!
STOPPING CROSS SECTION ADDITIVITY

4
FOR 0-2 MeV He IONS IN SOLIDS

I
MAGNETITE THIN FILMS:

FABRICATION AND ELECTRICAL PROPERTIES

Thesis by

Joseph Shao-Ying Feng

In Partial Fulfillment of the Requirements
for the Degree of

Doctor of Philosophy
California Institute of Technology

Pasadena, California

1975

(Submitted September 12, 1974)



ACKNOWLEDGMENTS

I wish to express my gratitude and profound appreciation to
Professors Marc-Aurele Nicolet and James W. Mayer for their patience
and understanding during the course of this work. Their thoughtfully
tempered supervision and scrupulous and conscientious criticism of my
work provided me with the ideal environment for executing my research.

| am also deeply indebted to Professors Floyd Humphrey and
Charles Wiltts for allowing me unlimited access to their laboratory
facilities. Much of the work presented here would have been difficult,
if not impossible, had it not been for their generosity. [ would also
like to thank Professor Charles Barnes and the Kellogg Radiation Labo-
ratory for guidance and access toc the Kellogg 3 MV van de Graaf. |
also thank Professor Jesse Beauchamp for permitting me the use of his
electromagnet. |

I would like to thank Dr. Wei~Kan Chu for his contributions to
my understanding of the problem of t+he energy loss of charged particles
in matter and for his collaboration in the Bragg-rule studies. [ also
thank Dr. Christopher Bajorek for stimufating my interest in magnetite
and for his continuing support in these investigations. Thanks go fo
Dr. Richard Pashley for several stimulating discussions and for his
collaboration in the galvanomagnetic investigations in Fe304. Much of
this work was raised to the level of scientific respectability through
discussions on magnetics and magnetic materials with Professors Wilts
and Humphrey and in discussions on the slectrical transport properties

of semiconductors with Professor Thomas McGill,



- Iti=

Special thanks go to Mrs. Karen B. Current, Mrs. Kathleen M,
Ellison and Mrs. Carol Norris, In addition to providing excellent
secretarial work, they are treasured friends who have shown me great
kindness during my association with the Electrical Engineering Depart-
ment,

Thanks are also due to Mr. Rob Gorris and Mr. Don McGrath. In
addition to continually providing valuable technical assistance, they
are also responsible for having provided a significant part of my
practical laboratory training.

The financial assistance of the Nationa! Science Foundation
Traineeships, both at the California Institute of Technology and at
Northwestern University, is gratefully acknowledged. | am also
indebted to the Institute and the Electrical Engineering Department for
providing me with a priceless educational experience and financial sup-
port in the form of several teaching assistantships and the concomitant
tuition waivers, The work reported here was supported in part by the
Office of Naval Research, the NASA Langley Research Center, and the
Hoegsted Phim Memorial Fund.

Finally, | would like to express my appreciation to the Exec-
utive Officer for Electrical Englineering for *his opportunity to im-
prove my typing proficiency. The courageous way in which he informed
the students of the impending implementation of this new policy on the
typing of theses is to be universally édmired'and commanded. The timing
is especially noteworthy. Not only had | just successfully solicited
a donation of about $3000 worth of e!ecTronié parts for the department's

instruction program, but there were also two other students from the



-jyv =

the same group who were also in the midst of having their theses pre-
pared. A casual observer might suspect some personal motivations for
this excellent timing, but ! believe that all this circumstantial evi-
dence is not sufficient to be unimpeachably convincing. At any rate,
in these days of women's liberation, my typing proficiency may prove to
be the only marketable skill that the Electrical Engineering Department
has been able to bestow upon me.

[nasmuch as this manuscript was prepared by the best typist
[ know(myselfl, every effort has been made to make this dissertation

as mercifully brief as possible.



—V—

ABSTRACT

Part I

Rutherford backscattering can be used to determine the depth
distribution of the constituent etements in the first micron of a sam—
ple. The interpretation of the spectra requires an accurate knowledge
of the rate at which the probe ions lose their kinetic energy. The
microscopic rate of energy loss, the stopping cross section, has been
fairly intensively investigated, both experimentally and theoretically,
in elemental targets.

In 1905, Bragg and Kleeman proposed that the rate of energy loss
in a compound is a linear superposition of the atomic stopping powers.
Because of the experimental difficulties, the uncertainties in the tests
of this assumption have been 5-10%. Within the sensitivities of these
experiments, Bragg's rule has usually been reported to be valid at high
jon velocitiesC E 2 | MeV/amu ). We describe two new methods of testing
Bragg's rule in which the apparent sensitivity 1imit is below 1%.

The first test requires that Braggfs rule be extended in the
obvious way to include alloys and non-stoichiometric compounds. This
experiment requires a multi-layered sample in which the components of
these layers can somehow be redistributed. 1If there is no chemical
interaction with the ambient, including the substrate, the total energy
loss in this multi-layered structure should be independent of the
distribution of the constituent elements., This fest was applied to two-
tayered structures of Au-Ag, Au-Cu, Au-Al, and their alloys or com-

pounds. The total energy loss before and after the two layers were
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mixed was reproducible to within 1%, as predicted by Bragg's rule.

The second test is particularly useful in those targets in which
one of the component elements(or chemical radicals) is not readily
available as a separate layer. Some examples that were included in this
experiment are the oxides, SiO2 and A!ZOS. The analytical procedure
required that three assumptions in addition to Bragg's rule be invoked.
When this procedure was applied to MgO, SiOZ, A1203, FeZO3 and Fe304, T+
was possible to demonstrate that there is a unique contribution by oxy-
gen to the molecular stopping cross sections of these compounds. How-

ever, this value is apparently 6-22% lower than the value expected from

the measured stopping cross section:of molecular O2 in the gas phase.

Part 11
A low-temperature process for manufacturing magneTiTe(Fe304)

thin films by converting hemaTife(a-FeZOS) thin films is described.

The films produced are unambiguously identified as magnetite,

Resistivity, dc Hall effect and transverse magnetoresistance

[=]
measurements were performed on these films from 104 K to room temper—

ature. The Verwey transition is observed at 123°K, about 4°K higher
than reported for stoichiometric bulk magnetite, The ordinary and
extraordinary Hall coefficients are both negative over the entire

temperature range, consistent with negatively charged carriers. The

1/3

extraordinary Hall coefficient exhibits a p- dependence on the resis-

Tivity above T,, and a p2/3 dependence below T,,. The magneftoresistance

) v

is negative at all temperatures and field strengths and i+s magnitude

increases monotonically with the magnetic field at all temperatures.
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The planar Hall effect signal was below the sensitivity of the present
experiment.

One particular anomalous result observed in these measurements
is the elevated Verwey transition temperature. To account for this
unusual behavior, the Verwey fransition in magnetite thin fiims was
investigated by measuring the Temperafufe dependence of the sheet
resistivity. It was demonsirated that substrate-induced stresses are
responsible for the elevated Verwey transition temperature. The ratio
of the resistances in the two states, as evaluated at the transition
temperature, is apparently proportional to the thickness of the film
and independent of the substrate. The combination of these two results
suggests that there is a 600-1200 A layer that remains in the high
conductivity state at all temperatures and that it is probably at the

free surface of the magnetite film,
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Chapter |

INTRODUCT 1 ON

In recent years, much effort has been expended in studying the
motion of energetic charged particles into the first few surface micro-
meters of a solid target. One particularly fruitful application has
been the development of .Rutherford backscattering of MeV helium ions to
study the aftomic composition in those first few microns. Encouraged by
the availability of low energy accelerators and the associated instru-
mentation, a hardy band of solid state experimentalists has actively
applied this powerful new tool to a host of modern technoliogical prob-
lems. The impact of the development of this new analytical fechnique
and the rapidity with which this field has advanced can be gauged by fhe
large number of recent review articles on the application of nuclear
techniques to solid state problems(Gyulai et al, 1970; Gyulai et al,
1971; Mayer and Phim, {971; Mayer, 1972; Nicolet et al, 1972; Chu et al,
1973a; Chu et al, 1973b; Mayer and Turos, 1973; Mayer, 1973a; Mayer,
1973b; Nicelet and Mayer, 1973; Nicolet and Mayer, 1974; Mayer and Tu,
1974; and Mackintosh, 1974),

One of the unique features of a-particle backscattering is that it
provides a non-destructive measurement of the depth distribution of the
different constituent elements. This depth perception is a result of
the energy tost by the probe ion as it penetrates the sample. The con-
version from the amount of energy lost by the particle, the experimen-
tally measured quantity, to the corresponding denth in the target im-

plies the rate of energy loss is known. This parameter has been exten-
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sively characterized both experimentally and theoretically for the pure
elements(for an extended discussion, see Ziegler and Chu, 1973). How-
ever, some of the most interesting applications of backscattering in-
volve targets of intermediate compositions such as alloys or compounds,
The energy loss in these targets has almost always been estimated by
applying linear superposition, or Bragg's rule, to the rates in the
constituent elements.,

This assumption was first made by Bragg and Kleeman(1205) during
their studies of the range of natural a-particles. Since knowing the
amount of energy deposited in organic material, such as a human being,
by a radiocactive decay particle 1s important in the fields of radiation
safety and health physics, the validity of this rule has been most
extensively investigated in range-energy studies of natural a-particles
in air, water, and several organic compounds(the most complete recent
compilation of these experiments are |isted as references 2-16 in
Bourland and Powers, 197i{). The most precise experiments for 0-2 MeV
“He ions have been those performed by the Baylor University(Waco, Texas)
group in their measurements of the atomic and molecular stopping cross
sections of several gases(Bourland, Chu and Powers, 197|; Bourland and
Powers, 1971; and Powers et al, 1972).

Despite the availability of solid targets, there exist few reports
of tests of Bragg's rule in solids. Those that do exist usually apply
either to protons or higher energy a-particles. {n generaf, no serious
violations of Bragg's rule, within the sensitivity of the experiments,
were observed. One recent exception has been an apparent departure from

Bragg's rule in Si0, that was reported by Thompson and Mackintosh(1971).,

2



In attempting to perform a Bragg-rule experiment, it appears that a
measurement of the differential energy loss should be more sensitive
than attempting to measure the 10-100 um range of an MeV a-particle in
a solid. The accuracy of a differential measurement is usually limited
by the errors inherent in determining the thickness of the target. In
this energy range, convenient targets are typically 100-500 ug/cm2
thick and the random errors in almost any measurement of the thickness
will be about 3-5%(see Chu and Powers, 1969). The sensitivity of a
Bragg-rule experiment that utilized this approach would be limited to
5-8%. In contrast, the reported precision of an energy loss measurement
in a gas is typically about 1%(see Bourland, Chu and Powers, 1971).

