EF) populations at the proton sites are 

substantially reduced in a-TiCuH1_4, which seem to be caused by differ

ences in the local electronic structure rather than H-atoms residing in 

different interstitial sites. The greatly enhanced proton diffusion with 

small Ea values (relative to TiCuH0_94 and y-TiHx) and non-Arrhenius 

temperature dependence has been confirmed for amorphous a-TiCuH1.3±0.1. 

The hydrogen diffusion in crystalline Ti 2CuHx is intermediate to crystal

line TiCuH0_94 and amorphous a-TiCuHx and supports the earlier assertions 

(16,33,41,61) that lower activation energies occur for H-atom jumps 

through octahedral sites when compared to direct tetrahedral to tetra

hedral jump paths. 
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TABLE I. Experimental second moments (M2Jof the proton lineshapes for 

the titanium-copper hydrides. 

Metal M2D 
Sub lattice T 

Sample Structure (K) (G2) 

TiCuH0. 94 Tetragonal 299 18.53 

a-TiCuH1.4 Amorphous 80 14.8 

Ti 2CuH1.9 Orthorhombic(7) 289 13.7 

TiluH2.63 Orthorhombic(?) 289 14. 3 

aExperimental error of ±0.5 G2 for all samples. 
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TABLE III. Proton crK, {T T)-1? 
le ' and Korringa parameters for several 

hydride phases containing titanium~ 

(T Tf
12 

T le aK Data 
Sample (K) {sKf~ (ppm) qexp Source 

TiCuH0.94 306 0.163 -121 0.48 Present 

86 0.150 -113 0.46 

a-TiCuHl.
4 

209 o. 111 - 76 0.55 Present 

89 0.108 - 83 0.44 

Ti 2cuH1. g 306 0.118 - 68 0.81 Present 

110 o. 115 - 69 0.74 

Ti 2CuH2•63 297 0.137 - 85 0.69 Present 

88 0.145 - 92 0.68 

TiHl. 96 296 0.138 -131 0.29 Ref. 36 

107 0.108 - 96 0.34 

Ti0.5V0.5Hl.94 303 0.170 -159 0.30 Ref. 36 

110 0.163 -161 0.27 

TiGrl.8H2.40 80 0.223 - 98 1.62 Ref. 39 
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FIGURE CAPTIONS 

FIG. l. Comparison between structures of (a) TiD2 and (b) TiCuD where 

for clarity the unit cell (upper figure) of TiCuD is doubled. 

FIG. 2. Crystal structure of Ti 2Cu where one of Ti 4 interstitial sites 

that is a preferred site for hydrogen occupancy has been 

identified. 

FIG. 3. Temperature dependence of proton spin-lattice relaxation times 

FIG. 4. 

FIG. 5. 

FIG. 6. 

FIG. 7. 

FIG. 8. 

r1 at a resonance frequency of 56.4 MHz. 

Proton rotating-frame relaxation times Tlp 

frequency of 34.5 MHz. 

at a resonance 

Temperature dependences of proton Knight shifts oK relative to 

external standard of TMS. 
-k Temperature dependent behavior of (T1eT) ~ parameters derived 

from proton r1 data in Fig. 3. 

Temperature dependences of diffusion jump rates T -l for 
c 

crystalline and amorphous TiCuH that were obtained from T1 x p 
data. Also shown are the results from r1P measurements for 

TiH1.90 by Korn and Goren (Ref. 49). 

Temperature dependences of diffusion jump rates T -l for 
c 

crystalline TiCuH0. 94 , Ti 2CuH1. 9, and Ti 2CuH2.63 that were 

obtained from Tlp data. Also shown are the results from T1P 

measurements for TiH1.90 by Korn and Goren (Ref. 49). 
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CHAPTER 9 

PROTON SITE OCCUPANCIES AND 

ELECTRONIC PROPERTIES IN 

CRYSTALLINE AND AMORPHOUS Zr2PdHx 
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ABSTRACT 

The proton lineshapes, Knight shifts, and spin-lattice relax

ation times have been measured in crystalline and amorphous 

Zr2PdHx. The rigid-lattice proton second moments have been used 

to identify the interstitial sites occupied by the hydrogen atoms. 

A preference for tetrahedral sites with as many Zr neighbors as 

possible was found although octahedral site occupancies were indi

cated in some samples. Although core-polarization from the Zr d

band appears to dominate the proton hyperfine interactions in 

Zr2PdHx' significant contributions of s-electron through the Fermi 

contact interactions are also present. The density of d-electron 

states at Fenni level is apparently reduced in the amorphous phase 

relative to the density in crystalline Zr2PdHx. 
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I. INTRODUCTION 
The reactions between hydrogen and zirconium-palladium alloys to 

form ternary hydrides have been studied recently by several groups (1-4). 

Much of this work has been associated with the ability of amorphous 

Zr1 Pd ·alloys to form corresponding amorphous hydride phases. Since -y y 
the crystalline intermetallic zr2Pd forms relatively stable ternary hy-

drides (1), the zr2PdHx system is a very favorable candidate for detailed 

comparisons between the crystalline and amorphous hydride phases. Some 

of the topics of greatest interest include the nature of the hydrogen atom 

occupancies in the interstitial sites (2,4), relative diffusion behavior 

(3,4), and the electronic structure parameters (4). Although these prop

erties have been studied in some other alloys such as Ti 1 Cu H (4-7) 
-y y x 

and zr1 Ni H (8,9), the zr2PdH system is especially interesting since -y y x x 
Zr and Pd form stable binary hydrides which have very different charac-

teristics. For example, hydrogen atoms only occupy tetrahedral sites in 

the ZrH phases {10,11) while hydrogen atoms reside in the octahedral x 
sites in PdH . Furthermore, hydrogen diffusion is quite rapid (12) in x 
PdH while the ZrH phases exhibit much slower hydrogen diffusion rates x x . 
with relatively high activation energies (12,13). Thus, direct compar-

. isons between the crystalline and amorphous zr2PdHx phases are quite 

intriguing. 

'The intermetallic Zr2Pd crystallizes with a tetragonal structure of 

the type Cllb. Table I summarizes the interstitial sites that are most 

likely to be occupied in this structure. The quantity nH represents the 

number of hydrogen atoms per Zr2Pd formula unit that can be contained in 

each site. Since ZrHx is much more stable than PdHx' the Zr4 sites 

should be preferentially occupied if the ternary zr2PdHx phase retains 

its original tetragonal structure. However. Maeland and Libowitz (1) 

obtained the stoichiometry Zr2PdH2.70 with a hydrogen pressure below 

l atm while Spada (14) has obtained compositions near zr2PdH4.9 for a 

hydrogen pressure of about 30 atm and the reaction proceeding at room 

temperature. Hence, interstitial sites in addition to the zr4 sites must 
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also be occupied when x > 2.0. Although it was originally thought (1) 

that all crystalline zr2PdHx phases had tetragonal structures, subsequent 

x-ray diffraction measurements as well as the present NMR studies have 

shown the situation to be somewhat more complicated - particularly when 

x ~ 3.0~ Although the tetragonal structure appears appropriate for any 

zr2PdHx samples with 1.6 ~ x :S 2.0 as well as samples with x up to about 

3.2 when prepared at temperatures below 520 K (afterwards denoted L.T. 

for low temperature), the Zr2PdH samples with x > 2.5 that were prepared . x 
or heated above 700 K have a different structure. This later structure 

has been tentatively identified as a bee lattice with a presumably random 

arrangement of the Zr and Pd atoms. The high temperature structure (de

noted by H.T.) seems to be indefinitely stable at room temperature after 

it had been produced. Because the Zr2PdHx reaction and phase transfor

mation rates are sluggish, systematic studies of the composition depen

dence of these phase transactions remain to be done. A1though powder 

neutron diffraction measurements have been performed (15) on several 

crystalline Zr2PdDx compositions, the crystal structure analyses have 

been severely hampered by the presence of impurity phases or incomplete 

transformations between the L.T. and H.T. phases. Consequently, detailed 

structures are not currently available for the several zr
2

PdDx phases. 

Inelastic neutron scattering experiments (16) have indicated hydrogen 

a·ppears to only occu.py tetrahedrai ·~ites in zridH
1 

.
84 

;and H.':.r.-ZrldH
3 

while at least some hydrogen atoms probably occupy octahedral sites in 

L.T.-ZrldH2.9. 

Below 488 K, amorphous zr2Pd will react with hydrogen gas to produce 

an amorphous hydride where crystallization has been observed (4) at higher 

reaction temperatures. The reported preparations (2,3) of amorphous 

zr0_65Pd
0

. 35Hx above 495 Kare suspicious in light of these results (1). 

However, amorphous zr2PdH is certainly more stable than amorphous TiCuH , 
x x 

which undergoes crystallization as well as phase segregation (5,7) near 

420 K. 

The present NMR studies concern the roles of crystal structure on 
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hydrogen site occupancies and electronic properties in crystalline and 

amorphous zr
2

PdHx. Analyses of the proton second moments suggest some 

significant differences exist in hydrogen occupancies in the various 

zr
2PdHx phases. However, tetrahedral site occupancy appears to be pre

ferred when x < 2.0 and in the crystalline H.T. phase. The proton Knight 

shifts and spin-lattice relaxation times imply differences also exist in 

the density of electronic states at the Fermi energy (EF) as we11 as in 

the relative distribution of d and s state populations at EF. Although 

variations in site occupancies probably contribute to these differences, 

the crystal structure is believed to be an important factor. 

II. EXPERIMENTAL DETAILS 
The crystalline and amorphous zr2PdHx samples used in the NMR exper

iments had been prepared by the direct reactions between the metal alloys 

and hydrogen gas. Further details on the preparative procedures are 

available elsewhere (1,4). Table II lists the various samples and also 

includes the reaction temperatures as well as the crystal structures and 

lattice parameters obtained from powder x-ray diffraction measurements. 

The NMR samples were sealed in evacuated glass tubes. 

The proton lineshapes were measured with a simplified version (17) 

of the magic echo sequence and the second moments (M
20

) were determined 

from Gaussian plots of the proton lineshapes near the maxima of the magic 

echoes. The spin-lattice relaxation times (T1) were measured with the 

standard inversion recovery method. The proton Knight shifts (crK} were 

measured with the multiple-pulse zero-crossing technique devised by 

Burum. et al (18). The crK data are relative to an external reference of 

tetramethylsilane and have not been corrected for possible demagnetization 

effects from the unknown Zr2PdHx bulk magnetic susceptibilities. The NMR 

experiments were performed at a resonance frequency of 56.4 MHz on a wide

band transient spectrometer (17) where the magnetic field was locked by an 

external probe system. 
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III. RESULTS AND DISCUSSIONS 

A. Proton Lineshapes and Hydrogen Site Occupancies 

The room temperature proton lineshapes for the two amorphous 

a-zr2PdHx samples and the L.T. tetragonal crysta11ine samples Zr2PdH2. 9 
and zr2Pd3. 2 were motionally narrowed (19) with decay times T2*? 20 

µsec. However, the nearly Gaussian 11 rigid-lattice 11 lineshapes were ob

served at room temperature for the H.T.-zr2PdHx samples and the tetragonal 

zr2PdHx compositions with x < 2.0. Motional narrowing of NMR spectra be

gins (19) when the mean residence time LO for the resonant nucleus on a 

lattice site becomes smaller than (yH2M20 )-~ where yH is the nuclear 

gyromagnetic ratio. Since the diffusion constant is proportional (19) to 

T0-1, the protons are more mobile in a-zr2PdHx and L.T. crystalline 

ZrldHx (x ~ 2.9) compared to either H.T.-ZrldHx or ZrldHx with x < 2.0. 