The discussion of sensitivity raises the question of whether or
not Bragg's rule should be valid, and how large the deviations will be
if 1t is not applicable. ~One possible answer is that it depends on the
particle velocity. At these energies, the stopping is almost entirely
due to interactions with the electrons in the stopping medium. At
extremely high, but non-relativistic, velocities, the electrons aopear
to the fon as a plasma and Bragg's rule should be obeyed. At very low
velocities, the ion-electron interactions are affected significantly by
the details of the elactronic states since the valence shell electrons
contribute a larger fraction of the stopping than at high velocities.
Since the valence electrons are those most significantly affected by any
chemical or physical changes, deviations from 3ragg's rule would be
expected to be largest at low energies. The magnitude of these devi-
atlons has been estimated to be as high as 30%(Brynjolfsson, 1973;

Ziegler, Chu, and Feng, unpublished).
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High energy a-particlie backscattering is usually performed with
incident energies of 1-2 MeV; the detected parficle energies can be as
fow as 0.3 MeV. This just spans the fransition between the high and low
velocity regimes described above. In measurements on gaseous hydro-
carbons over the same velocity range, chemical binding and physical
state effects up to 5% have been observed using both protons and helium
jons (Jorgensen, 1958; Bourland and Powers, !971). The present study
was undertaken to test the validity of Bragg's rule in solid targets
over this sames energy range and to improve on the sensitivity of the
previous tests. A particularly elegant test is described in Chapter 2
in which the fundamenfal‘limif of the sensitivity is beiieved to be
below Q.1%. A more circuitous approach, that is used when the method
of Chapter 2 is inapplicable, is described in Chapter 3. The sensi=-
tivity of this second test is at least 1% and it may be even better.
This work has been described previously in a number of
publications. These include:
"Relative Measurements of Stopping Cross Section
Factors by Back-Scattering," J. S.-Y. Feng, W. K. Chu, M-A.
Nicolet and J. W, Mayer, 1973, Thin Solid.Films, vol. 19, p. 195,
"Bragg's Rule Study in Binary Metal Alloys and Metal
Oxides for MeV “He lons," J. S.-Y. Feng, W. K. Chu and M-A.
Nicolet, 1973, Thin Solid Films, vol. 19, p. 227,
"Stopping Cross Section Additivity for 1-2 MeV “He™ in
Solid Oxides," J. S.-Y. Feng, W. K. Chu and M-A. Nicolet, 1974,
to be published in the Physical Review B, November 1974,

The results of a related experiment, stimulated by an inconsistency in
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the present results, may be found in Appendix B. It has been submitted
in part for publication as:
"Energy Loss of 0.3-2.0 MeV “He lons in Aluminum,"

J. S.-Y. Feng, submitted to the Communications of the Journal

of Applied Physics.
The results of a totally unreiated experiment that will not be reported
here can be found in:

"lron Silicide Thin Film Formation at Low Temperatures,"

S. S. Lau, J. S.-Y. Feng, J. O. Olowolafe and M-A, Nicolet, 1974,

presented at the International Conference on Low Temperature

Diffusion and Application to Thin Films, Yorktown Heights,

New York, 12-14 August 1974,
Finally, at the time of this writing, there is a manuscript in prepara-
Tion. This discusses the theoretical origins of physical state effect
and estimates the magnitude of this effect for MeV helium ions from
theoretical and experimental considerations. The contribution of the
present author to this work is !imited to having provided the experi-
mental supporting evidence for this effect. This is being cited in
this manuscript as J. F. Ziegler, W. K. Chu and J. S.-Y. Feng, 1974,
unpubiished. It is the intention of the first two authors to sudmit the

manuscript to the Physical Review Letters,
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Chapter 2
BRAGG'S RULE IN BINARY ALLOYS

2.1 Introduction

lon backscattering is particularly well-suited for determining the
atomic composition of the first few surface micrometers. One of the
most common examples of the use of MeV helium ions has been to study
The metalturgical reactions between two thin films or between a thin
film and its substrate(see, for example, Bower, 1973).

Since the rate at which energetic helium ions dissipate their
kinetic energy in an elemental medium is an intensively studied fopic,
the conversion of the scattered particle energy to the corresponding
depth is stralghtforward when the sample contains only one element.
The extension to the case of laminar tayers of single elements is only
slightly more difficult., Onge the contents of the layers begin inter-
mixing, the conversion from energy to depth assumes that the stopping
power and the density of the mixture are also known. Although Bragg's
rule has traditionally been considered applicable only to stoichiometric
Compounds(see, for example, Bourland and Powers(1971) where this is
implicitly assumed), a natural and useful extension would be to apply
the concept of linear addiTiviTy of stopping cross sections to alloys
of arbitrary composition and non-stoichiometric comoounds.

This chapter describes a self-consistent procedure for testing
Bragg's rule in sclid alloys that is both elegant and facile. The
results of the tests on three binary metal alloy systems indicate that

any deviations from Bragg's rule are below the 1% sensitivity of the
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test.

This test can be readily applied in several types of thin tilm
reaction studies. By assuming, a priori, that Bragg's rute is valid,
it can be used to verifv the consistency of the experimental results

obtained in the different stages of a reaction,

2.2 Formulas for Applying Bragg's Rule
Stopning cross section additivity, or Bragg'!s rule, is given by

the formula

I = me« € + n o g (2.1)

where €p and ¢

and B , respectively, and

g are the atomic stopping cross sections of elements A

€A B is the molecular stopping cress sec—
m™n

tion of a compound with the chemical formula AmBn (Bourland and Powers,

1971)1. The stopping cross section is given by

S
€ N ax (2.2)
A
where N is the number density of atom A (atoms/cm3).

A

Sometimes the energy loss is available in experimental units of
dE/pdx . A defining equation for Bragg's rule in this form can he
derived by taking the definition of Bragg's rule in £q. 2.1 and multi-
plying hoth sides by NO, Avogadro's number, and substituting according

to Eg. 2.2 to give



o dE ) o dE o dE
NA B dx A B NA dx A NB dx B
mn m n

M . NO .d_E_ = meM -_1\1.9._ ..d_E. + n-M q———-No .d_E_
AmBn MA B NA B dx A B A MANA x1a B MBNB dx B
mn mn m-n I
(2.4)
whare - MA and MB are the atomic weights of A and B , respectively,
and MA B is the molecular weight of AmBn . Since the molar density
mn '

of A is given by NA/No , it follows that

AN NN (2.5)

M !
A B
T—'ﬂ—’l—g—g = meM,e f( + n-MB'—g—E- (2.6)
AB- A B PExIA s
mn mon
and since MA B = m-MA + n-MB , 1T follows that
m n
| dE ) My gl "y de |
pAmB dx Aman mMA + nMB odx A mMA + nMB pdx B

(2.7)
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This is a form of Bragg's rule that is useful when analyzing the back-
scattering spectra of samples of known composition and it can be
extended to ternary compounds in the obvious way.
The following formulas for homogeneous, binary alloys of arbitrary
composition assume that the mixture was produced by two layers of known
thicknesses and that the volume of the alloys is +he same as the volume

of the ftwo original layers. If the original bimetal structure had a

film of A of thickness TA and with a density op and a layer of B
of thickness TB and density Py » the density of the alloy AR witl
be

. ) pA'TA + pB.TB 8

AB TA + TB
The partial density of A in the alloy, pr , will be

A _eptTy

pAB - "T‘-_,_T— (2.9)

A B

with the partial density of B given by the obvious modification of
Eq. 2.9. A closer inspection of Eq. 2.7 reveals that the partial

density of A 1{s also given by

mM
A A
o = —_—— . (2.10)
AB mMA + nMB AB

so Bragg's rule can also be stated as
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A 0B
L= - e, A8 & (2.11)
Pag “XlaB Pag PIX|p Pag PIB

This form of Bragg's rule is particulariy useful for the test procedure
described in part 2.3 when the stopping power is given in the

experimenta! units of dE/pdx .

2.3 Concepts and Calculations

This test of Bragg's rule is based on the observation that the
velocity dependence of the energy loss is similar in all stopping media.
That is, the ftotal stopping Eower of a laysr of one element is about
equal, at all particle energies, to the total stopping power of a layer
of a different thickness of some other element.

[t follows that in a two-layered structure, the total energy lost
In penetrating hoth layers should be Independent of fhe order of the two
layers. For example, consider the case of of a layer of material A of
thickness TA on a layer of material B of fthickness TB . 1f the
energy dependence of the stopping powers of A and B are related at
all enefgies by the same proportionality factor, it follows that these
two layers can be reversed without changing the total energy lost
through the two layers.

The test of Bragg's rule consists of showing that an intermediate

redistribution also produces no net change In the total energy loss.

Bragg's rule must be invoked because these intermediate distributions
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contain mixtures of the two originally separate species. This allows
the substitution of A for B and vice versa to be performed at any
depth and in any amount within the sample without changing the total
energy loss. Bragg's rule therefore predicts that the total energy lost
in penetrating a two-layered sample will be independent of the degree of
mixing between the two layers, from the extremes of two separate layers
to complete and uniform mixing between the two layers.

The application of this concept in a backscattering geometry is
illustrated schematically in Figure 2.0, A backscattered particle
obviously loses energy on both the incoming and outgoing paths. The
simifar energy dependence implies that the calculation of the substi-
fution described above to simulate mixing will require nearly the same
proportionality factor for the substitution on both the inward and
outward trajectories.

In the backscattering experiment, the total energy lost by a
particle that reaches the film-substrate interface and then scatters to
emerge from the target should be the same before and after the layers
are mixed. In measuring the total energy l!oss, it is convenient o
compare the energy of a particie scattered from a particular element at
the surface of the sample with the energy of a particle scattered from
the same element at the sample-substrate interface. In the case of A
on B , this energy width is defined as the difference between the
energy of the signal produced by B at the surface EB = KB~Ein (see
Equation 3.2) and the energy of the signal produced by the B at the
substrate. The energy width of the B signal in the AB alloy is

defined in exactly the same way.



Figure 2.0 Total energy loss in binary films before and after mixing.
The contribution of a two-layered structure to the
total energy loss in a backscattering experiment is
illustrated by the figure on the left. The ion
initialty has an energy of Ein' As 1t penetrates
the layer of A , it loses energy according to the
stopping power of the A (e+++}, Similarly, the
particle loses energy as it penefrates the B layer
(==~=). After scattering at the B-substrate inter-
face, the particle then exits while losing energy in
the B layer(s-+~) and the A layer(-es=+¢) before
finally emerging with a detected energy of E' .

The case after mixing the A and B layers is shown on
the {llustration on the right. The particle now
loses energy going info the alloy(- - -} and coming
out of the alloy sample(s=e¢~e~) to be finally
detected with an energy of E"

Bragg's rule predicts that the energy loss going in and
coming out, separately considered, should be the
same in both cases. The similarity in the energy
dependence of the stopping powers guarantees that

the same calculations apply to both trajectories.
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ENERGY LOSS REPRODUCIBILITY IN MIXED BINARY FILMS
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Bragg's rule and the similarity in the energy dependence of the
stopping powers together predict that the total energy width of a two-
layered target should be nearly independent of both the order of the
two layers and the degree of mixing produced between the two layers.
Thus, testing Bragg's rule by this procedure simply requires comparing
the energy width of a two-layered sample with the energy width of the
same sample after mixing the two layers.

[n this intuitive argument for the plausibility of this test of
Bragg's rule, it was assumed that the relative energy dependences of the
stopping power is the same in all stopping media. Since this test was
applied to helium ions with less than 2.5 MeV kinetic energy, this
assumption is not exactly valid.

This assumption breaks down because the stopping powers of dif-
ferent stopping media do not have exactly the same relative energy
dependence. To cite just one example of a failure of this assumption,
there is a maximum in the energy dependence of the stopping cross sec-
tion that occurs at different energies for different elements. The
energy of this peak varies from about 600 keV for a light element like
aluminum to over 1200 keV for a heavy element like gold. The relative
enefgy dependence of the stopping power above and below this peak appears
qualitatively to be less sensitive to the choice of the stopping medium,

A backscattering experiment samples the stopping power of the tar-
get material at two distinctly different energies. Applying this sub-
stitution concept separately to the incoming and outgoing trajectories
may require different proportionality factors when calculating the

substitution ratios for the two elements on the inward and outward paths.
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Thus, this model might not predict that the total energy width will be
fixed because the same composition ratio will necessarily be present on
both the inward and outward trajectories.

However, this assumption is still approximately valid and it is
not seriously violated. Because the impact of departures from the
validity of this assumption is not obvious, this method of testing
Bragg's rule was first evaluated by performing a detailed numerical
simulation. The F@PRTRAN Ilisting and a description of Tthe program used
in this calculation are included as Appendix A,

The energy loss was first calculated for two-layered structures
such as 500 Z of Au on 1500 Z of Ag. The procedure outiined in part 2.2
was used tTo calculate the Bragg-rule stopping power of the 2000 ; Au-Ag
alloy film that would be formed by annealing this two-{ayered sample.
This was then used to calculate the total energy loss after allioying.
The energy of the particles backscattered from the silver-substrate
interface was compared before(EAg) and afTer(Exg) this gedanken anneal
since, in both cases, it is these particles that lose energy through the
entire sample. In order to make a sensible estimate of the significance
of any observed shifts, these were referenced to the energy of a parti-

cle scattered from Ag at the Surface(EAg =K Ein) by comparing the

Ag

diff ~E! -E" . i
ifferences EAg EAg and EAg EAg The energy widths were also

o o
calculated for 1500 A of Ag on 500 A of Au to compare the energy widths
of the gold signal before and after annealing the sample. The results

of fhese calculations for various incident ion energies are shown in

Table 2.1,

As expected, th Iculat i =E! ; -E!
xpected, e calculated energy widths before(EAu EAu’ EAg EAg)
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and afferLEAu—EXu; EAg—Exgl the "énnealing" are nearly unchanged. The
small differences(E'-E") may be due to computational quantization errors
or round-off errors in calculating the stopping power of the mixture.
Since these differences are typically much less than | keV, it would
be very difficult to observe these experimentally, and so the origin of
these shifts was not actively pursued.

Calculations were also performed for 1500 Z Au/ 1500 Z Ag,

o ° o o o o
1500 A Au/500 A Ag, 500 A Au/1500 A Cu, 1500 A Au/1500 A Cu and
1500 Z Au/500 Z Cu and their alloys. The results are shown in Tables
2.2=-2,6 . The total energy widths of these simulated smaples before and
after annealing are also essentially unchanged at all incident energies
for these pairs of metal layers.

Thus, Bragg's rule predicts that any changes in the total energy

loss produced by alloying a two-layered sample should typically be less

than | keV out of a total energy width of about 200-400 keV.
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2.4 Experimental Procedure

Since this experiment measures the reproducibility of the total
energy lost in a sample, the sensitivity to deviations from Bragg's
rule is limited, in part, by the reproducibility of the amount of stop-
ping material. [t is assumed that the measurement of the detected
particle energy and the setting of the incident beam energy can be made
witTh negligihly small errors., The reproducibility of the amount of
stopping material can be adversely affected by side effects of the
annealing process such as lateral fransport of some of the stopping
material, incorporation of additional stopping material from the ambient,
loss of stopping material due to evaporation, or a chemical reaction
with the substrate.

The effects of lateral transport can be minimized by carefully
inspecting the samples for changes in the surface texture. The samples
in tThis experiment were prepared on polished substrates +o produce fiim
samples with mirror finishes. After annealing, most of the samples
retained their smooth appearance. Some of the samples were examined by
phase contrast microscopy and scanning electron microscopy. These
suggested that any surface coarseness produced by the annealing was due
to separation of the sample fiim from fthe substrate. Since the particle
beam extends over v2 mm of a sample, it is assumed that no significant
lateral transport could plausibly have occurred over this large a
distance.

The samples were annealed in a vacuum of better than IO_4 Torr to
minimize the possibility of incorporating part of the annealing ambient

into the films. Although this vacuum is not Very impressive, it is
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comparable to less than | ppm reactive impurity content in an inert gas
|ike argon. In addition, this study was limited to the less-reactive
elements of gold, silver, copper and aluminum. Although aluminum is
chemical ly active, it rapidly forms a thin protective oxide that |imits
its reactions with the ambient., Copper, of course, oxidizes slowly.

The samples were annealed at the lowest possible femperature to
minimize the vapor pressure of the constituent elements of the sample.
Since all of the elements have negligible vapor pressures at the
annealing temperatures of 200-500°C, the amount of stopping material
lost by evaporation during the anneal is probably insignificant.

The substrates used in this study were selected, in part, to be
chemically inert to reduce the chances o# chemical interactions between
the sample films and the substrates. No evidence of substrate-sample
reactions were found after the annealing step either by visual
inspection or in any of the backscattering spectra.

The reproducibilify of the measured total energy loss is also
affected by the lateral thickness uniformity of the thin film sampies.
Two different types of samples were prepared with special precautions to
insure that the errors caused by any lateral nonuniformities were much
smal ler than the other errors in the experiment,

One type of target was prepared by vacuum evaporation from tung-
sten filaments onto substrates at room temperature. Material at least
99.99% pure was evaporated in a vacuum of better than IO_6 Torr at an
average deposition rate of over |0 ;/sec. Half of the substrate was
masked during the deposition of the first layer of stopping material.

The sample was then exposed To the atmosphere to allow the orienfation
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of the mask to be changed by 90° on the sample. A second deposition of
another stopping material produced a sample with four quadrants. The
first quadrant had exposed substrate, the second and fourth quadrants
each had single layers of the stopping materials, and the third quadrant
had the two layers needed for ftesting Bragg's rule by the present method.
This procedure is illustrated in Figure 2.1.

This type of sample was mounted on a two-axis goniometer with the
intersection point of the four quadrants centered over the polar axis.
The helium ion beam was then directed at a spot centered about 3 mm off
the polar axis. The desired quadrant was then selected by changing the
polar angle of the goniometer. The reproducibility of the beam spot
location was better than | mm and the azimuthal angle of the goniometer
is also reproducible to within 0.2°. Since the filament-to-substrate
distance during the deposition was about 10 cm, the calculated error due
To thickness variations in the sample is less than 0.1%.

A second set of samples was prepared by evaporation from sources
in atundum crucibles. The material was heaTeé by radio frequency
induction heating. The material used was at least 99.96% pure.
Entrapment of additional impurities during the deposition was minimized
by evaporating in a well cold-frapped vacuum of better than IO'7 Torr at
an average deposition rate of over |5 ;/Sec. The substrates were cooled
to about 150°K to maximize the condensation rate from the vapor phase
and hopefully improve the smoothness of the deposited film. The
uniformity of these samples was guaranteed by the evaporation geometry,
The evaporation source had a 2 cm diameter active area and it was

located 35 cm from the substrates. The thickness variation in this



1. Deposit thin marker layer

on entire substrate(optional)

2. Mask half of the substrate

Deposit first layer on
the unmasked half

3. Remove mask
Deposit second thin marker
layer(optional)

L, Rotate mask orientation 90°

Deposit second layer

5. Remove mask

Deposit final marker layer

on entire sample (optional)

Produces sample with four sectors
1. Bare substrate
2. First layer alone
3. Two layers

4, Second layer alone

Mount on two-axis goniometer with
normal axis at the center of

the sample

Aim ion beam off-axis

Select desired quadrant by

rotating the sample

Figure 2.1 Sample preparation procedure for producing a four-quadrant

sample for the test of Bragg's rule in binary alloys.
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evaporation system has been characterized by optical measurements(Wilts,
1972, unpublished), and the interpolated estimate of the maximum thick-
ness variation on a | cm diameter sample is less than *0.3%. This
potential error was further reduced by reproducing the alignment of the
ion beam spot location of the sampie to within 3 mm,

In addition to the two layers of stopping material, the samples
used in the Au-Al and Au-Cu tests of Bragg's rule had gold marker layers.
For example, in the Au-Al samples, there were two gold layers of less
than 20 Z each deposited onto the two Al surfaces. These markers are so
thin that they do not contribute significantly to the total energy loss
in the sample. |In the case of Au-on-Al, this was used to predict in
advance the expected energy of particles scattered from the gold atoms
at the substrate after annealing the sample. By including these markers
substrate,

2

it was possible to simultaneously test Bragg's rule over a wide range of

and making use of the silicon and oxygen signals from the SiO

scattering kinematics for each setting of the incident particle energy.
The use of these gold markers is also illustrated in a recent study of

the energy straggling of -2 MeV “He(Harris and Nicolet, 1974).