Preliminary analyses (4) of the room temperature proton relaxation times 
* T2 and Tlp indicate that hydrogen diffusion is most rapid in the 

a-zr2PctHx samples. This observation is completely consistent with the 

proton diffusion behavior found (7,20) for crystalline and amorphous 

TiCuH . 
x 
The experimental proton M

20 
parameters for the zr

2
PdHx samples that 

were obtained from magic-echo lineshapes at temperatures low enough to 

satisfy the 11 rigid-lattice 11 conditions are presented in Table II. Struc

tural information concerning the distribution of protons on lattice sites 

can be deduced by comparing the experimental M
20 

parameters with model 

calculations (19) involving the nuclear dipolar interactions. Since the 
91 zr and 105Pd nuclei have small magnetic moments as well as low isotopic 

abundance, only the proton-proton dipolar interactions are required for 

Zr
2

PdHx. To take account of the contributions from protons occupying in

equivalent lattice sites, the generalized Van Vleck expression (20) 

M2D =CI .~. f.a..S.. (1) , ,J , J , J 

is required where c1 = (9/20){yHn) 2, f; is the fraction of all protons in 

sites of type i, aj is the probability of occupation of a j site, N is 
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·6 the number of inequivalent proton sites, and Sij = J rij for the sep-

aration r .. between the protons i and j with the origin at i and a surmna-
1J 

tion over a11 the j sites. Because protons should occupy easily identi-

fiable sites in crystalline Zr2PdHx' the M20 calculations with eqn. (1} 
are; in principle, straightforward. However, unambiguous results are 

usually difficult if more than two inequivalent lattice sites are occu-

pied unless some supplementa1 information is available. Because ZrH is x. 
much more stable than PdHx' the Zr4(TA) interstitial sites are assumed to 

be the preferred sites for proton occupancy. Unfortunately, there does 

not appear to be any clear-cut way to rank the relative preference among 

the zr3Pd(T8), Zr2Pct4(0A), and Zr4Pct2(o8) interstitial sites. Conse

quently, the M
20 

calculations have been performed on a number of model 

structures with protons on various combinations of two inequivalent sites 

from Table I. 

Some calculated dipolar M20 values for protons in the zr
2

PdHx sam

ples with tetragonal metal lattice are presented in Table Ill. A pref

erence for proton occupancy in the TA sites has been assumed. Further

more, no structure with any H-H separation closer than 0.20 nm has been 

considered since Switendick (21) has observed the such short H-H separa

tions seem to be absent for a variety of metal hydrides. Although the 

di polar r~.20 values calculated with only TA occupancy gives reasonable 

agreement with the experimental results for-zr2PdH1.68 and Zr2PdH1.84 • 

the experimental M20 is significantly smaller than the calculated value 

for zr
2

PdH
1

_94 . The experimental M20 for zr2PdH1. 94 can be obtained by 

placing 6.0% of the protons on either the QA or 08 sites. The exclusive 

occupancy of TA sites in zr
2

PdH
1

•84 is completely consistent with the in

elastic neutron scattering spectrum (16) on a portion of the same sample. 

However, the presence of a small percentage of protons on octahedral 

sites is usually difficult to detect by the inelastic scattering tech

nique. Table III shows the calculated M20 values for three model proton 

arrangements in L.T.-Zr2PdH2.90 . Clearly, the best agreement with the 

experimental M20 is obtained for 100% occupancy of the Zr4(TA) sites plus 
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a random 45% occupancy of the Zr4Pd
2

(o
8

) sites. This hydrogen distri

bution also gives reasonable agreement between calculated and experimen

tal M20 for the L.T.-Zr2PdH3.2 sample. The inelastic neutron scattering 

vibrational spectra (16) for L.T.-Zr2PdH2. 5 and L.T.-Zr2PdD3 show the 

presence of a low energy peak below the dominant peak from hydrogen (or 

deuterium) in tetrahedral sites that probably corresponds to the signif

icant occupancy of some type of octahedral site. The proton M
20 

results 

for L.T.-Zr2PdH
2
•
9 

and L.T.-Zr2PdH3•2 imply that Zr
4

Pd
2 

is this octa

hedral site. It is interesting to note that the proposed hydrogen 

arrangement (20) in nearly isomorphic Ti
2

CuH
2

.
63 

consists of hydrogen 

atoms completely occupying the Ti
4 

sites and partia1ly occupying the 

Ti
4

cu
2 

sites. Furthermore, neutron diffraction studies (22) have indi

cated that Ti 4Fe
2 

sites are preferentially occupied by deuterium atoms in 

$-phase TifeD and y-phase TiFeD2. Hence, it now appears that Ti 4B2 sites 

are amenable to hydrogen occupancy even though the corresponding BH x 
hydride is relatively unstable (i.e., Pd) or nonexistent (i.e., Cu and 

Fe). However, hydrogen may favor other types of interstitial sites 

(i.e., Zr
3
B or Zr

2
B
2

) under certain conditions or when specific struc

tural constraints are removed. 

The hydrogen distribution in crystalline H.T.-zr
2

PdH_
3 

is apparently 

very different from the arrangements proposed for L.T.-Zr
2

PdH ....... 
3
. No 

model with protons occupying octahedral sites in addition to the TA sites 

would give a calculated dipolar M20 that agreed with the experimental 

values for H.T.-Zr2PdH2. 90 or H.T.-Zr2PdH2. 60 . If the tetragonal struc

ture is used, the only proton distributions capable of any marginally 

acceptable agreement placed the protons in two types of tetrahedral sites 

(i.e., TA and T8). However, the x-ray diffraction powder patterns have 

indicated the metal atoms in H.T.-zr2PctH 2. 9 are probably randomly dis

tributed on a bee lattice. Although there are numerous possible arrange

ments for hydrogen interstitials in a bee structure (23), many are ex

cluded by the requirement (21} that hydrogen atoms be separated by at 

least 0.20 nm. The vibrational spectrum (16) for H.T.-Zr2PdH3 consists 
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of a fairly broad peak at the energy corresponding to tetrahedral site 

occupancies (10,11) and gives no indication for hydrogen in octahedral 

sites. Consequently, dipolar M20 parameters for protons in H.T._Zr
2

PdHx 

have been calculated for tetrahedral site occupancies on a bee metal 

lattice.· Table IV shows that protons on either a bee hydrogen lattice 

(24) or an ordered sublattice analogous to the NbH structure (23) are 

much smaller than the experimental M20 values for H.T.-Zr2PctH
2

•
9 

and 

H.T.-Zr
2

PctH
2

.
6

. Hence, these structures must be discarded. However, it 

is possible to randomly locate the protons on various types of tetrahedral 

sites (i.e., Zr
4 

Pd) in a bee metal lattice. In order to simulate the -y y 
dipolar M

20 
values for this random proton arrangement, Guse {25) has per-

formed lattice summations using Monte Carlo techniques to calculate av

erage dipolar M
20 

for bee zr
2

PdHx. Table V summarizes the calculated 

stoichiometries and average dipolar M2d for hydrogen occupancies in 

tetrahedral sites with increasing numbers of Pd nearest neighbors. The 

bee lattice parameter corresponds to H.T.-Zr2PdH3 and no proton-proton 

separations shorter than 0.21 nm have been allowed in the lattice sums. 

It is immediately clear that proton occupancy in only Zr
4 

and Zr
3

Pd sites 

will limit the stoichiometry to a value well below the observed composi

tion of zr
2

PdH.....,
3

. However, if zr2Pd2 sites can also be occupied. this 

.restriction vanishes. Table IV shows th~t random proton occupancies in 

mixed zr4_YPdy sites (including y ;;;;;.. 2) gives theoretical M20 parameters 

in excellent agreement with the experimental values. Although these M20 
results cannot distinguish between occupancies in only zr4 Pd sites -y y 
with y <; 2 or in all zr

4 
Pd sites, the absence of hydrogen occupancy -y y 

in Pd
4 

sites in PdHx suggests that the ZrPd3 and Pd4 sites are probably 

unfavorable for protons in H.T.-Zr2PdH_3. However, some other technique 

(i.e., detailed analysis of suitable neutron diffraction patterns, per

haps) will be necessary to establish the complete structure for 

H.T.-Zr
2

PdH
3

• Nevertheless, the proton M20 data in Table IV imply protons 

occupy several inequivalent zr
4 

Pd sites (without significant occupancy 
.-y y 

in octahedral sites) in the H.T.-Zr2PdHx samples. 
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Since long-range order is absent in amorphous solfds~ eqn. (1) can

not be directly applied to calculate the dipolar M20 for protons in 

a-Zr
2

PdHx. If the disorder of the metal lattice in the amorphous phase 

is neglected, the results in Table V for random proton occupancy of tet

rahedral sites in a bee lattice can provide some qualitative insights on 

the proton distribution in a-zr2PdHx. From Table II,
2
the proton M20 va~

ues for a-Zr
2

PdH1_91 and a-zr2PdH2.85 are 9.9 ± 0.3 G and 12.2 ~ 0.3 G, 

respectively, where the corresponding dipolar M20 values calculated with 

random occupancy of only zr4 Pd sites are 9.2 and 13.7 G2. This is -y y 
considered satisfactory agreement since a disordered bee lattice is a 

very crude representation of the amorphous structure. Although the cal

culated M20 is smaller than experimental value for a-Zr2PdH1.91 , the 

theoretical value is too large for a-zr2PdH2.85 . The partial occupancy 

of octahedral sites in the tetragonal zr2PdH,.....3 sample gives a reduced 

dipolar M2Q as indicated in Table III. Hence, it is possible that the 

octahedral sites in a-Zr2PdHx have a greater probability for proton occu

pancy when x > 2. This behavior would be similar to the mixed Zr4(TA) 

and Zr4Pd2(08) site occupancies in crystalline L.T.-Zr2PdH_3. In fact, 

the neutron scattering experiments on a-zr0.65Pd0.35ox by Kai, et al (2) 

indicate that the average deuterium sites appear to be tetrahedral when 

x = 0.17 but to be octahedral when x > 0.5. Hence, a preferential filling 

of different interstitial sites could be occurring in the amorphous Zr-Pd 

hydrides. 

Substantial proton occupancy of octahedral sites in crystalline 

L.T.-Zr2PdH_3 and amorphous a-zr2PdHx may be the major contributor to the 

motional narrowing of the proton lineshapes at room temperature for these 

samples, whereas rigid-lattice proton lineshapes are obtained for tetrag

onal zr2PdHx (x < 2) and the presumably bee H.T.-Zr2PdHx where nearly 

exclusive proton occupancy in tetrahedral sites are estimated from the 

proton M20 results. NMR studies (17,20) of crysta111ne and amorphous 

r; 1 Cu H have indicated hydrogen mobilities can be significantly en--y y x 
hanced by the presence and occupancy of octahedral sites in the diffusion 
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jump paths. Similar effects may exist in the Zr PdH system. Syste-
2 x 

matic measurements of hydrogen diffusion behavior as we11 as more com-

plete structural characterizations for crystalline and amorphous zr2PdHx 

are highly desirable to clarify this particular relationship between 

structure and hydrogen diffusion mechanism. 