2.5 Experimental Results

This method of testing Bragg's rule was applied to the binary:
metal alloy systems of Au-Ag, Au-Cu and Au-Al. Because copper and silver
are not miscible in solid soluftions, the Ag-Cu binary system was not
included in this study. The Au-Ag and Au-Cu pairs both form metallic
alloys of arbitrary composition. Gold and aluminum form a series of

semi-insulating intermetallic compounds, one of which is familiarly known
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to the semiconductor industry as the "purple plague." The results will
be described in detail for one particular sample of Ag on Au. Since
these are typical and representative of the results on the other pairs,

the results for the other cases will only be summarized.

2.5.1 Ag-on-Au

A four-quadrant sample was prepared by depositing a (900 Z Ag fiilm
onto a 1000 Z Au film on a thermally oxidized silicon substrate. The
thickness of the two layers was determined by backscattering 2 MeV ”He+
from the quadrants containing pure Au and pure Ag and using the appro-
priate stopping cross sections as reported in the literature(Chu and
Powers, 1969; Lin, Olson and Powers, 1973),

The backscattering spectra of all four quadrants were taken for
incident helium ion energies of 500-2000 keV. The sample was then
annealed for about 30 min at 400°C in a vacuum of about IO—4 Torr.
Backscattering spectra of the four quadrants were again taken using the
same particle energies and the total energy loss before and after
annealing were compared. The energies of the scattered barficles were
calibrated by using the energies of particles elastically scattered from
surface atoms of known masses. This procedure guarantees that this step
in the experiment is |imited only by the precision of the reproduci-
bility of the incident particle energy and not on the accuracy of the
setting of the particle energy. In addition, the absolute particle
energy was calibrated against a preciéion pulser that had in turn
been calibrated using a number of natural a-particle sources. Further-

more, other students had recently performed calibrations using nuclear
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reactions.

The backscattering spectra taken using 2 MeV “He+ before and after
annealing the sample are shown in Figure 2.2, Also shown are decompo-
sitions of the spectra into the separate Au and Ag contributions. The
arrow labeled E identifies the energy of a particle scattered from

Au
a gold nucleus at the surface of the sample. The arrow labeled EAu
in tThe pre-annealing spectrum indicates the lowest energy for a particle
scattering from a gold nucleus in the sample. Similarly, the arrow
marked Exu indicates the lowest energy observed for the gold signal
in the post-annealing spectrum. The notation for silver is similar.
The total hackscattering energy of the gold signal is defined in the
ohvious way by taking the difference between E, = K, E and either

Au Au_in
- 1. n
EAu or E .

Au

Although the two rear steps in the pre-anneal spectrum( EAU and
EAg 1 are not clearly resolved in the experimental data, they are shown
clearly separated in the decomposition of the two signals. Both of the
decompositions represent spectra calculated using the computer program
described in Appendix A. In the pre-annealing épecfrum, the thickness
values for the two layers used in the calculation were taken from the
2.0 MeV backscattering spectra(see above). The consistency of these
values can be tested by comparing the calculated and experimental values
for the highest energy of the Au signal in the pre-anneal spectrum. The
agreement, shown in the top half of Figure 2.2, is obviously good.

Another less reliable test was performed by differentiating the low

energy edge of the total signal to locate E}

' .
AL and EAg . This also

agreed with the calculated results to within *| channel, or about *2 keV.
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Figure 2.2 Top: Backscattering spectrum of a 1900 R Ag £ilm on 1000 R
Au, The Au signal is shifted toward lower energies by
the overlying Ag, causing an overlap in the two sig-

nals. E is the energy for backscattering from Au at

Au
the surface and EAg is the corresponding energy for Ag.
EAu is the low energy edge of the Au signal and EAg is

the low energy edge of the Ag signal. The line is a
calculated spectrum that assumes the stopping cross
sections of Lin gt al(1973) and Chu and Powers(1969)
and assuming the thickness values given above. The

backscattering yield is fitted only at EAg'

Bottom: Backscattering spectrum of the same film after
anmealing for 30 min at L00°C. Ej and By, are the
low energy edged after annealing. The line is cal-
culated by é.ssuming conmplete and 'homogeneoﬁs mixing of
the two metal layers and the yie;ld is fitted only at

EAu.

If Bragg's rule is valid, the total energy loss through the
entire film must be the same before and after anneal.
This implies that EAu and EEu must be the same in both

spectra.
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The pre-annealing spectrum shown is a worst case example for deftermining
EAu and EAg . At all lower incident ion energies, the two steps were
clearly and easily distinguished. The post-annealing spectrum was
calculated by assuming that the two initial films formed a homogeneous
alloy.
Bragg's rule predicts that EAU and EY  must be the same. The

Au

measured values of E U—E' and EAU_EXu for various incident particle

Au TAu
energies of 0.,5-2,0 MeV are given in Table 2.7. Within the accuracy of
the experiment(+2 channels, or < 4 keV), the energy width is unchanged
after annealing, confirming Bragg's rule to an accuracy of about 1%.
Also shown in the table are the calculated energy width of the
gold signal(both before and after anneallng) aqd the experimental and
theoretical energy widths of the silver signal after annealing. These
calculations were also performed using the thickness values as deter-
mined by 2 MeV backscattering from the single layered quadrants. The
good agreement in these cases demonstrates the accuracy of the computer
program and the accuracy of the stopping cross section data used in the

calculations.

2,5.2 Other Samples

Similar experiments were performed on a four-quadrant sample of
Au-on-Ag. Since the two signals did not overlap in the pre-anneal data,
the determination of the Ag signal energy width was much easier. The
results were similar to those for the Ag-on-Au sample just described.

More measurements of both Au-on-Ag and Ag-on-Au were performed on

o o
a series of samples with initial film Thicknesses of 1000 A to 4000 A
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TABLE 2.7
=-F! " : N
Ein EauBau EauBau 2Fay Eag Fag
(keV) (keV) (keV) (keV) (keV)
experimental calculated exp. calc.
before after before & after
anneal anneal anneal anneal
2000 343 344 346 343 340
1750 368 366 366 361 357
1500 381 378 379 370 368
1250 372 377 382 362 368
100Q 372 374 371 357 355
750 336 335 327 318 321
500 284 278 276 261 262

The difference is given between the energy of “He backscatfered from an

atom of Au at the surface(E, =K, E. ) and at the substrate(E! or E" )
Au in Au Au

Au

-F1! -E" .
Au EAu) and affer(EAu EAu) the film was

annealed to produce complete and homogeneous mixing, The notation for

in a two-layered film before(E

Ag is similar. The sample used in these measurements is the sample
o o

shown in the spectra in Figure 2.2 with 1900 A Ag on [000 A Au. AEAu

H a -F 1! =g ) H -

is the calculated value of EAu EAu or EAu EAu using the same pro

cedures as in calculating Tables 2.1-2.6. The close equality observed

in EAu—EAu and EAU_EXU confirm the applicability of Bragg's rule.

Also shown are the experimental and calculated values for EAg—Exg for
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Table 2.7 caption(continued)

the silver signal after annealing the sample, The agreement
demonstrates the accuracy of the computed spectra. The uncertainties
in the experimental values are less than or equal to +#2 channels, or
approximately x4 keV. The calculated values are based on the thick-
nesses of the pure metal quadrants(see Figure 2.1) as measured by
backscattering at 2.0 MeV and using the Ag stopping cross sections of
Chu and Powers(1969) and the Au stopping cross sections of Lin, Oison

and Powers(1973),
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for the pure elements and using samples with thickness ratios of about
I:] to [:3. These samples were prepared on glass substrates cooled to
about 150°K, as described above. These measurements also produced
simitar results.

The maximum deviation observed on these other Au-Ag samples was
ahout 2%. In general, the Au~Ag mixtures obey Bragg's rule to within
+1% from 0.3 to 2.0 MeV for samples with the appropriate thicknesses
for a backsEaTTering experiment(2000-5000 Z).

The Au-Al system was tested for both Au=on-Al and Al-on-Au using
four-quadrant samples on thermally oxidized silicon substrates. The
thin Au marker layers as well as the Si and O signals from the substrate
were all used to test the reproducibility of the energy loss through the
al loyed layer over a wide kinematic range. The post-annealing spectra
showed a non-uniform distribution of gotld and aluminum, a result that is
consistent with the simultaneous formation of several intermetallic
compound layers. The observed shifts in the marker energies for inci-
dent ion energies of 0.75-2.25 MeV were typically smaller than the
estimated experimental accuracy of about 1%, although some did
occassionally exceed 1%.

Measurements for Au-on-Cu were made using |.0-2.25 MeV incident
ion energies while measurements for Cu-on-Au were made only at 2.0 MeV.
These samples were made by vacuum deposition onto cooled glass sub-
strates, as described above. A small systematic increase in the energy
width of +i+1% was observed after annealing the samples. This could
have been caused by impurity absorption, and it has been suggested that

an annealing vacuum of IO_4 Torr is not sufficient to prevent oxidation
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of the copper(J. M. Poate, 1973).

2.6 Discussion

With minor reservations about the Au-Cu .system, the results
establish the applicability of Bragg additivity in the three binary
metal combinations used in this experiment, Although gold is common 1o
all three pairs, it is not believed that gold is in any way unique.
Based on these results and other opportunities for applying this test,
it is believed that Bragg's rule will be applicable to within % in all
solid phase systems.

The ease with which this test can be applied can have significant
implications on the practice of ion backscattering spectrometry. An
important class of problemg that has been extensively studied by back-
scattering is the interaction between thin layers where the substrate
does not interact either chemically or metallurgically. Some recent
examples of this of this have been studies of Ag-Al(Westmoreland ef al,
1973) and Au-Al(Campisano et al, 1973} intermetallic compound formation,
reliability studies of the metallization techniques used in manu-
facturing integrated circuits(Bower, 1973; Lugujjo et al, 1974), and the
reactions between various metals and thermally grown silicon dioxide
(Krautle et al, 1973)e The reproducibility of the energy of the ions
scattered from those atoms that remain at the sample-substrate interface
can be taken as confirmation of the validity of Bragg's rule in that
particular system. This makes the testing of Bragg's rule a by-product
of many other experiments, A more practical approach would be fto assume

that Bragg's rule is valid and to use the reproducibility to test for
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anomalous effects in the sample handling. For example, a shift of this
signal to higher energies would be evidence of the loss of some of the
sample material. Conversely, a shift o lower energies would correspond
to the incorporation of additional stopping material, as might occur if

the sample became oxidized.
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Chapter 3
STOICHIOMETRIC COMPOUNDS

3.1 introduction

Thin layers of dielectric compounds represent an important class
of materials that has been investigated by ion backscattering. Examples
include the formation of iron oxides(Feng, Bajorek and Nicolet, 1972},
anodization studies of aluminum(Kamoshida and Mayer, 1972; Brown and
Mackintosh, 1973) and tantalum(Chu, Nicolet, Mayer and Evans, 1974), the
range of heavy ions in insulators(Chu, Crowder, Mayer and Ziegler, 1971},
and the composition of films produced by chemical vapor deposition
(Kamoshida, Mifchell and Mayer, 1971) and liquid phase epitaxy(Nicolet
and Feng, 1974},

These dielectrics almost invariably contain either nitfrogen,
oxygen or some halogen. Since these elements usually are not conve-
niently available in the solid phase, it is difficult to test Bragg's
rule in these materials by applying the procedure described in the
previous chapter,

One possible alternative is to attempt to make ah absolute mea-
surement of the stopping cross section in the compound, Only the
uncertainties in the thickness measurements limit The sensitivity of
this approach. Gravimetric measurements of the amount of stopping
material are at once the most accurate and least precise since weighing
the amount of stopping material requires the fewest assumptions about
the nature of the sample while it also has the largest inherent experi-

mental uncertainties. Although the actual thickness of a dielectric
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layer can be measured by using ellipsometry, interferometry or mechan-
ical techniques, this would mean that the the density of the sample
must also be known. One problem in this approach is that the particular
allotropic phase and the density of a sample can depend significantly on
the details of the fabrication procedure.

The approach used in this chapter is a combination of tThe methods
proposed by Baglin et al(1974) and Feng ef al(1973). The fest is based
on examining the self-consistency of the backscattered particle yields
from several elements and their oxides. A failure fo achieve this self-
consistency would be taken as evidence of a violation of Bragg's rule.
This procedure assumes that the samples are stoichiometric and that the
Rutherford scattering cross section formula is applicable. Section 3.2
describes some of the basic backscattering formulas that are used in the
calculations; the two assumptions just described are both implicitly
included in the use of these formulas. Since the measurements were per-
formed on two-‘tayered targets, section 3.3 explores in detail the use of
fwo-layered targets and how they modify the simpler concepts of section
3.2. The logic of the experiment, explicitly tor the case of the five
oxides used in this experiment, is presented in section 3.4.2(a) and the
experimental results are presented and developed in section 3.4.2(d).

A simplified application of this whole approach is illustrated in
section 3.4.3 using the example of SiC. The implications of the results

are discussed in part 3.5,
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3.2 Basic Concepts

3.2.1 Energy Loss in BagkscaTTering Geometries

Since the probability of a nuclear collision is extremely low, it
is assumed that the backscattered ions follow straight [ine trajectories
both into the sample before scattering and out of the sample after
scattering. The apparent rate of energy lost by a backscattered

particle is given by the [S]-factor, where

K dE | dE
[s] = — + —_— (3.1)
cos ein dx E. cos eouT dx £

in out

where 0, and

‘N eouT are the incoming and outgoing angles with respect

to the normal to the plane of the target. K is the kinematic factor
that gives the ratio of the particle energies before and after elastic

scattering and it is defined by

( mecos © + vV MZ - mesinZo

— (3.2)
{

where m is the mass of the projectile, M is the mass of the scatter-
ing center and © is the laboratory scattering angle. Thus, if the
scattering geometry and the rate of energy loss are known, the [ S~
factor relates the apparent energy lost to the depth in the target.

Similarly, the [e]-factor, defined by

K -

Lel - ]cos ein ’ ein * lcos eouf‘ ) Eou+ (3.3)

is another way of expressing the net rate of energy loss for a back-
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scattered particle. In this case, € 1is the stopping cross section

and it is given by

a.

=
T ox (3.4)

X
where N is the number densi+y(cm_3) of the stopping medium. The
relation between an increment of energy lost &E and the corresponding

increment in target depth &x is just

SE =  [S]eéx = [e]sN+8x . (3.%)

in practice, for a given incident parTiclé energy and a target of
uni form composition, [S] (and [e] ) change by less than 5% for maximum

+ar§é+ depths of Q.5=1.0 um,

3.2.2 Thick Target Yields

In a particular scattering geometry and for an incident ion energy
Eo' the thick target yield Y s the fraction of particles scattered
intc the solid angte of detection &0 within a parficular energy inter-
val [KEO—GE, KEO] . This energy interval 6&E corresponds to a thin

fayer at the surface of the target of thickness &x , where

SE SE

Sx = m = m . (3.6)

Since the number of scattering centers in this layer is N<«6x , the

thick ftarget yield Y will be given by
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Y = Q+0(0)sNedx+8Q Qeo(0)+ (SE/Le )80 (3.6)

where Q is the incident ion dose and o¢(0) 1is the appropriate
scattering cross section,
If the scattering geometry is fixed and the total dose is somehow

reproduced, the ratio of the thick target yields from A and from B

will reduce to
Y o,/le]
?ﬁ - %I_T:jﬁ (3.7)
B B B

since the other factors obviously cancel. By assuming that the ratio of
the scattering cross sections is known, the ratio of the [e]-factors
can be determined from a measurement of the yield ratio., It is usually
assumed that the scattering cross section is given by the Rutherford

formula. This is the basis of the method used by Baglin et al(1974).

3.2,3 Binary Oxides

The thick target spectrum from a binary oxide consists of the
superposition of the signais produced by scattering from the cation
nuclei("metal") and the oxygen. Since the metals used in this experi-
ment are all more massive than oxygen, the signal from the metal appears
at a higher energy than the corresponding oxygen signal. In this
experiment, the attention is focussed on the signal from the metal and
the metal atoms in the oxide, and the oxygen signal is usually ignored.

The signal yield from the metal atoms in an oxide will be lower
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than the thick target yield from a pure metal target because the oxygen
will contribute to the energy loss in the oxide without also contrib-
uting to the scattering yieid. For example, consider the A signals
from que A and AmBn . Since the definition of the [e]-factor is a
[inear combination of the stopping cross sections at two energies, the

application of Bragg's rule to define a molecular [e]-factor gives

[ejﬁmBn . m°[e]2 + n-[sjg o (3.8)

where the subscripts identify the stopping material and the superscripts

identify the scattering site(thus determining the value of K, (Eq. 3.2)

A
’ A
to be used in calculating [e]A according to Eq. 3.3). Thus, [e]B

represents the appropriate [el-factor for scattering from an atom of A

embedded in a stopping matrix of B . The yield of the A signal from

the A B will be
m n

—=<
i

A
A B Q-{m-cA(O)}'{GE/[ejAmBn}-SQ (3.9

since there are m atoms of A in every molecule of AmBn . The ratio

of the A signals from the AmBn and from pure A will be
| A
A o, /e m o Lel g
A _ A A m n
= = (3.10)
vA meg /[e]A [ejA
A B A AB A
m n m n

since the scattering cross section terms now cancel.

Substituting Equation 3.8 into Equation 3.10 yields the expression
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A [e1? + D oped?
A . A m B
—— = > | (3.11)
A r ]A
YA B €
mn

where the = indicates that Bragg's rule has been assumed. It follows
that the ratio of the [e]-factors can be calculated from the yield

by simply rearranging Eg. 3.1l into

5|3

. ( Y2 / Yﬁ B - | . (3.12)
[EJA mn

If the relative energy dependence of the stopping cross section is known,
the ratio eA/sB can be calculated from the [e]-factor ratio by using
Eq. 3.3 .

fn many cases, the ratio of the stopping cross sections for the
pure elements eA/eB can also be determined by comparing The»Thick

target yields of A and B . A simple rearrangement of Eq. 3.7 gives

Cep o, /Y

_ A A
- = — (3.13)
Lelg o5/ Yg

where the notation of Eq. 3.8 has been used to update the notation in
Eq. 3.13. This constitutes a method of determining eA/aB that is
independent of the measurement in the AmBn . Bragg additivity will

require that these two ratios must be the same.
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3.3 Two-Layered Structures

3.3.1 Motivation for Using Two-Layered Samples

Although the procedure described above is conceptually very simple,
and therefore very attractive, it requires absolute reproducibility of
the probe ion dose. This requires accurate current integration and
éxaéT correction for the electronic dead time. Since different mate-
rials can have different secondary emission rates and certainly have
different effective scattering cross sections, eliminating these as
potential sources of error requires great care.

The total dose can be made nearly identical for two materials by
simultaneously measuring the signal yields from these two materials in
a two-layered structure. Since there is negligible attenuation of the
particle flux and because the same puise rate will be present for both
signals, the fluence and counting efficiency will be identical for both
layers, The ratio of the neights of the two signais from the interface
between the two layers will be given by the appropriate ratios of
scattering cross sections and [ej~factors. Since the incoming particle
energy will be the same for both layers at the interface, the energy
dependence of the (Rutherford) scattering cross section should have no
significant effect on the ratio of the heights as evaluated from the

interface between the two layers.

3.3.2 Example of a Spectrum from a Two-Layered Sample
A typical spectrum from a iwo-layered structure is schematically
illustrated in Figure 3.1 for the case of Au on Ag. A sample consisting

of a thin Au film on a thin Ag film on a light substrate, as shown in
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Figure 3.1 Schematic representation of the backscattering spectrum
of a two-layered target composed of a thin Au layer on
top of a thin Ag layer. The ratio YAU/YAg , evaluated
at the interface as indicated in the figure, can be

used to determine the ratio of the stopping cross

sections in the two materials,
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Figure 3.2 An experimental spectrum of a thin layer of Au on top of a
thin layer of Ag. The solid line is a calculated
spectrum that assumes the stopping cross sections as
reported by Lin et al(1973) and Chu and Powers(1969).
The spectrum was calculated using the program described

in Appendix A.
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the top of the figure, will produce a spéc%rum similar to the one shown
at the bottom of the figure. The high energy part of the Au signal is
produced by particles scattered from the surface while the low energy
part of the Au signal is due to the Au at the Au-Ag interface. Simi-
larly, the high energy part of the Ag signal is from particles scat-
lered by Ag nuclei at the Au-Ag interface and the low energy signal is
from the Ag-substrate interface. The heights at the interface are
indicated by YAu and YAg . An experimental spectrum of Au on Ag is
shown in Figure 3,2, The solid line shown in this figure is the
calculated spectrum for this sample using the program in Appendix A.