B. Electronic Structure Properties from Proton r
1 

and aK Parameters 

The proton parameters OK and r, have been related to the electronic 

properties of severa1 Ti-based hydrides (20,26-28) and ZrH (29). The 
x 

dominant terms for the proton hyperfine interactions in transition metal 

hydrides (26-29) are the Fermi contact interaction with unpaired s elec

trons and a 11 core-polarization 11 of the spin-paired hydrogen s electrons 

lying several electron volts below the Fermi level by the unpaired metal 

d electrons at EF. Following conventiona1 assumptions (20,28,29), the 

proton parameters oK and Tle' the conduction electron contribution to the 

spin-1attice relaxation time, are given by the expressions 

Here, Hhf(s) and Hhf(d) are the hyperfine fields for the Fermi contact 

and core polarization interactions, respectively; fl is Planck's constant; 

k
8 

is Boltzmann's constant, µB is the Bohr magnetron; N
5

(EF) and Nd(EF) 

are the densities of sand d electron states at the Fermi level. and q is 

the electron orbital degeneracy reduction factor (28,29). Although 

Hhf(s) is always positive, Hhf(d) is usually negative (30} to produce 

partial cancellations in aK when both hyperfine interactions are present. 
-k 

The temperature dependent behavior of the proton (TleT) 2 and aK 

parameters for several zr2PdHx samples are presented in Figures 1 and 2, 

respectively. Averages of these parameters as well as the values for 
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protons in crystalline ZrH , which had been obtained (29) at a common 
x 

resonance frequency on the same apparatus, are summarized in Table VI. 

The negative crK values in Figure 2 and Table VI demonstrate the dominance 

of core-polarization hyperfine interactions for protons in zr2PdHx and 

ZrHx. Since Hhf(s) is usually much larger (30) than Hhd(d), the negative 

oK indicate Nd(EF) >> N
5

(EF) in these hydrides. Negative crK and corre

sponding large Nd(EF) to Ns(EF) ratios have also been observed (20,26-28) 

in TiHx and several ternary titanium hydrides. The large Nd{EF) values 

imply that EF lie well within the metal d bands, which is consistent with 

recent band theory calculations (21,31} for TiH2 and ZrH2. Although no 

experimental or theoretical band structures are available for zr2PdHx' 

photoemission spectra (32-35) for several crystalline and amorphous 

Zr1 Pd alloys indicate EF does lie within a broad peak composed almost -y y 
entirely of Zr 4d states. Si nee the proton M2d data imply that hydrogen 

atoms preferentially occupy the Zr4 and Zr4Pd
2 

interstitial sites in 

Zr2PdHx' the proton hyperfine interactions should be dominated by the Zr 

d states at EF. Hence, the negative proton crK values are quite reasonable. 

The absolute magnitudes of (T1 eT)-~ and crK for zr2PdHx and ZrHx are sub

stantially smaller than the same parameters for TiH (28) and the ternary x 
titanium hydrides (20,26,27). This suggests an overall reduction in 

N(EF) for ZrHx and Zr2PdHx relative to the densities of states in the 
titanium-based hydrides. 1 

. ' 

The generalized Korringa expression (19,30) 

provides some additional insights on the character of N(EF). Here, 

CK"' h ye2/(4nk8 yH2) where ye is the electron gyromagnetic ratio. When 

e1ectron-electron interactions are neglected {30), q = 1.0 for the exp 
Fermi contact hyperfine term and q equals the reduction factor q from exp 
eqn. (3), which varies between 0.2 and 0.5 in cubic lattices (30), for 

the core-polarization hyperfine term. If the core-polarization and 
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contact interactions make comparable contributions, q greater than one exp 
becomes possible due to the fortuitous cancellation of positive and neg-

ative crK tenns. The proton q values for zr2PdH and ZrH are included exp x x 
in Table VI. Although nearly exclusive core-polarization hyperfine 

interactions are indicated for fct - ZrHx and H.T.-Zr2PdH2. 90 , the con

tact term appears to make significant contributions in fee - ZrH
1

.
6 

and 

the other zr2PdH samples since their q values greatly exceed one. 
x exp 

The Fermi levels for fct - ZrH are believed (29) to lie within a local 
x 

peak of Nd(EF) and a similar situation may occur for H.T.-Zr2PdH2.90. 

The larger Ns(EF) contribution in fee - ZrH1.60 has been attributed (29) 

to EF lying below the sharp peak in Nd(E). 

Since the details of the Zr2PdHx band structures are unknown, 

specific identifications of the factors responsible for the relatively 

large N
5

(EF) levels at the proton sites in zr2PdHx are difficult. 

Changing occupancies of the different interstitial sites (i.e., zr
4

, 

Zr4Pd
2

, Zr
3
Pd, etc.} could play a major role. However, different elec

tronic band structures between the ordered tetragonal lattice and the 

disordered bee or amorphous structure could also be very important. Al

though recent evaluations (33-35) of hydrogen-free amorphous and crystal

line zr1 Pd alloys showed little difference in N(E) and the cl-electron 
-y y 

configurations, the proton parameters in zr2PdHx may be particularly 

sensitive to subtle changes in Nd(EF). The Fermi levels in zr2PdHx will 

fall within the Zr d-states that should have been extensively modified 

(21) by the formation of the metal-hydrogen bonds. Since the Pd d-band 

lies several electron volts below EF in the Zr1 Pd alloys (32-35), the 
T. -y y 

proton parameters aK and (T 1 eT)-~ should be dominated by core-polarization 

interaction with the unpaired d-electrons from Zr while the local Pd d

electron states make only minor contributions. However, the Pd atoms may 

provide a source of s-electron states at EF to give a larger N
5

(EF) con

tributions to the proton parameters in Zr2PdH compared to those in ZrH • 
x x 

Only slightly larger N
5

{EF) levels are required to rationalize the larger 
-k 

(T1e) 2 and q values for the Zr2PdH samples. Detailed band theory 
exp x 
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calculations of the electron densities in tetragonal Zr2PdH2 and Zr
2

PdH
3 

would be extremely useful to more thoroughly pursue these suppositions. 

Significant differences between crystalline and amorphous zr2PdHx 

regarding the electronic structures near the hydrogen atoms can be in

ferred from the results in Table VI. For both x:::: 1.9 and x ~ 2.9, the 
-'k 

amorphous hydrides a-zr2PdHx have smaller (T1eT) 2
, less negative crK' and 

larger q than the corresponding crystalline samp1es with similar compo-exp 
sitions. This behavi.or can be explained by a reduction of Nd(EF} in the 

amorphous hydrides through a smearing of the electronic energy levels in 

the crystalline Zr2PdHx. Since the N
5

(EF) levels probably will not vary 

between the amorphous and ordered structures, the proton contact hyperfine 

contributions in a-zr2PdHx and the corresponding crystalline phases should 

be similar. Thus, the total N(EF) in zr2PdHx is decreased but the Ns(EF) 

proton hyperfine contribution is proportionally larger to greatly increase 

q • Very similar Nd(EF) reductions in the amorphous phase have been 
exp . 

observed (20) in TiCuHx. The possibility that the Nd(EF) reduction may be 

a characteristic feature of amorphous transition metal hydrides should be 

explored in other suitable systems. Photoemission spectroscopy studies of 

the metal valence bands in crystalline and amorphous Ti 1 Cu H and 
-y y x 

zr
1 

Pd H could help to .confirm this suggestion as \'jell as provide a more 
-y y x 

complete understanding of the electronic properties of transition metal 
j 

hydrides. 

IV. CONCLUSIONS 

Although hydrogen atoms in Zr2PdHx prefer to occupy tetrahedral sites 

with as many Zr neighbors as possible, some types of octahedral sites 

(e.g., zr
4

Pct
2

) will be significantly occupied in low-temperature crystal

line and the amorphous phases. These conclusions agree with inelastic 

neutron scattering data. The phase relationships in Zr2PdHx are much more 

complicated than originally suggested (1). 

The electronic structure at the proton sites are similar in the ZrH 
x 

and zr2PdHx systems where the transferred core-polarization hyperfine 
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interactions with the Zr d-bands are dominant. However, large contact 

contributions arise in Zr
2

PdHx, which imply somewhat greater densities of 

s-electron states at EF. As in the TiCuHx system (20), the amorphous 

Zr2PdHx has sma11er Nd(EF) than the crystalline zr2PdHx hydrides with 

s imi1 ar compositions. 
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Table I. Characteristics of the interstitial sites that can be 

occupied by hydrogen atoms in Zr
2

Pd with a tetragonal crystal 

structure of type Cllb. 

Site 
Label 

Metal 
Atom 
Neighbors 

Zr4 

Zrld 

Maximum 
nH Comments 

2 Preferred Sites 

2 Nearest neighbors, TA' TB' 
TC sites are blocked 

and 

Zrld2 2 Nearest neighbor TA' T8, and 

TC sites are blocked 

Zrld4 1 

Zrldz 2 H-atoms are very close to Pd 
neighbors 
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Table III. Comparison of calculated dipolar and experimental pro-
ton second moments for zr2PdHx samples with the tetragonal Cllb 

structure where L.T. denotes preparation temperature below 520 K. 

zr2PdHx Calculated Experimental a 

Sample M2D M2D 
Com[!osition H-site OccuEanc~ ~(G2) {G2) 
l. 68 TA(0.84) 8.55 8.4 ± 0.4 

1.84 TA(0.92) 8.86 8.5 ± 0.3 

1. 94 TA(0.97) 9.54 8.8 ± 0.4 

l.94 TA(0.915) & OA(0.11) 8.80b 

1. 94 TA(0.915) & 08(0.055) 8.80b 

2.90(L.T.) TA(l.00) & OA{0.90) 8.92 10.2 ± 0.3 

2. 90(L. T.) TA(l.00) & 08(0.45) 10.03 10.2 ± 0.3 

2. 90(L. T.) TA(0.5)c & T8(0."95} 15.33 10.2 ± 0.3 

3. 20(L. T.) TA(l.00) & 08(0.60) 10.62 12.3 ± 0.2 

.n. 
a Data from Table II. 

b Solved for H-site occupancies that reproduced experimental value. 

c An ordered structure where only TA sites that are not nearest 
neighbors to T

8 
sites are occupied by protons. 
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Table V. Theoretical dipolar proton second moments (M20) for 
Zr2PdHx where the metal atoms are randomly distributed on a bee 

lattice (a = 0.3435 nm) and protons only occupy the tetrahedral 

sites zr
4 

Pd . These values are the averages of 100 trial 
-y y 

calculations performed by Monte Carlo techniques and the occupancy 

of any two H-sites that are separated by less than 0.21 nm is 

excluded. The results were obtained by M. P. Guse (Ref. 25). 
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FIG. 2. 
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FIGURE CAPT! ONS 
-k 

Temperature dependence of proton (T1T) z for zr2PdHx 

samples. 

Temperature dependence of proton Knight shifts relative 

to tetramethylsilane for the zr2PdHx samples. 
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CHAPTER 10 

SUMMARY AND CONCLUSIONS 
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The proton lineshapes, relaxation times, and Knight shifts have been 

measured in several transition metal hydrides with the primary objective 

of evaluating the hydrogen site occupancies and electronic structure 

properties. Although the previous chapters might suggest some arbi

trariness in the systems chosen for study, there are actually many co1TU110n 

or closely related characteristics in these hydrides. For example, Ti 

and Zr are isoelectronic and form very similar hydrides based upon the 

same fee structure, which is the same structure as found for VH
2

• 

Furthennore, the crystal structure of TiCuH is essentially a two-dimen

sional analog of TiH2 and the structures of Ti 2Cu and zr2Pd are similar 

to TiCuH while the Laves TiCr2Hx systems have been reported to transform 

to a disordered structure analogous to TiH2. The hydrogen atoms prefer 

tetrahedral sites in all these systems. The available experimental and 

theoretical evidence places the Fermi level in the metal d-bands that are 

primarily associated with Ti or Zr atomic states. The Ti 1 Cu and -y y 
Zr

1 
Pd alloys form amorphous alloys in composition regions of ordered 

-y y 
intermetal1ic phases. 

The intent of the present work has been to extend proton NMR from 

its traditional application of characterizing the diffusion behavior in 

metal hydrides to include more detailed evaluations of hydrogen site 

locations and electronic structures. To accomplish this task, some 

recently developed solid-state techniques were utilized for the first 

time on metal hydrides. The simplified magic-echo sequence and the 

multiple-pulse zero-crossing methods were found to be extremely successful 

when used to measure the proton lineshapes and Knight shifts, respectively. 

In order to explore the metal hydrides. the same types of experiments 

were performed on different (but related) systems rather than concentrat

ing in greater detai1 upon one or two of the more involved hydrides. 

This choice was influenced by several factors. The need exists to try 

the new techniques on simple hydrides, where more supplemental data are 

available, before examining the complex materials. The second moments 

correspond to powder averages and have limited interpretive power if more 
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than two inequivalent sites are simultaneously occupied by the protons. 

Although the zero-crossing technique yields frequency shifts with a pre

cision of ±1-2 ppm, the absolute values of the proton Knight shifts can

not be detennined with an accuracy better than ±5-10 ppm because of the 

chemical shift and bulk susceptibility corrections. Furthermore, the 

proton hyperfine fields Hhf(s) and Hhf{d) cannot be reliably estimated 
from the NMR data alone, which prevent quantitative assessments of the 

partial densities of states at EF. Important supplemental experimental 

results (i.e., lattice parameters, magnetic susceptibilities, photo

emission spectra, etc.) are either incomplete or unavailable for the 

ternary hydrides while only limited theoretical electronic band structure 

results are currently available. Consequently, comparative evaluations 

that can identify trends among related systems have been emphasized during 

the present studies. This approach is within the current capabilities of 

the utilized NMR techniques. 

The highlights of the NMR experiments presented in this thesis can 

be summarized as follows: 

1) The simplified version of the magic echo sequence generates rigid

lattice proton spectra that can be readily analyzed for the second 

moment M20 . The experimental M20 values for polycrystalline TiHx 

and ZrH are in excellent agreement with the theoretical dipolar x 
values. In contrast to previous reports of anomalciusly br'oad proton 

lineshapes and large M20 in ZrHx' the present M20 values for high

purity ZrH can be accurately described by dipolar interactions for x 
protons that occupy tetrahedral sites. 

2) The proton site occupancies are very similar for the structurally 

related orthorhombic Ti 2CuHx and tetragonal Zr2PdHx systems with a 

nearly exclusive occupancy of the A4 (i.e., Ti 4 or zr4) sites when 

x < 2 and the additional occupancy of the A4B2 sites when x > 2. 

Mixed tetrahedral and octahedral site occupancies were indicated for 

the amorphous a-TiCuH1.4 and a-zr2PdHx samples while only tetrahedral 

sites are occupied in crystalline TiCuH0. 94 and bee Zr2PctH2_9. 
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3) The multiple-pulse :zero-crossing technique provides accurate measure

ments of the 11 average 11 proton shifts over wide temperature ranges for 

all the samples investigated, which includes several with large 

heteronuclear dipolar interactions. 

4) Analyses of the proton Knight shifts and conduction electron contri

bution to proton spin-lattice relaxation times suggest a universal 

dominance of a core-polarization hyperfine interaction which places 

the Fermi levels for the Ti and Zr-based hydrides in the metal d

bands. This conclusion is consistent with the available band theory 

calculations of the electronic structure for these hydrides. 

5) A generalized version of the Korringa relation has provided quali

tative estimates of the relative populations of s and d electron 

states at the Fermi levels, which has verified the dominance of d

electron hyperfine interactions at the proton sites. 

6) The proton parameters crK and T1e for Ti 1_YVYH1. 95 and ZrHx 

7) 

(1.5 ~ x ~ 2.0) are entirely consistent with the predictions of the 

Jahn-Teller model, which related the tetragonal distortions of these 

cubic hydrides to a splitting of initially degenerate electron 

states at the Fermi level. Qualitative differences in Jahn-Teller 

modification of the density of states are proposed for isoelectronic 

TiH and ZrH . 
x , , x ., , : I , 

The proton parameters indicate N (EF) increases with hydrogen '-conten·t' 

in TiCr1•8Hx' TiCr1.9Hx' and Ti 2CuHx. Although this finding is 
consistent with the magnetic susceptibilities measured for these 

particular hydrides, it is opposite to the N(EF) behavior observed 

in most other metal-hydrogen systems. It appears that EF falls on a 

rising portion or peak in the density of states as a rather special 

characteristic of Ti-based hydrides. This possibility merits 

further experimental as well as theoretical study. 

8) Significant differences in N(EF) at the proton sites are observed 

with the crystalline and amorphous phases of TiCuH and zr2PdH . A x x 
tentative interpretation for the reduced N(EF} levels 1n the 
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amorphous hydrides assumes a general smearing of the energy levels 

that exist in the corresponding crystalline structures. However, 

some differences in hydrogen site occupancies could also contribute 

although the proton M20 data imply this may be unlikely. 

The proton relaxation time measurements in the Ti 1 Cu H systems -y y x 
indicate the importance of crystalline structure and hydrogen site 

occupancies on the hydrogen diffusion processes. In particular, 

the activation energies become much smaller when octahedral sites 

are introduced in the diffusion path between two tetrahedral sites. 

A significant enhancement in the apparent hydrogen mobility in the 

amorphous a-TiCuH1. 3 phase has been confirmed. 

It is hoped that the present research has demonstrated the useful

ness of solid-state proton NMR to characterize transition metal hydrides 

and will stimulate further work in this area. In particular, detailed 

band structure calculations of tetragonally distorted and non-stoichio

metric TiH and ZrH as well as the various ternary hydrides would be x x 
very desirable to provide more quantitative tests of the proposed e1ec-

tronic structures at hydrogen sites. More photoemission spectroscopy 

studies that also include the amorphous and crystalline ternary hydrides 

would be very helpful. However, the solid-state proton NMR studies will 

provide unique information on the structural and electronic properties at 

the hydrogen' site that supplement any of the conventional experimental 

techniques normally used to evaluate metallic solids. Hence, proton NMR 

should play greater and more important roles in future studies of the 

metal hydrides. 
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PROPOSITIONS 
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PROPOSITION 1. 

NMR RELAXATION AND SELF-DIFFUSION IN CADMIUM FLUORIDE 

ABSTRACT 

19 Pulsed NMR measurements of the F relaxation times are proposed to 
determine the ionic transport behavior in pure and doped CdF2 single 

crystals. The objectives are to obtain more reliable defect formation and 

mobility energies and establish if this material becomes a Type II super

ionic conductor below its melting point. 
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Within the past few years the transport properties of superionic con

ductors (i.e., so1ids whose ionic conductivities are typical of molten 

salts) have been receiving increasing attention (l). This interest is due 

to the development of high-performance batteries using superionic conduc

tors as well as the opportunity to gain insights into the dynamics of 

systems with properties coT11T1on to both solids and liquids. The connection 

between ionic conductivity o(T) and ionic transport processes can be made 

through the Nernst-Einstein expression 

( 1) 

where n(T) is the concentration of ionic charge carriers at a given tem

perature T. (Ze) is the electric charge, D(T} is the diffusion coefficient 

of these ions, and kB is the Boltzmann's constant. The unique feature of 

superionic conductors is that ions in one sublattice appear to form a 

charged ionic liquid which diffuses among the excess empty lattice sites 

created by the crystalline matrix of essentially irrunobi1e ions of the 

other sublattice. Boyce and Huberman(2} have classified superionic con

ductors into three general types: 

a. Type I exhibits a well-defined first order phase transition where the 

conductivity jumps by several orders of magnitude at the superionic 

phase transition temperature. An example is Ag!. 

b. Type lI has a gradual transition from the insulating to conducting 

state with saturation of cr(T) accompanied by a peak in the specific 

heat. This type is represented by PbF2. 

c. Type III shows a low activation energy exponential increase in an 

anomalously high conductivity over large temperature regions. An 

example is sodium-beta-alumina. 

Although Type II superionic conductors have not been studied as 

extensively as Types I and III, these former materials possess several 

properties that make them slightly more amenable to the comprehensive 

analyses required to establish the complex dynamical processes involved in 

the formation of the molten sublattice. Most Type II conductors have the 
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relatively simple fluorite crystal structure which consists of a face

centered cubic arrangement of cations and the anions occupying all the 

tetrahedral sites to form a simple cubic sublattice. The anions are mo

bile while the cations form the immobile FCC cage sublattice. Diffraction 

studies(3) have shown that the irmnobile sublattice in Type II conductors 

is the same in both the low temperature insulating and high temperature 

conducting phases and the mobile anions disorder gradually from the sim

ple cubic sublattice to previously unoccupied interstitial sites as the 

temperature increases. Since this disordering occurs over a rather wide 

temperature range about the transition temperature (T ) which is usually 
c 

taken(2) to be the temperature for the peak in the specific heat, it 

should be possible to experimentally characterize the transformation to 

the superionic state by techniques sensitive to either lattice site occu

pancy (i.e., diffraction) or dynamical properties (i.e., vibrational fre

quencies or diffusion parameters). In fact, the recent reviews by Boyce 

and Huberman(2) and Shapiro and Reidinger(3) indicate a number of such 

studies have been performed on Type II conductors-primarily on the hal

ides with fluorite structures-as well as supplemental theoretical model 

calculations of various dynamical behavior. However, there exists such 

a diversity of observations and alternative interpretations that a com

prehensive mechanism to describe ionic transport behavior in the Type II 

superionic region remains undeveloped. Table l compares the superionic 

transition temperature for several halides with fluorite structure. For 

the purposes of the present proposition, CdF2 with 

included. PdF2 has the lowest known Tc for a Type 

and has been extensively studied (1-3). 