The ratio of the heights at the interface is almost exactly given
by Equation 3.7. The corrections fto using the thick target yield for-
mulas are determined analytically in the next section and the magnitude
of these corrections is shown to be small both theoretically and

experimentally.

3.3.3 Internal Backscattering Yields

The effects of the outward trajectory on the backscattering yield
ratio were first recognized by Chu(1973, unpublished) and the numerical
and experimental verification were first reporfed by Feng et al(1973).
Brice(1973) subsequently reported a rigorous mathematical derivation of
this effect on the thick target yield without commenting on the yield
ratios from multi-layered samples. The intuitive argument of Feng et al
will be presented in part (a), followed by an extension of Brice's
results in part (b) and the experimental verification of this effect

in part (¢). In all cases, the effects are shown to be negligibly small.
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(a) Qualitative Considerations. Consider the case of back-

scattering from a thin layer &x at a depth x in the interior of a
target, as shown schematically in Figure 3.3, A partficle with an inci-
dent energy Ein will reach the depth x with some lower energy E .

| f the particle is backscattered at x and through an angle 6 it will

have an energy EI = KE at x and it will emerge from the target with
an energy E3 . A particle backscattered from x + &x will have an
energy EI-SEI at depth .x and it will exit with energy EB—GE A A

the [e]-factors and the scattering cross sections are evaluated at E--
the incoming particle energy at depth x -- the backscattered particle

yield from &x 1is
Y = Q-GQ-0-6E|/[5] . (3.14)

Because the stopping cross section € is a function of the particle
energy, 6E| will not be exactly equal to 8E . The energy width in
the interior of the target dEl is modified by the intervening mate-
rial on the outward path to produce a corresponding detected energy
width SE .

The magnitude of this effect can be estimated by a detailed con-
sideration of the energy loss on the exiting trajectory. The total
energy lost on The outward path EI—E3 is given by

.1.
E-E, = ( e{E(x) }oN+dx (3.15)
Jo

where * = x/|cos 8| is the path length for the outgoing particle. In

the approxiamtion that E ~E is small compared to E

"k , The stopping
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Figure 3.3 A schematic representation of backscattering from a layer
le at a depth x within the target. For clarity,
the layer éxl is drawn as separated from the rest
of the target.
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cross section €(E) can be approximated by some average constant value

and Equation 3.15 can be simplified to

E-E, = e(E)+Net/|cos 6| (3.16)
where E is some appropriate energy between EI and’ E3 . Similarly,
(E,~8E) - (E,-6E) = e(E-sE)«N+t/|cos 6] (3.17)

where &E is between GEI and St ., Expanding e(E-8E) into a

Taylor's series and keeping only first order terms gives

SE = SE, = Netez=l «SE (3.18)

SE = {1 + g'(E)eNet }esE (3.19)

where €' is the derivative of € with respect fo the particle energy.
The difference between 6E| and &E is due to the energy dependence of
the stopping cross section and to first order it is also proportional to
the amount of intervening material. The magnitude of the correction
term g'«N-t for 2000 A Au ranges from about +6% at 0.6 MeV to -2%
at 2.0 MeV, as illustrated in Figure 3.4.

For a two-layered structure of A on B , the experimentally
measured heights at the interface will be

Y S LT (3.20)

Y oB/[e]B SE g
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Figure 3.4 Interior energy loss corrections. The magnitude of the
correction factor e'Nt for 1000 R Au is illustrated.
The detected energy loss is greater than the corres-
ponding interior energy loss by the factor [ 1 + ¢'Nt ]

evaluated at the outgoing partiple energy.
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where GEIA and aElB are the energy widths at the interface that

correspond to a detfected 6E . The ratio GEIA/6E represents a

1B
correction to Equation 3,7, the infuitive expression for the yield
ratio. This correction to the thick target expression in a two-layered

structure is

SE I+ el (E ) eN, o7
SERNLL S AA A A o b (e Ep-el BeN, ot
5E |+ el (E )N, -t ATATTATBT A A
1B ATB AT A
g (3.21)

where NA is the atomic number density of A, TA is the outward
path length theough A and EA is the derivative of the stopping
cross section of A , The only difference between GEIA and GEIB is
that €! is evaluated at two different energies, E, and E the

A A B b4

two different "mean" energies of the particles on the outgoing path.
From Figure 3.4, it can be seen that the correction is small when

EA and EB are both above 1.5 MeV since EA is approximately constant

above |.5 MeV(Au is almost a worst case example for estimating this
correction; e' is approximately constant down to lower energies for

most other materials). Obviously, when A and B are of similar mass,

Then EA = EB » and this correction is again very small. Conversely,

this effect can become significant when the difference in the kinematic

factors KA and KB is large.
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£b) Exact Soiution. As a part of an effort to analyze the depth

distribution of the elements in alloys of continuousiy varying composi=
tion, Brice(1973) has derived a mathematically exact solution for the
thick target yield. This section presents an extension of Brice's
formalism to show that it too results in a thickness dependence for the
yield ratio that, to first order, is the same as that derived above.
Just as the previous section produced a linearized estimate of this
effect, this section simplifies Brice's exact solution to produce the
same linearized solution,

Referring once again to Figure 3.3, we rewrite Brice's Equation 5
in our notation to define a function x2(E’,E3) through an integral

equation

E
x2(EI,E3) cos® _ . f de'/s[E"’, x2(E LEL) ] (3.22)

£3

where S[E', x2(E', E3)] is the stopping power(dE/dx) for the outward

bound particle at depth x in the target and for an exit energy of

2
EB . Referring again to Figure 3.3, S[ EI’ X(EI’ E3)] is the stopping
power for the particle just affter it has scattered at depth x. The
functional form for X5 is defined to allow for different values of EI
that would correspond to different depths in the target. The spatial
dependence of S was included by Brice to allow for smooth vafiafions
in the sample composition, This expression is an exact statement of the

relation of the depth in the target, the energy of the exiting particle

after scattering at that depth, and the final detected energy.
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Relating the energy loss immediately affer scaftering SEI to

the observed energy loss &6E only requires some simple differential
analysis. Taking the differential of x2 while allowing both EI and

E3 To vary gives

dEI dE3
dx2 =  Ccos eouT.{ -
S[E|,x2(E|,E2)] SEES’ 5 3,E )]
: d I
+ dE3°! g [ 1)
t 1
E3 aE3 SLE ,x2(E ’EB)]
(3.23)
i f Xy = X is a constant, this expression simplifies to
3El SEEI ,X] -~ J’El 5 . |
—| = o - SExd| dEn——y }
1 !
BE3 x S[EB,O] E3 BE3 SLE ,.x(E ,EL) ]

(3.24)
where it has been noted that XZ(EB’E ) =0 .

Now consider the case of a fwo-layered structure of A on B ,
and et x be the depth to the inferface between the two layers. For

the ions scattered from A near the interface, the appropriate equation

is just
3E |, S,LE 4 ox] A,
AL = LA S AN [ElA’ x Je dE'. { }
! . |
CLEN SpLE,01] ) 9, SALE',X(E',E )]
3A
(3.25)

where the subscripts have been added where appropriate. Since the A

layer is of uniform composition, dE/dx is a slowly varying function
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of energy and the integrand will be small, Dropping this term

simplifies the expression to

3E SALE‘A,x] SALE A,xJ

S [E 0]

3A°

—— D e—i— = | +

9E SA[EBA’x] S [E

3A°

0]

(3.26)

The second term in the expression can be expanded to first order as

S,LE ,»x] =S [E ,0] St « {E ,-E
A= 1A 3A _ A 1A "3A (3.27)
SpLE5,50] SpLE5ps0]
where SA is the derivative of SA with respect to the particle energy
evaluated at some appropriate energy between EIA and E3A . By noting
that, again to first order,
E,, - E
x = —tA A (3.28)
SLE,,0]
and realizing that from Equation 3.4 it follows that S' NaA , the
expression in Equation 3.26 can be rewritten as
aE‘A _
—_— 2 I+ e!(E_ )eNex (3.29)
SE A T3A
3A

which is similar to Equation 3,19

Solving for scattering from the B layer as evaluated at the

interface will give a similar expression,
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5
18 (. )oNex (3.30)

BESB

since the only difference in the two cases is the energy of the emerging
particle. Since the detected energy width is necessarily the same for

both elements, i, e., 6E,, =&

2A EBB , the ratio of the effective energy

widths at the interior interface is the same as Equation 3.21.

(c) Experimental Verification., The effect of the energy loss on

The outgoing path was investigated by measuring the yield ratio of gold
on aluminum as a function of the Thickness of the gol!d layer. This

pair was chosen to maximize the differences in the kinematic factors

KAu and KAI , Which maximizes the difference in the energy of the out-
ward going particle. This then made the yield ratio depend measurably
on the Au film thickness,

Measurements were performed on samples of Au-on-Al on thermally
oxidized silicon substrates and Au-on-Al on carbon substrates. The
effective thickness of the Au film was varied by changing both the
actual Au film fthickness and the orientation of the sample with respect
to the ion scattering geometry. The use of the carbon substrate allowed
a verification of the purity of the Al and Au films while a comparison
of the results on the two substrates tested the reproducibility of the
yield ratio. Although the background for the Al signal increases with

the Au film thickness, tilting these samples is known to dispropor-

tionately increase this background(Chu, 1973) and it therefore tests
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Figure 3.5 A backscattering spectrum of a two-layered target of Au on
Top of Al on a carbon substrate. The method of deter-
mining the heights at the interface, including the
background subtraction procedure,'is i [fustrated in

This example.
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the accuracy and reproducibility of the background subtraction
procedure.

A representative backscattering spectrum of Au-on-Al on a carbon
substrate is shown in Figure 3.5. This shows the fypical statistical
precision used in these measurements. Also illustrated are the methods
used to determine the appropriate signal height ratio and the back-
ground subtraction method.

The results of a series of these measurements are shown in Figure
3.6 with the yield ratio plotted as a function of the effective Au film
Thickness as determined by the width of the Au signal. The ratio
clearly depends on the Au thickness and it is independent of both the
choice of the subsTrafe and the orientation of the sample(after allowing
for the increased effective Au thickness). The solid line shown in the
figure is the calculated thickness depéndence using the Al stopping
cross section of Chu and Powers{({969) and the Au stopping cross section
of Lin, Olsen and Powers(i973) in the program described in Appendix A.
The dashed iine was drawn by increasing these calculated ratios by
about 5%. The errors shown in the measured ratios are primarily due to
uncerfainties in the Al signal height caused by the finite thickness of
the Al films, energy siraggling and the background from the Au signal.