its unknown T is also c 
II fluorite conductor 

The absence of a measured Tc for CdF2 is particularly noteworthy 

since its estimated value may be -1100 K using the average T /T lt ratio c me 
for all the other halides in Table l or possibly as low as -870 K consid-

ering only the PdF
2 

ratio. On the other hand, Shapiro and Reidinger (3) 

have observed that Tc for the fluorites appears to be approximately 

11nearly correlated with the frequency (w,-0) of the transverse optic mode. 
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Table 1. Transition and meltin9 tem~eratures for T~Qe II ionic conductor~ 

with 
2 fluorite structure (after Boyce and Huberman ). 

halide Mobile Ion T (K) c T melt (K) 

PbF2 F 703 1095 

CaF
2 

F 1423 1691 

SrF
2 

F 1453 1673 

BaF2 
F 1233 1593 

CdF
2 

F ? 1351 

SrC1
2 

Cl 993 1148 

-r· 
Gobeau, et a1(4) obtained °10 = 217 cm for CdF

2 
from infrared and Raman 

measurements. When this frequency is used in the Shapiro-Reidinger corre

lation, the estimated T is -1400 K. Since this temperature is above the 
c 

CdF2 melting point, CdF2 would not exhibit any superionic conductivity 

region. Although several conductivity studies of CdF
2 

have been published 

(5-7), they provide little information on the high temperature ionic be

havior since above about 600 K, CdF2 becomes a semiconductor and electron 

transport processes completely mask the ionic contributions to conduc

tivity. Furthermore, unless great precautions to avoid impurity contam

ination are taken, irreproducible and unrealistic results(6,f) ca~ b~ ob 

tained from the conductivity data below 600 K. Consequently, there are 

still incomplete evaluations of the formation and transport parameters of 

the defects responsible for ionic transport in CdF
2

• 

Nuclear magnetic resonance (NMR) is a powerful and versatile tech

nique that provides microscopic information of the motions of ions. Con

sequently, NMR has been extensively applied to the three types of super

ionic conducting materials as described in the recent reviews of Boyce and 

Huberman(2) and Richards(8). Because NMR works equally well for both 

electronic conducting and insulating materials, it can be used to deter

mine the ionic contribution to conductivity under conditio.ns where 
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electron transport is a major contributor. The various nuclear relax

ation times yield the most complete information on the diffusion process. 

For nuclei with spin quantum number I = ~' only the magnetic dipolar 

interactions contribute to nuclear relaxation processes as long as para

magnetic impurity concentrations are low. The theory of nuclear spin 

relaxation caused by self-diffusion of the nuclei, which modulates the 

nuclear dipole-dipole interactions has been well established. 

NMR relaxation times have generated 0 values in excellent agreement 

with conductivity results that used equ. (1) to determine Dover ten 

orders of magnitude in pure and doped BaF2 crysta1s(9), which covers a 

temperature range between 300 and 1200 K. Furthermore, NMR has been used 

to monitor fluorine.mobility in PbF2(10,ll) through temperatures well 

above T and yielded results entirely consistent with independent ionic 
c 

conductivity measurements. 

It is proposed to characterize the ionic transport behavior of CdF
2 

between 300 K and about 1300 K with NMR measurements of the 19F relaxation 

times T1, Tlp' and T
2

• Since NMR should work as we11 for CdF
2 

as BaF
2 

or 

PdF2, the absence of any previous NMR study of ionic motion in CdF2 was a 

rather surprising result of a literature search. Besides the previously 

mentioned ionic conductivity studies(5-7), the only other measurements of 

ionic transport in CdF2 was the use of radioactive 18F tracers by SUptitz, 

et al(l2). These workers found CdF
2 

to behave like a typfcal fluorite 

where the fluorine diffusion is much larger than cation diffusion and is 

consistent with anion Frenkel disorder. However, Silptitz, et al(12) pre

sented only a relatively limited amount of data covering the temperature 

range 540-1010 Kand give no indication of the very large diffusion con

stants expected (2) for a Type II conductor in the region of T . Since c 
the 19F relaxation times should not be seriously affected if the CdF

2 
samples become semiconductors (in contrast, ta conductivity measurements}, 

it should be possible to follow ionic transport with NMR up to near its 

melting point. Consequently, more complete determination of the Cd~2 
defect fonnation and mobility parameters will be available to compare 
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with the 18F tracer results. 

Before continuing a description of the proposed NMR study of CdF
2

, a 

brief review of the point defects in halides with the fluorite structure 

will be helpful. The predominant intrinsic defects are the anion-Frenkel 

pair-consisting of X vacancies and x- interstitials. The two most prob

able diffusion mechanisms are vacancy jumps or non-collinear interstit

ia1cy displacements. Doping with substitutional M+3 cations will create 

x- interstitials while doping with substitutional M+ cations will create 

x- vacancies. The added impurities can be associated with oppositely 

charge defects on neighboring sites to form electrically neutral pairs. 

However, at sufficiently elevated temperatures (i.e., usually above 400 K-

500 K for most fluorites) association becomes negligible and the free 

defect concentration will equal the concentration of the aliovalent 

impurity. In this temperature region (usually called extrinsic) the 

diffusion activation energy corresponds exactly to the free energy (gm) of 

the mobile defect. Since x- vacancies have been found more mobile in 

fluorites, M+ cations will increase D while M+3 will decrease D in the 

extrinsic range. When the thermally induced Frenkel defects greatly 

exceed the number of impurity induced defects, the diffusion constant will 

have a temperature dependence proportional to gm + gF/2 where gF is the 

Gibbs free energy for the fonnation of the anion Frenkel pair. This tern-
• .1. • .,. 

perature range is known as the intr1nsic region. Superionic conductivity 

begins in the upper temperature range of the intrinsic region when the 

concentration of interstitials and vacancies becomes so large that sub

lattice melting occurs. Large correlations in x- motions are now pre

dicted(2) and the apparent diffusion activation energy decreases(2,10,ll). 

In order to obtain the maximum information on ionic transport behavior 

in CdF
2

, NMR relaxation time measurements are required on three distinct 

samples: 1) highest purity CdF2 available; 2) CdF2 doped with about 

200 ppm La+3; 3) CdF
2 

doped with 200 ppm Na+. These samples should be 

single crystals to minimize possible contamination from surface reactions 

(i.e., attack from traces of moisture or oxygen). A conventional pulse 
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NMR spectrometer, which is capable of applications to solids, should be 
suitable for measurements of the 19F relaxation times r1, Tlp' and r2• The 

only specialized instrumental component would be a high temperature probe 

{9) capable of temperatures approaching 1300 K. The volume in the sample 

region should be minimized to inhibit CdF2 vaporization and not contain 

materials such as silica, which apparently reacts with Cdf 2 above 600 K 

(7,12). Collection of the 19F relaxation time data should be straight

forward. Subsequent data analysis to extract the correlation time and 

diffusion parameters has been facilitated by the pub1ished(9) numerical 

parameters for fluorite structure materials. 

The anticipated results of this proposed NMR study of CdF
2 

will now be 

briefly suITDTiarized. From the earlier conductivity(S-7) and 18F tracer 

studies(l2), CdF2 should exhibit ionic transport behavior below about lOOOK 

that is typical of fluorite materials. Since F- vacancies should dominate 

the diffusion mechanism, the Tlp minima in Na-CdF2 and La-CdF2 will occur 

at lower and higher temperatures, respectively, relative to pure CdF2. The 

temperature dependences of the F- correlation times in the three samples 

will permit determination(2,8-11) of the defect enthalpies for Frenkel

pair formation, free vacancy mot1on, and free interstitial motion. compar

isons of these results for CdF2 with published parameters on the other 

fluorite structure fluorides should provide interesting insights on the 

role of cation mass and ionic size on F- mobility and defect formation. If 

CdF2 exhibits superionic behavior below its melting point (possibly as low 

as -900 K), the 19F relaxation times should establish its occurrence in a 

manner analogous to the previous observations(l0,11) on PbF2. Namely, in 

the region where fluorine sublattice melting begins, the temperature 

dependence of correlation times from the 19F r1 data should first give an 

anomalously large increase followed by a saturation (i.e., significant 

decrease in slope) above T . Consequently, these NMR measurements should 
c 

indicate whether fluoride ions will give mobility behavior consistent with 

superionic processes with an estimate of its transition temperature or 

retain normal ionic transport near its melting point as predicted by the 
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Shapiro-Reidinger correlation (3). As a final point, conductivity meas

urements of CdF
2 

cannot provide an answer since electron transport dom

inates (6,7) above 600 K; however, NMR should accurately monitor F

mobility behavior in semiconducting CdF2• 

REFERENCES 

1. P. Vashishta, J. N. Mundy, and G. K. Shenoy (Eds), Fast Ion Transport 

in Solids-Electrodes and Electrolytes (North-Holland. New York, 1979). 

2. J. B. Boyce and B. A. Huberman, Phys. Repts. 51, 189 (1979). 

3. S. M. Shapiro and F. Reidinger in Physics of Superionic Conductors, 

M. B. Salamon {Eds.) (Springer-Verlag, Berlin, 1979), p. 45. 

4. J. Gobeau, M. Heuret, J. P. Mon, and K. Recker, phys. stat. sol. (a) 

20, 687 (1973). 

5. Y. T. Tan and D. Kramp, J. Chem. Phys. 53, 3691 (1970) and 55, 5146 

(1971). 

6. M. Cyris, P. MUller, and J. Teltow, J. Physique Coll. cg 34, C63 

(1973). 

7. J. Oberschmidt and D. Lazarus, Phys. Rev. 821, 5813 {1980). 

8. P. M. Richards, in Physics of Superionic Conquctor~, M. B. Salamon 

(Ed), (Springer-Verlag, Berlin, 1979) p. 141. 

9. D. R. Figueroa, A. V. Chadwick, and J. H. Strange, J. Phys. C: Solid 

State Phys._JJ 55 (1978); D. R. Figueroa, J. H. Strange, and D. Wolf, 

Phys. Rev. BJJ., 148 (1979). 

10. J. B. Boyce, J. C. Mikkelsen, Jr., and M. 01 Keefe, Sol St. Co!TUll. fl, 
955 (1977). 

11. R. E. Gordon and J. H. Strange, J. Phys. C: Solid State Phys. }l, 

3213 (1978). 

12. P. SUptitz, E. Brink, and O. Becker, phys. stat. sol.(b) 54, 713 

(1972). 



230 

PROPOSITION 2. 

CHARACTERIZATION OF RADIOLUMINESCENCE IN TRITIATED ICE 

ABSTRACT 

A spectroscopic study involving simultaneous measurements of optical 

emission and EPR spectra of tritiated samples of H2o, o2o, and r2o cooled 

to 78 K is proposed. The purpose of this study is to identify the tran

sient species, created by the tritium beta particles, that are respon-: 

sible for the frequently observed, but poorly understood, radiolumines

cence. 
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The radiolysis behavior in the three states of water is a vast field 

and has been extensively studied (1,2) over the years. However, the 

radiolysis processes are so varied and complex that while the main fea

tures appear to be well established, many details remain unresolved. 

Considering only the neutral (i.e., pH -7) solid phase, radiolysis of 

ice produces (1,2) the molecular species H2, o2, and H
2
o
2

; various meta

stable paramagnetic free radicals OH, H, e-
5 

(solvated electron), H02, 
0-, and, possibly, H

3
0; and, possibly, transient excited molecule states 

of the various species H20*, OH-~, H3o+~, and H-~. The formation and 

reactions of the transient excited species remain the most poorly under

stood aspect of radiolytic behavior. 

A literature search revealed several previous observations of lum

inescence from irradiated ice samples. X-rays have produced lumines

cence (3-5) in crystalline H20 and o2o ices below 200 K while stimulated 

luminescence has been reported (6,7) for y-irradiated H
2
0 and o

2
o ices. 

Finally, there are two early and brief descriptions of self-induced 

radioluminescence in H
2
o containing 3% tritium {3) and r

2
o ice containing 

-99% tritium {8). The radioluminescence spectra of the isotopic ice 

samples consist of two bands peaked at about 375 nm and 535 nm. Steen 

and Holteng (5) have concluded these two bands arise from different 

species created by different mechanisms. Furthermore, large isotope dif

ferences have been found. The 535 nm band is absent (or very weak} in 

H20 ice (5), about equal intensity with 375 nm band in o2o ice (5), and 

is dominant in the T20 ice spectra (8). Steen and Holteng (5) also 

reported that the 375 nm consisted of both fluorescent (lifetime ;Sl0-4 

sec) and phosphorescence {lifetime >1 msec) components whereas the 

535 nm had no phosphorescent component since it decays completely within 

10-4 sec. The species corresponding to the 375 nm band increases (5) 

with continuing irradiation, but the species producing the 535 nm band 

remained constant during irradiation. Although the early work of 

Grossweiner and Matheson (3,4) suggested neutralization of cation impur

ities as being responsible for the 375 nm band, the later work (5-7) 
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clearly indicated radioluminescence in ice is predominantly intrinsic and 
cannot be associated with cation impurities. However, interpretation of 

the optical spectra during radioluminescence remains very controversial. 
Bernas and T. B. Truong (6) have postulated that triplet state tt20* from 

the reaction 

( l) 

~ responsible for the 375 nm band and later rejected (7) contributions 
from excited neutral radiolysis products (i.e., H*, OH*, etc.) as well 

as excited OH-* and H-* species. However, using the observation that 
electron and OH scavengers do not affect radioluminescence behavior, 

Steel and Holteng (5) do not accept eqn. (1) as the likely mechanism for 
the production of H20*. Steen and Holteng (5) a1so presented contra

dictory evidence on the role of H-atoms as a luminescence species. In 

spite of extensive optical studies involving temperature variations, 

isotopic mixtures, various electron and hole scavengers, and kinetics 

measurements, Steen and Holteng (5) were unable to give the probable 

identities of either the luminescent species or their precursors. 
Apparently, optical techniques by themselves are insufficient to estab

lish the radioluminescence mechanisms in ice. 

In order to provide new insights of the radioluminescence mechanisms 

in ice with emphasis on identifying the responsible radiation produced 

species, a combined optical-electron paramagnetic resonance (EPR) study 
of tritiated ice samples is proposed. The tritiated samples are to be 

prepared by reacting (8) accurately known mixtures of the gaseous hydro

gen isotopes with CuO and trapping the resulting pure water vapor in a 

cooled quartz tube. The sample tube will be contained in a variable 
temperature liquid nitrogen dewar of a commercial EPR x-band microwave 

cavity which has an optical window on one wall to permit essentially 
unobstructive detection of the luminescence. The optical system would 

consist of a calibrated monochromator and photomultiplier-detector 
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similar to the one described by Steen and Holteng (5). This arrangement 

should yield simultaneous measurements of the optical emfssion spectra 

and EPR spectra of the paramagnetic species produced by the constant 

irradiation of the tritium beta decay. Although initial measurements 

will be at 78 K, the temperature dependence could be easily monitored 

with this system. Table 1 lists the five tritiated ice samples that are 

required for an initial characterization of radioluminescence behavior 

in tritiated ices. 

Table 1. Tritiated ice samples with calculated radiation does rate 

(average energy of tritium beta particle is 5.9 KeV). 

Sample Composition Dose Rate {eV/g-min} 

A T20 3.5 x 1019 

B HTO 1.9 x 1019 

c MO 1.8 x 1019 

D H20(3.6% T) 1.3 x 1018 

E D20(3.6% T) 1.3 x 10
18 

Sample D and E will experience a dose rate nearly equal to the x-ray 

irradiated H
2
0 and o

2
o ice samples, respectively, of Steen and Holteng 

(5). This should permit more reliable comparisons on the luminescence 

behavior for x-ray and beta particles. The simultaneous recording of the 

time dependence of the optical emissions and EPR spectra for each sample 

should greatly facilitate determining whether any of the paramagnetic 

species can be correlated with either luminescent species or their 

products. 

The advantages in using tritium for EPR studies of self-radiolysis 

was first mentioned by Kroh, et al {9). Since the tritium beta particles 

have very low energies (<18 KeV) and short ranges (<l µmin most solids), 

they give little, if any, radiation damage in the quartz sample tube to 

doses of about 1021 eV/g (9,10). Using relative low tritium 



234 

concentrations { ~0.04% T) to produce paramagnetic defects in frozen tt 2o 
and o2o at 77 K, Kroh, et al {9,10) obtained identical EPR spectra as 

observed (11) in y-irradiated H2o and o
2
o ices under similar conditions. 

Table 2 su11111arizes the EPR parameters for the paramagnetic species found 
{9-13) in H20 ice irradiated at low temperatures. 

Table 2. EPR parameters in tritium (dose rate ~1.3 x 1016 eV/g-min) 
and Y-irradiated ice. 

Species g-factor 

H 2.002 

OH 

e s 

gx=2.06 
g =g =2.01 
y z 

2.00 

2.002 

g =2.083 
l 

911=2.002 

Spectra 

doublet 

broad 

doublet 

distorted 
doublet 

singlet 

singlet 

singlet 

Hyperfine 
spl itting(G) 

510 

40 

-20 

Comments 

Stable below 50 K in 
in pure ice, below 
-100 K in acidic 
glasses 

Stable below 140 K 

Stable above 140 K 

Intense blue color, 
usually seen only in 
basic ices 

Stable below 30 K 

It is important to ·note that for the low dose rate of "'1016 eV/g-min 
(relative to samples A to E in Table 1}, Kroh, et al (10) did not obtain 
EPR spectra for H-atoms or e - from pure ice at 78 K. Furthermore, the s 
concentration of OH species appeared (10) to saturate near io18 spins/g 
with a much smaller H0

2 
content. Since H and T are both I = ~ nuclei 

with tritium having a 6.7% larger magnetic moment, EPR spectra from free 
radical species containing T-nuclei will be easy to identify for samples 

A, B, and C. Deuterium with I = 1 and a much smaller magnetic moment is 
also easy to distinguish for the free radicals in Table 2. 

Although paramagnetic species are not required for radiolum-
1nescence, there are at least five distinct paramagnetic species which 
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may be associated with one or both luminescent bands in irradiated ice. 
These free radicals are 0-,triplet state H

2
0* 1 H-*, H-atoms, and H30. 

Although the earlier EPR studies (9-11) did not detect H-atoms in pure 

ice at 77 K, the 103-104 greater dose rate for samples A, B, and C may 

produce a much higher steady state concentration of H-atoms. Assuming 

the lifetime of an individual H-atom gives the lower limit of the spin

lattice relaxation time, average H-atom lifetimes ~lo-8 sec will yield 

EPR linewidths sufficiently narrow (i.e., <50 G) to permit ready detec

tion. If the species H3o is present during irradiation of ice, it should 

be easy to identify by its 1: 3: 3:1 quartet hyperfine splittings. Since 

isolated triplet states give distinctive EPR spectra (14) as well as 

possible double quantum transition spectra, it should be possib1e to 

determine whether the excited triplet states H20* or H-* are present 

during the radioluminescence of ice and can be associated with either or 

both bands in the emission spectra. If the radioluminescent process 

involves 0-* decay to produce paramagnetic 0- species, the expected 0-

EPR spectra (13) will not show any hyperfine effect with the H, D, or T 

isotopes. Isotope effects will play a crucial role in both the analysis 

and interpretation of the radioluminescence of tritiated ice. Differ

ences in hyperfine spectra will assist in correctly identifying which 

free ra~icals are present. Furthermore, the isotopic differenc~s in the 

emission spectra {i.e., the relative contribution of the 535 nm band) 

may be directly correlated with the concentration of the paramagnetic 

species and allow assignment of specific transient species to each band. 

Enhancements of a particular isotopic free radical may reflect dynamic 

differences in the luminescence mechanisms as discussed by Steen and 

Holteng (5). In conclusion, the proposed EPR-optical spectroscopic study 

of the tritiated ice samples listed in Table l should provide a more 

comprehensive assessment of the radioluminescence. These measurements 

should help resolve the controversies concerning which transient species 

are responsible for a very interesting aspect of the radiation damage 

behavior in ice. 



236 

REFERENCES 

l. J. K. Thomas, in Advances in Radiation Chemistry, Vol. l, M. Burton 

and J. Magee (Eds.) (Wiley-lnterscience, New York, 1969) p. 103. 

2. J. H. O'Donnell and D. F. Sangster, Principles of Radiation Chem

istry (Elsevier, New York, 1970), Chap. 6. 

3. L. I. Grossweiner and M. S. Matheson, J. Chem. Phys. 20, 1654 

(1952). 

4. L. I. Grossweiner and M. S. Matheson, J. Chem. Phys. 22, 1514 

{1954). 

5. H. B. Steen and J. Aa. Holteng, J. Chem. Phys. Phys. 63, 2690 

(1975). 

6. A. Bernas and T. B. Truong, Chem. Phys. Lett. 29, 585 (1974). 

7. A. Bernas and T. B. Truong, Chem. Phys. Lett. 39, 379 (1976}. 

8. W. M. Jones, J. Chem. Phys. 20, 1974 (1952). 

9. J. Kroh, B. C. Green, and J. W. T. Spinks, Nature 189, 655 (1961). 

10. J. Kroh, B. C. Green, and J. W. T. Spinks, Can. J. Chem. 40, 413 

(1962). 

11. S. Siegel, J. M. Flournoy, and L. H. Baum, J. Chem. Phys. 34, 1782 

(1961); H. S. Judeikis, J.M. Flournoy, and S. Siegel, J. Chem. Phys. 

~' 2272 (1962}; J. M. Flournoy, L. H. Baum, and S. Siegel. J. Chem. 

Phys. 36, 2229 (1962). 
• ' •• ••, I '. ! ; :· t• l. 

12. H. C. Box, Radiation Effects: ESR and ENDOR Analysis (Academic, 

New York, 1977). 

13. M. C. R. Symons, J. Chem. Soc. Faraday Trans. I 78, 1953 (1982). 

14. J. E. Wertz and J. R. Bolton, Electron Spin Resonance (McGraw-Hill, 

New York, 1972), Chap. 10. 



237 

PROPOSITION 3. 