These measurements establish ‘the existence of the differeace in
the effective energy width at the detector and inside the target, as
predicted in the previous two sections. The 5% difference between the
solid and dashed lines suggests that there is a 5% relative error
In the stopping cross sections used in The calculations; this is within

the sum of the estimated errors in the ftwo stopping cross section values.
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Figure 3.6 The yield ratio for Au on Al as a function of the Au film
thickness. The solid line represents the ratios cal-
enlated using the stopping cross section values of
Lin et 21(1973) and Chu and Powers(1969). The dashed

line was drawn by increasing these ratios by about 5%.
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In the context of the Bragg's rule experiments, the real
importance of this section is that it demonstrates that the measured
"yietd ratio from a two-layered structure is accurately given by
Equation 3.7 in most cases and that the corrections to this expression
are small. [n the worst-case example of Au-on-Al, the correction for a
4000 Z thick gold layer on the aluminum is less than 8%. The
correction will be much smaller when the eiements in the two layers are

of similar mass, as in Tthe case of layers of aluminum and silicon.
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3.4 Bragg's Rule in Solid Compounds

3.4.1 The One-Spectrum Approach

The simplest way of exploiting the two-layered approach to
measuring the yield ratio is Just to compare the signal yields from an
element in a compound and from the same element in its pure form.

This ratio is given by Equation 3.[0 and it should be possible to cal-
culate the required [e]-factors by taking the stopping cross section
values avaiiable in the literature.

The ineffectiveness of this approach can be appreciated by
comparing theoretically calculated yieid ratios with the experimentally
measured ratios, as shown in Figures 3.7 and 3.8, The theoretical
spectra were calculated using the Al and Fe stopping cross sections of
Chu and Powers{1969) and the oxygen stopping cross section of Bourland,
Chu and Powers(1971) in the program described in Appendix A. Figure 3.7
shows a comparison of the theoretical and experimental yield ratios at
Three incident energies for a sample of a—FeZO3 on Fe. In this case,
there is apparently good agreement between the predicted and measured
yield ratios; any errors are less than the 5% uncertainty in the
relative values of the stopping cross sections. A similar comparison
for a self-supporting target of Al on y-AIZO3 is shown in Figure 3.8;
the disagreement is beyond the sum 6f the assigned errors in the two
sTépping cross sections used in the calculations.

The discrepancy in the aluminum oxide case is primarily due to the

errors in the stopping cross sections used to produce the calculated

spectra. In general, the 3-5% uncertainty in the measured stopping
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Figure 3.7 A comparison of the theoretical and experimental spectra
for a-FeZO3 on pure Fe at 2.0, 1.5 and 1.0 MeV. The
theoretical spectra are based on the stopping cross
section values of Chu and Powers(1969) and Bourland
et al(1971). The calculated and experimental yield

ratios agree to within the uncertainties in the

stopping cross sections used in the calculations,
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Figure 3.8 A comparison of the theoretical and experimental spectra
for Al on a self-supporting AIZO3 film at 2.0, 1.5
and [.0 MeV. The calculated spectra are based on the
stopping cross section values of Chu and Powers(1969)
and Bourland et al(i971). The disagreement in the
calculated and experimental yield ratios suggests a
relative error in the two stopping cross sections of

as much as 20%, assuming Bragg's rule is valid.
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cross sections in solids and the 1-3% estimated error for the stopping
power of gases limit the sensitivity of this approach to 4-6%. This,
of course, does not allow for the possibility that there may be a
systematic error in one of the two approaches used to msasure these
stopping cross sections. The following section describes an experiment
in which the verification of Bragg's rule is divorced from this

unfortunate dependence on absolute stopping cross section values.

3.4.2 The Neariy Numberiess Spectra Approach

(a) Concepts. The whole motivation for developing the methods of
this chapter was to find a way of testing Bragg's rule in those targets
in which the approach described in the previous chapter is, for one
reason or another, inapplicable. The present approach will be applied
to the case of the binary dielectric compounds. Although this procedure
is more generally applicable, five particular oxides have been chosen to
illustrate the procedure and to test the validity of Bragg's rule in
tThese oxides for 1-2 MeV helium ions.

[T is difficult to apply either the approach of the previous
chapter or the two-spectra approach of the next section[3.4.3] because
one of the elements, oxygen, is not conveniently available as an
elemental solid target. However, the present method can be used to
compare the contfributions of oxygen to the stopping in several oxides.
Bragg's rule will -then require that this contribution be the same in
all of the compounds.

In tThe present experiment, the five oxides used were MgO, Al _O

2732
8102, a—F9203 and Fe304. In this case, a determination of the four
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stopping cross section ratios Al-Mg, Al-Si, Al-Fe and Al-0 would be
sufficient to determine the allowed stopping cross section ratios for
all other combinations. The Al-Mg, Al-Si and Al=Fe ratios would be
determined from samples of the pure metals(where silicon has been
generically included among the metals). The Al-0 ratio in this experi-

ment could be determined by measuring the AI-AIZO yield ratio. The

3
test of Bragg's rule then consists of determining the Mg-0, Si-0O and
Fe=0 stopping cross section ratios from MgO, SiOZ, oc-FeZO3 and FeBO4.

This example constitutes a system of five unknown guantities, the
absolute stopping cross sections of the five elements. The use of the
stopping cross section ratios reduces the complexity of this example to
only four unknowns. There are over ten ways of pairing these four
metals with each other and with their oxides. Since Bragg's rule
asserts linearity, the yield ratio measurements from these pairings
define at least ten linear relationships between these four unknowns.
The existence of a unique solution for this overdetermined system is
necessary for the validity of Bragg additivity.

This procedure requires that four assumptions be satisfied to
establish the existence of a solution to the overdetermined system. The
assumption that we believe we are testing is the applicability of
Bragg's rufe of linear additivity of elemental stopping cross sections
to compounds. A second, and presumably safe for Theée elements,
assumption is that the scattering cross section of backscattered 2 MeV
“He ions can be accurately calculated by using the Rutherford formula

(Ziegler and Baglin, 1974), Thirdly, the conversion from the back-

scattering [e]~factors (Equation 3.3) to the stopping cross section at
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the incident particle energy assumes that the relative energy dependence
of the stopping cross section, without reference to the absclute value,
is known for each element. Finally, the composition of the targets must
be known. Although it is possible that two or more of these assumptions
may fail simultaneousliy, producing a canceliation of errors, this is
highly improbable. Self-consistency is taken as prima facie evidence
that all of these conditions have been satisfied,

(b) Experimental Considerations. The target material can be

amorphous, polycrystalline, textured or single crystal. [n the first
two cases, the thick target yield in a backscattering experiment should
be independent of the orientation of the sample and no special pre-
cautions are required to insure a valid yield measurement., The samples
in which both sample layers were assumed to be amorphous or polycrys-
talline were mounted in a sample holder with orthogonal transiational
and azimuthal position control. Measurements were made with stationary
targets and with the incoming beam at normal incidence.

Since a preferred crystal grain orientation in a textured sample
or a single crystal target could result in significant channeling of the
incoming beam, special care must be taken to avoid anomalous yield
measurements from these targets. When a sample was suspected of having
a layer of this type, it was mounted on a two-axis goniometer. During
The measurement the sample would be continually rotated around its polar
axis while the azimuthal angle was varied in 1/2° steps from 5° to 7°.
This results in a thick target yield that represents an average over

several "random" crystalline directions.
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(c) Sample Preparation and Measurements. The compounds used in

this study were chosen from those that could a priori be assumed to be
stoichiometric. Nevertheless, the composition of these samples was not
blithely assumed to be known. With only one exception, each type of
sample was produced in several different ways. Only the first example
will be described in detail.

i) Al—A|203' The AIZOB—on—Al yield ratio was measured

using four different thicknesses of anodically formed Al (presumab iy

203
y—AIZOB). The Al—on—AlZO3 yield ratio was measured using samples of

Al deposited onto (B0Q1) a—AIZO (single crystal sapphire), (1120)

3
oc-AIZO3 and anodized Y—AIZOS'
The y—AIZO3 was formed by anodizing commercial Al foil(supplied by
the Reynolds Meta! Company, Richmond, Va.) in an agueous solution of
(NH4)2HC6H5O7 using current densities of less than |0 mA/cmZ. The
stoichiometry of a film produced by this method was checked by Ruther-
ford backscattering on a self-supporting 1500 Z film and the oxygen-to-
aluminum ratio was tound to be 1.53+0.05, The (0001) oc—-AIZO3 was
supplied by Union Carbide and the (1120) a-Al O3 was supplied by

2
Inselek, Inc.(Princeton, N. J.) as the substrate of epitaxially grown
¢111) silicon-on-=sapphire.

The accuracy of the AI-AIZO3 yield ratio also depends on the
purity of the Al layer. The purity of the evaporated Al was determined
by simultaneously depositing an Al film onto carbon and aluminum foil
substrates. The backscattering spectra taken with these samples are

shown in Figure 3.9. The Al-on-=C specfrum shows evidence of oxidation

on both surfaces of the evaporated Al. 'lhere are no detectable
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Figure 3.9 Purity tests of the evaporated Al films. The top half of
the figure shows a backscattering spectrum for Al
deposited onto a carbon substrate. This shows that
tThere is a small amount of oxidation at the two
surfaces of the Al film, but there is no evidence of
any additional bulk impurities.

The bottom part of the figure shows the spectrum for Al
deposited onto Al foil. The dip in the yield at
about 975 keV is due to the native oxide on the Al
foil., The match in the yields of the evaporated
and bulk Al indicates that there are no significant

undetected impurities.
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impurities in the bulk of the deposited material. The Al-on-Al foil
spectrum shows that the backscattering yields of the two layers are
identical. The dip is due to the native oxide on the Al foil. This
shows that there are no significant impurities in the fiim since the
presence of impurities in the evaporated Al would be indicated by a
lower backscattering yield from the deposited layer, just¥ as the inter-
face is marked by the dip due fo the oxide on the surface of the foil.
The impurity content of the Al foil is assumed to be insignificant.