DEGRADATION OF CaNi 5Hx DURING THERMAL CYCLING 

ABSTRACT 

The potential self-decomposition of the CaNi 5Hx phase during ther

mally induced absorption-desorption cycles will be evaluated by combined 

volumetric-NMR study. The proton lineshapes and spin echo decays should 

be able to establish whether the expected degradation occurs via the 

irreversible formation of the stable CaH2 phase. 
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Within the past few years, metal hydrides have received increasing 

attention as potential energy storage systems (1,2). The prime consid

eration in these applications is a sufficient1y rapid and reversible 

reaction between the 'metal 1 and gaseous hydrogen. The development of 

the moderately. unstable hydride phases of i ntermeta 11 i c compounds has 

provided the major impetus for these applications {1,2). The desired 

reaction between an intermetallic and hydrogen can be written 

{ 1 ) 

where metal A fonns a stable binary hydride AH , but metal B either forms 
x 

no hydride or else a very unstable one. If B were to form a stable BH 
x 

phase, the ternary ABHx/ 2 is almost certain to be sufficiently stable to 

preclude energy storage applications. However, AB could also dispro-
n 

portionate according to the alternate reactions 

(2) 

or 

AB + xy H "! ........1._ AH + -"-AB (3) 
n (n+y) 2 (n+y) x/2 {n+y) n+y 

where, for simplicity, the enriched intermetallic AB + is also assumed n Y 
not to form a hydride. In nearly all intermetallics currently being con-

sidered (1,2) for energy storage applications, thennodynamics predict AH 
fonnation through the reactions of eqns. (2) or {3) should be favored. 

However, numerous relatively 1ow temperature (i.e., below 200 - 300°C) 

reactions have yielded distinct ternary AB H phases. It is currently 
n x 

believed (1) that the limited diffusion of the A and B atoms at these 

reaction temperatures inhibits phase segregation to produce the meta

stable AB H in preference to the predicted AH . n x x 
For any application the intermetallic must undergo literally thou-

x 

sands of the hydriding-dehydriding cycles corresponding to eqn. (1) with

out significant degradation which would reduce hydrogen storage capacity 
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or otherwise interfere. The recent photoelectron spectroscopy and magne

tization studies of Schlapbach, et al (3) have clearly shown that many 

intennetallics (i.e., TiFe, LaNi
5

, Mg
2
Ni, and ErFe

2
) experience a decom

position on the surface to fonn oxide AO and, generally, free metal B. 
y 

When the hydrogen gas is very pure, this decomposition is too small to 

limit total AB H composition and, actually, promotes {3} the hydride 
n x 

reaction. However, oxygen, water, or other impurities can induce more 

extensive surface segregation until the AB H composition is seriously 
n x 

reduced as has been observed by many researchers. In addition, the ther-

mal cycling in very pure hydrogen could give bulk decompositions from 

reactions analogous to eqns. (2) and (3). When Reilly (4) subjected 

TiFeH to "'13,000 hydriding-dehydriding cycles in the temperature range: 
x 

-7°C to +ll0°C~ he saw no deterioration in storage capacity and did not 

detect the presence of any TiH2 or Fe by x-ray diffraction. However, 

Cohen, et al (5) recently found the storage capacity of 

La0.9Eu0.1Ni 4.6Mn0.4Hx reduced to only 29% ~~1 its initial value after 
-1500 cycles between 25 and 307°C. Using Eu Mossbauer spectroscopy, 

Cohen, et al {5) found a dehydrided sample after 1500 cycles to consist 

of both hydrided and 11 pure 11 metal phases. They proposed this hydride was 

La(Eu)l:L
3

• Subsequent 61 Ni Mossbauer measurements (6) indicated ferro

magnetic Ni metal in thermally cycled LaNi 5Hx' but the x-ray diffraction 

patterns ofidegraded LaN\Hx did not yield (5,6) the' 1ines expected for 

LaH (x ~ 2-3) or free nickel. Sheft, et a 1 (7) has reported the plateau 
x 

(i.e., effective storage) capacity of CaNi
5 

to be substantially reduced 

when contained with hydrogen over long time periods. Although x-ray dif

fraction and magnetic susceptibility measurements indicated some free 

nickel and ca2Ni 7, Sheft, et al (7) did not detect the expected CaH2 and 

were not willing to interpret their observations in terms of reactions (2) 

and (3). 

With excellent physical properties including very rapid hydriding

dehydriding kinetics and wide ranges of plateau pressures using alloy 

substitution, the AB5 intermetallics are leading candidates (1.2,7) for 
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many storage a:pp1ications. However, the recent observations of Cohen, 

et al (5,6) and Sheft, et al (7) raise the disturbing possibility that 

many AB5 materials may follow eqns. (2) and (3) during thennal cycling. 

Hence, there is a need to verify whether AHx fonnation and segregation 

can occur under moderate conditions and assess the extent of decomposi

tion. From the results of Sheft, et al (7), CaNi 5Hx may be particularly 

susceptible to degradation during thermal cycling and a good initial 

system to evaluate. 

It is proposed to characterize the behavior of CaNi 5Hx during ther

mal cycling using proton nuclear magnetic resonance (NMR) techniques. 

There are several factors which should make this study experimentally 

convenient and reasonably straightforward to interpret. First, previous 

pressure-composition-temperature measurements (8,9) of CaNi
5
Hxdesorption 

properties reveal that 1.0 atm tt
2 

pressure at 25°C yields CaNi 5~ 5 while 

2.0 atm H
2 

pressure at 85°C yields CaNi
5

1L
1

• Hence only a modest temper

ature change at relatively low gas pressures will give an 80% composition 

change for thermal cycles between -25°c and -90°c. The 1ow pressures 

will permit use of a glass sample tube for the NMR measurements. The 

hysteresis factor for the absorption-desorption cycle of CaNi
5

Hx is 

found (8) to be small. This permits large composition changes to act

ually be obtained for this temperature range. Proton NMR studies have 

been conducted on CaH
2 

(10) and CaNi
5

Hx (11) and very large differences 

are noted at room temperature. The H-atoms are iTTDTIObile in CaH
2 

to give 

broad spectra with second moment M2 of 9.0 ± 0.5 G2; whereas, hydrogen 

diffuses rapidly at 25°C in CaNi 5!i5 and spin echo signals give T2 ~ 1 

msec. If both CaH 2 a
nd CaNi 5H_ 5 a

re present. proton lineshapes and 

echoes can readily identify their presence as well as permit quantitative 

determinations of the relative concentrations. The formation of the CaH2 
phase during low-temperature thermal cycling is expected to result in 

small crystalline broadening mechanisms. However, the dipolar lineshape 

arises from short range proton-proton interactions according to 
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M2 = CH ~ r. -6 i , 
(4) 

where CH is the nuclear coupling constant. Since the dipolar tenns de

creases as r- 6, the particle dimensions only need to be of order 

-10~ - 20~ to yield the 11 infinite 11 lattice dipolar sum for eqn. (4). 

Hence, if CaH2 particles with these dimensions, or larger, remain in de

hydrided multi-cycled CaNi 5Hx' analysis of the measured dipolar line

shapes should provide identification from comparison with the published 

(10) CaH2 second moment. 

The proposed experiment requires a sample container and gas measure

ment system to pennit simultaneous NMR and volumetric measurements. A 

0.5 g CaNi 5 sample would be placed in a 7 ml glass tube connected via a 

glass-to-metal seal to a non-magnetic stainless steel manifold with a 

75 ml gas collector volume. A valve just above the glass-to-metal seal 

could isolate the sample chamber and the gas pressure would be contin

uously monitored by a pressure transducer (PT). This system gives an 

approximately 80% composition variation when the CaNi 5Hx sample is cycled 

between 25°C and 90°C. The glass tube fits into the rf-coil of a var

iable temperature probe for a transient NMR spectrometer. 

After loading the CaNi 5 sample, the volumes will be calibrated using 

an inert gas (i.e., argon) and subsequently evacuated using a high-vacuum 

pump. Upon closing the valve, 2.0 atm of very high purity (i.e., 

99.999+%) H
2 

gas will be placed in the remainder of the apparatus. The 

high purity hydrogen is needed to minimize the impurity induced surface 

reactions (3). When the valve is opened, reaction between CaNi 5 and H2 
should begin almost i1IJT1ediately at ambient temperature (8,9) to yield 

CaNi 5t:L 5 under a final H2 of about 1.0 atm. The PT output will monitor 

the course of the reaction. NMR measurements of the proton lineshape, 

spin echo decay, and T1 relaxation times will provide initial character

ization of the singly hydrided CaNi 5H~s· Thermal cycling would corrmence 
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with periodic NMR measurements on the cooled and reformed CaNi 5H_ 5 pro

duct. The PT output would indicate the onset of degradation. From the 

results of Sheft, et al (7) approximately 20-40% of the initial hydrogen 

content may form segregated CaH2. The proton lineshapes and spin echo 

decay should permit good discrimination since the properties of the CaH2 
and CaNi 5H5 phases are very different (10,11). Assuming a broadline 

(i.e., T2 ~ 20 µsec) component corresponding to CaH2 is formed, the 

connection of this spectral species with the stable hydride phase can be 

verified by closing the valve at the maximum temperature of the heating 

cycle and permitting the dehydrided CaNi 5Hx to cool with minimal H
2 

gas. 

If CaH
2 

is now the dominate phase, only the short T2 component should be 

present for the proton 1ineshape and spin echo. A comparison of these 

parameters with the known (10) CaH2 lineshape should establish whether 

the segregated phase is actually the expected CaH2. When the valve is 

reopened at room temperature, the NMR spectra should give the two compon

ent behavior as the CaNi 5H ....... 5 phase forms. The free nickel produced by 

decomposition can also be qualitatively monitored by the NMR exper1ments. 

With the continued formation of magnetic free Ni, the susceptibility of 

the CaNi 5H_ 5 sample will increase - resu1ting in a narrowing of the pro

ton spin echo linewidths. 

In conclusion, the present NMR experiments would provide a detailed 

in'situ evaluation of possible intrinsic self-decomposition of CaNi 5H --- x 
during thermal cycling. Analyses of the proton lineshapes and echoes 

should identify the expected formation of the CaH2 phase (which is prob

ably not possible by x-ray diffraction techniques) as well as quantita

tive estimates of the relative concentrations of CaH2 and CaNi 5Hx phases 

to correlate with the volumetric gas measurements. 
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PROPOSITION 4 

CHARACTERIZATION OF DEFECT STRUCTURE 

IN SILICON CRYSTALS 

ABSTRACT 

It is proposed to assess the lattice defects in single crystal Si by 

exposing well-characterized samples to tritium gas. The concentration 

and distribution of tritium trapped by this treatment at elevated temper

atures will be determined by liquid scintillation counting analyses and 

autoradiographic techniques. The objective is to establish whether the 

void concentrations are sufficiently great to verify a recent model that 
11 interstitial 11 dislocations in ultrapure tetrahedral semiconductors are 

actually composed of clusters of small (i.e.,$ 6 nm} voids formed by 

vacancy precipitation and surface reconstruction. 



245 

A long standing problem in the study of semiconductors is the nature 

of lattice defects which are found in all semiconductor materia1s. Aside 

from impurity derived defects, vacancies and self-interstitials have long 

been known as sources of defects. In spite of intensive study of defects 

for many years, it has not been conclusively established (l) which point 

defects are responsible for the majority of dislocations and stacking 

faults found in hfgh purity silicon. Although self-interstitials are 

apparently extremely unstable (1) in Si, transmission electron microscopy 

{TEM) reveals that mos.t dislocations {2) in Si appear to have "inter

stitial" character (i.e., the lattice planes distort away from the dis

location as if there were interstitials to push the atoms apart). How
ever, it has been argued (1) that vacancies must be the source of many of 

these defects since rather stable vacancy and vacancy complexes exist in 

Si. Van Vechten (1) has described a mechanism whereby vacancies can clus

ter in such a way as to create a dislocation that has 11 interstitial 11 

characteristics in TEM studies. If the vacancies were to cluster into 

flat holes, the attraction between opposite faces could cause them to bow 

inward until they eventually touch. This would create a "vacancy" type 

dislocation to be easily identified by TEM. Since the atoms on the inner 

faces of a void have dang1ing bonds, the free energy of these atoms can 

also be reduced by a reconstruction of the crystal structure on the void 

surface. to t i.e up these dangling bonds. v.an Vechten ( l) suggests that 

this latter process releases some surface atoms to form bridges between 

the faces of the flat void. Because Si expands upon solidication, the 

bridges push the void faces apart to create the appearance of an inter

stitial dislocation in TEM studies. Van Vechten predicts that perhaps 

-1015-1016 voids/cm3 with dimensions ;::J> nm would exist in high-purity Si 

crystals if this model is valid whereas an 11 interstitial 11 mechanism for 

dislocation fonnation would imply orders of magnitudes fewer vacancies or 

voids. Although such small voids would be extremely difficult to identify 

by conventional TEM methods, their presence might be detected {l) by the 

diffusion of a radioactive gas through the solid where voids could trap 
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this gas to retain excess quantities well above the nonnal solid solubil

ity limits. Since the penneation of hydrogen isotopes in single crystal 

si1icon is known (3,4) to be very rapid at elevated temperatures, the 

radioactive tritium isotope should be an excellent choice for these 

experiments. 

In order to establish whether the void concentrations in single crys

tal Si are sufficiently large to be consistent with Van Vechten's descrip

tion (l) of the fonnation and character of 11 interstitial-type11 disloca

tions, measurements of· total tritium solubility in Si crystals are pro

posed. The approach is to expose well-characterized ultrahigh purity Si 

crystals to tritium gas while heating the samples to between 900 and 

1100°C where the permeability and solubility behavior are known from 

previous studies (3,4). After the tritium exposure, representative sam

ples would be dissolved in acidic media and the total trapped tritium con

tents measured by conventional scintillation counting methods. Concur

rently, autoradiographic techniques (5) would be employed on several 

identical samples to deduce any inhomogeneous tritium distributions with 

the bulk crystals (e.g., possible diffusion profiles, enrichments near 

surfaces, grain boundaries, or dislocations, etc.). 

To carefully test the relationship between tritium trapping in voids 

and Van Vechten's mechanism (1) for the .formation of dislocations, the Si 

single crystals need to be grown under different conditions that wi1) vary 

the dislocation densities (i.e., variable crystal growth rates, annealing, 

etc.). TEM would be used to characterize the types and distributions of 

lattice defects in crystal pieces that are adjacent to those crystals ex

posed to the tritium gas. From the hydrogen solubility and permeation 

data (3,4) in crystalline Si, it is estimated that 1015-1016 6 nm voids/ 

cm3 should trap at least 10-100 times more tritium than is retained at the 

equilibrium levels. This enhanced concentration should be readily and 

quantitatively detected by the very sens1t1ve radiocounting analysis. 

Dissolution of the Si samples should occur in a closed reactor that cap

tures any evolved gases to convert molecular tritium into water for a 



247 

complete analysis of total tritium contained in the crystals. The results 

from the TEM and radiocounting measurements should pennit direct compar

isons between the concentrations of dislocations and the amounts of trap

ped tritium in identical samples. Hence, extraneous factors should be 

minimal .. The autoradiographic measurements should verify that any excess 

tritium is actually concentrated in the regions of greatest dislocation 

density. 

If small voids are responsible for the presumably "interstitial 11 dis

locations in ultrapure tetrahedral semiconductors like single-crystal Si, 

there should be a positive correlation between the quantity of trapped 

tritium over the expected (3,4) solubility limits and the dislocation 

density. If this agreement is observed, it would provide strong exper

imental support to the "interstitial-type" dislocation mechanism developed 

by Van Vechten (1). Since direct identifications of these voids by TEM 

are probably unlikely (1), the present experiments may provide the most 

amenable method to give independent evidence for the voids. A previous 

study (4) of tritium solubility in single-crystal Si cannot be related to 

Van Vechten's vacancy-void models since only the quantity of tritium 

released from Si had been measured and no infonnation on the total tritium 

retention (which would include amounts possibly trapped in voids) is 

available. 
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PROPOSITION 5 

RESONANCE RAMAN STUDIES OF THE GROUND AND 

5 
EXCITED STATES IN [n -c5H5Fe(CO)J2 - µ-Ph 2P(CH2)PPh2 

ABSTRACT 

Time-resolved resonance Raman spectroscopy would be used to detennine 

changes in the Fe-Fe and CO stretching frequencies in the lowest photo

lytical ly excited states relative to these vibrations in the ground elec

tronic state. The intent is to establish whether the Fe-Fe cr-bond or a 

theoretically predicted non-bonding orbital is the highest occupied molec

ular orbital in the named compound. 
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Among the many interesting aspects of photochemistry in the transi

~ion-metal organometallic compounds, the behavior of the polynuclear 

species with direct metal-to-metal bonds is currently very active because 

these complexes may have applications for solar energy conversion and 

stora:ge :(1'). Since the irradiation of the single M-M bond may be viewed as 

2 hv 1 *l 
0 -+ 0 0 ( l) 

where a and o* are the bonding and antibonding molecular orbitals of the 

metal-metal bond, pho.tolysis of a dimeric complex with a single metal

metal bond usually ruptures that bond (2) to produce reactive monomeric 

complexes. However, Tyler, et al {3) have suggested that irradiation of 

Cp2Fe2(C0) 4
, a dimer with a single Fe-Fe bond and two carbonyl bridges 

where Cp denotes cyclopentadienyl, generates an excited state dimer with

out the Fe-Fe bond but held together by the dual carbonyl bridges. This 

interpretation presumes (4) that o(Fe-Fe) is the highest occupied molec

ular orbital (HOMO) in Cp2Fe2(C0) 4• It is anticipated that irradiation of 

the related system Cp2
Fe2(C0) 2(P2Ph4CH2) should also produce a photochem

ically stable intermediate as 

hv 
-~ 

which is held together by the bridging carbonyls and phosphine ligands. 

However, the molecular orbital (MO) calculations of Sherwood and Hall (5) 

predict that the HOMO in this complex is largely Fe-Fe non-bonding in 

character with substantial contributions to the CO n-bonds while o(Fe-Fe) 

lies at a lower energy. Thus, this MO calculation (5) suggests that the 



250 

Fe-Fe bond should be similar in the ground and photo1ytically excited 

states of cp2Fe2(co)
2

(P2Ph4CH2) in contrast to ·the behavior indicated in 

eqn. (2). Raman spectroscopy studies of the vibrational properties in the 

ground and excited states are proposed to determine which interpretation 

is correct. 

Raman spectroscopy has been extensively used (6-8) to study the 

characteristics of meta1-metal bonds in the ground states of transition 

metal complexes. The recent development of the time resolved resonance 

Raman (TR3
) technique has pennitted evaluation of the vibrational proper

ties in the excited electronic states for several transition metal com

plexes (9-12). Whenever the M-M bond order is altered by photolytic 

excitationt changes in the M-M stretching vibrational frequency are also 

expected. In fact, in a TR3 experiment on tetrakis (l,3-diisocyanopro

pane) dirhodium(I), Dallinger, et al (10) observed a significantly higher 

vRh-Rh in the excited-state relative to the Raman frequency for the Rh-Rh 

bond in the ground state. This observation is consistent with simple 

theoretical predictions (10) that the Rh-Rh bond order is zero in the 

* ground state but the promotion of an electron out of the crRhRh orbital 

greatly enhances the Rh-Rh bonding in the excited states. If eqn. (2) is 

valid, a reverse situation is expected for vF F behavior in the ground e- e 
and excited states of Cp2Fe2(C0} 2(P2Ph4CH2) since the removal of an elec-

tron from the bonding oF F HOMO will give a much lower vF F in the e e e- e 
excited state. However, if a non-bonding state is the HOMO as predicted 

by the MO calculations (5), vF F should be essentially unchanged between e- e 
the ground and excited states. 

The instrumentation necessary to perform the resonance Raman and TR3 

experiments in a study of Cp2Fe2(C0)2(P2Ph4 CH2) would be similar to the 

systems previously described in the literature (9-12). Namely. two lasers 

and a rapid scan detector system with timing circuits to control and 

synchronize light pulse generation and detection are required. The probe 

laser could be an XeCl excimer pumped dye laser to produce narrow band 

tunable radiation over the range 400 to 900 nm. This feature is desirable 
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to give great tlexibility in observing the resonance Raman effect (13) for 

various electronic transitions from the ground and excited states. The 

second (532 nm) or third (355 nm) harmonics of a pulsed Nd:YAG laser 

would probably serve as the excitation sources for the TR3 measurements. 

The resonance Raman scattered light is diffracted by a monochromator for 

detection by a photodiode system where an optical multichannel analyzer 

processes the signal for recording. The sample would consist of a benzene 

solution of Cp2Fe2(C0) 2(P2Ph4cH2) prepared by the method of Haines and 

duPreez (14). 

The proposed study of Cp2Fe2(C0) 2(P2Pn4cH2) would consist of two 

parts. First, the ground state vibrational bonds would be determined from 

the resonance Raman spectra obtained without the use of the excitation 

laser. The vF F stretching frequency is reported to be -220 cm-l for the e e _
1 single Fe-Fe bond (8) and '"'-284 cm for the double Fe=Fe bond (7). Hence, 

a relatively strong Raman scattering peak near 220 cm-l is expected for 

vFeFe in the ground state along with a vCO stretching frequency around 
1700 cm-l for the bridging carbonyl {5). Very different behavior in the 

vFeFe and vCO for the excited states are expected for the alternative HOMO 

descriptions of (a) crFeFe as implied from eqn. (2) and ref. 3 or {b) the 

Fe-Fe non-bonding orbital with CO n-character (5). In case (a), the vFeFe 

will be substantially decreased in the excited state since the electronic 

configuration is cr1o*1 with zero bond order while only minor variations in 

vCO should be seen. Although vFeFe in the excited state will probably 

also decrease somewhat for case (b) since the MO calculation (5) predicts 
* that crFeFe is the lowest unoccupied molecular orbital, two electrons would 

remain in crFere to retain moderate Fe-Fe bond strength. However, the 

removal of the electron from the non-bonding MO for case (b) should 

strengthen the CO bond and significantly increase vco in the excited state 

in contrast to the behavior for case (a). Hence, the TR3 measurements 

should provide relatively straightforward identification of the HOMO as 

well as the vibrational properties in the ground and excited electronic 

states of this interesting dimeric complex. 
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