The AI-AIZO3 yield ratios as determined from seven samples as
described above were reproducibie to within better than 1%. The
repeatability of the measurements is encouraging evidence both that the
method used in this experiment is valid and that all the samples are
stoichiometric AIZOB'

(iid Si—SiOz. The SiOZ—on—Si yield ratio was determined

for two thicknesses of thermally grown Si0O, on single crystal Si, The

2
Si—on-SiO2 ratio was measured for amorphous Si deposited onto fused
quartz, AT-cut quartz and thermally grown SiOZ.

Thermally grown SiO, has been extensively investigated and it is

2
believed that any deviations from stoichiometry are below the sensitivity
of most experiments. The fused quartz, supplied by Amersil, [nc.
(Hillside, N. J.) is claimed fo have less than 100 ppm impurities. The
AT-cut single crystal quartz was removed from an electrically active
quartz crystal resonator.,

The purity of the evaporated Si was tested by simultaneously

depositing the Si onto Si and C substrates. Despite a small amount of
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oxygen contamination of a few per cent evident in the Si-on-C sample,
the backscattering yield from the evaporated Si matched the yield from
the single crystal Si to within better than *1/2%. The single crystal
silicon is assumed to be pure.

The ratios of the yields from the Si and SiO2 layers were repro-
ducible to within £1/2% in all of these samples.
Giiil Fe—FeZOS—Fe304.

oxldes were inferred from the magnetic, electrical, optical and crystal-

The compositions of the two iron

lographic prpperTies. The sample preparation techniques and the veri-
fication of the properties of the oxides will be described in Part |1,
The purity of the Fe fiims was established by depositing Fe onto
a carbon substrate and using backscattering to show that there are no
detectable impurities. Measurements using x-ray fluorescence also
showed no evidence of measurable” amounts of similar mass impuriTies
such as nickel or cobalft,.
The reproducibiiity of the Fe-—FeZO3 and Fe—Fe304 ratios was better
than 1%, The two ratios are also consistent with each other within +1%.
(iv) Mg-MgO. The Mg-Mg0 ratio was determined for only
one sample. The MgO is a single crystal (100) wafer supplied by Semi-
Elements(Saxonburg, Pa.). The Mg film was evaporated from material of
better than 99.9% purity in a vacuum of better than 10-6 Torr. The
purity of the Mg films produced this way was not extensively tested, but
there was no evidence of any significant impurities in any of the
backscattering spectra.
(v) Al=Si. The Al-on=Si yield ratio was measured for Al

deposited on single crystal (111) Si and on Si deposited on a carbon
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substrate. The Si-on-Ai ratio was determined using samples of Si
deposited on Al foil and a deposited Al film. The measured rafios were
within 1% for all samples.

(vil Fe-Al. The Fe-Al ratio was measured using Fe
deposited onto Al foil and Al deposited onto a fim of Fe on a Si
substrate, One sample of each type was measured and the two yield
ratios were almost identical.

(vii) Fe=Si. The Fe-on-Si was measured with two
di fferent thicknesses of Fe deposited onto single crystal (I11) Si.

No measurements of the Si-on-Fe ratio were performed. The ratio was
reproducible to better than +1/2%.

(viii) Al-Mg. The Al-on-Mg ratio was determined from
two samples with different thicknesses of Al deposited on Mg films on
MgO substrates. The Mg-on-=Al ratio was measured using a single sample
of Mg deposited on a film of Al on a thermally oxidized silicon

substrate, The measured ratios were the same within 2%.

(d) Results. A typical spectrum, for a sample of Al deposited
on (0001} a_AIZOS’ is shown in Figure 3.10, The data was taken using a
beam current of 150 nA and a total dose of 500 uC. To avoid anomalous
yields due to channeling effects, the sample was continually rotated
about its polar axis and the azimuthal angle was changed from 5° to 7°
in 1/2° steps at every 100 uC of incremental dose.

The yield ratio is determined by extrapolating the Al and A|203

plateaus fo the point representing the interface between the two layers

and taking the ratio of the projected yields. This procedure insures
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Figure 3,10 Yield ratio méasuremenfs. The spectrum was taken by back-
scattering from a target of Al deposited onto (000I)
asAIZOS. The sample was rotated about a polar-axis
perpendicular to the plane of the sample while the
azimuthal angle was varied during the measurement,
The method of determining the yield ratios by
projecting to the interface between the two layers

is illustrated once again.
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that the backscattered particle yields are evaluated at the same
incident particle energy. An example of the extrapolation procedure
used for scattering from two dissimilar elements is shown in Figure 3.4.

Obviously, the accuracy of the yield ratio determination does not
depend on the accurate measurement of the total ion fluence. This ratio
also is not very sensitive to the scattering geometry and the absolufe
beam energy because errors of this type tend to cance! each other when
ratios are taken. As discussed in section 3.3, the effect of the thick-
ness of the surface layer on the yield ratio is negligible for fthese
cases. The only parameters that plausibly affect the accuracy of the
determination of this ratio are the composition of the two layers, the
statistical fluctuations in the data, and the judgment of the
investigator in estimating the yield levels.

The results of the yield ratio measurements are shown in Table 3.1,
The number of samples used to determine each ratio and the
reproducibility of the experimental ratios are also shown in the table.
Since the Mg-Mg0 yield ratic was measured on only cne sample, the
Tabulated uncertainty is an estimated value.

Note that the AI-Si, Al-Fe and Fe-Si ratios constitute all possible
pairings of Al, Si and Fe. The self-consistency of these values is much
better than could be expected from the uncertainties in each value.

This supports the validity of the approach used in this experiment.

The yield ratios of the pure metals were used to determine the
ratios of the stopping cross sections at 2.0 MeV., First, the ratios of
the [el-factors was calculated according to Equation 3.13. The

laboratory frame scattering cross sections were calculated using
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Table 3.1

EXPERIMENTAL YLELD RATLOS

Samp le Number of Yield Standard
Type Samp les Ratio Deviation
Al/Mg 3 1.207 1.8 %
Si/Al 4 |.069 0.81%
Fe/Al 2 2.524 0.08%
Fe/Si 2 2.358 0.17%
Mg/MgO | |.703 (~1%)
- 08
Al/A|2o3 7 2.075 0.83%
Si/Sio2 5 2.356 0.49%
Fe/Fezo3 4 1.678 0.36%
Fe/Fe304 3 1.616 0.62%

The experimental yield ratios for 168° backscattering of 2 MeV “He ions
from two-layered samples., The yield ratio is the yield of the first
layer identified in the "Sample Type" column divided by the yield of the
other layer. The standard deviation represents the experimental
reproducibility of the measurement. The Mg-Mg0 ratioc was measured only

once and the tabulated uncertainty is an estimated value.
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Darwin's formula(l914). The corrections to the center-of-mass
Rutherford cross section for a few selected target masses are shown in
Table 3.2. This correction is also shown as a function of the mass
ratio of the incident particle and target nucleus in Figure 3.11.

The [e]-factor ratios were then converted to stopping cross
section ratios by inverting Equation 3.3, The energy dependence of the
semi—empirical stopping cross sections of Ziegler and Chull973) were
used to determine the appropriate [el/e ratio. The stopping cross
section ratios, normaiized to the value of silicon, are shown in
Table 3.3, Also shown in the table for comparison are the ratios
calculated from Ziegler and Chu's semi-empirical stopping cross sections.
Although the stopping cross section ratios determined from the present
yield ratio measurements are in significant disagreement with the
semi—empirical values(especially when comparing Al and Si), these do not
affect the present results. The present experiment is based on the
self~consistency of all the yield ratios taken together and does not
depend on any absolute determination of the stopping cross sections.

The metal/oxide yield ratios were used to determine the ratio of
the stopping cross sections of the metal and the oxygen, assuming the
validity of Bragg's rule. These ratios, calculated for the incident ion
energy of 2.0 MeV, are shown in Table 3.4, These ratios were determined
by first calculating the appropriate [el-factor according to
Equation 3.12, such as [e]g'/[ejﬁ: . This was then converted to a
stopping cross section ratio e~/e,, by again inverting Equation 3.3

0" "Al

using the same set of semi-empirical stopping cross sections.
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Table 3.2

LABORATORY FRAME CORRECTIONS TO THE CM

RUTHERFORD SCATTERING CROSS SECTION

Mass O1ab=|72° Olab=l68° O'ab=l64°
0.3113272 0.3147143 0.3195132

0.4564539 0.4600852 0.4651968

0.6464355 0.6495306 0.6538567

10 0.7077985 0.7105394 0.7143627
i1 0.7549605 0.7573739 0.7607355
12 0.7918316 0.7939568 0.7969136
14 0.8447374 0.8464012 0.84871253
16 0.8799741 0.8813001 0.8831400
19 0.9141084 0.9150844 0.9164375
20 0.9223163 0.9232050 0.9244366
23 0.9409759 0.9416612 0.9426105
24 0.9457261 0.9463586 0.9472346
27 0.9569938 0.9574994 0.9581994
28 0.9599806 0.9604521 0.9611050
31 0.9672913 0.9676788 0.9682153
35 0.9742952 0.9746014 0.9750252
37 0.9769836 0.9772583 0.9776385

This table gives the correction factor F{m,M;O[ab} to the center-of-

mass formula for the Rutherford scattering cross section, where

il

o (o)

F{m,M;0}sc_ (0)
| ab cm

where the projectile mass m is assumed to be 4 amu.
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Figure 3.11 Laboratory Frame Corrections to the CM Rutherford
Scattering Cross section., This shows the magnitude
of the corrections shown.in Takle 3.2, Note that in
this case, the ordinate is not the function F as
defined in the table caption, but instead, | - F .
This was chosen to make it possible fo see the small
errors for very heavy target nuclei. Note that the
error in using the CM cross section for scattering
YHe from °6Fe is only around [%,.(note that the two
horizontal scales are different: the lower scale is

for helium backscattering; the upper scale is for

the more general case of arbitrary mass ratios ).
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Table 3.3 caption(continued)

ratios calculated from the values given in Ziegler and Chu(1969),
The bottom row gives the relative discrepancies between these two

sets of values.
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Table 3.4

RELATLVE STOPPING CROSS SECTIONS FOR SOLID OXYGEN

Metal-

Mg+ Aly Si+ Fe
2xe{'solid" oxygen} > .34 1,33 .36 0.90
e{metal} 2.0 Mev (3%) (2%) (L 1/2%y (2%

The ratios of twice the stopping cross section of "solid oxygen" to the
stopping cross section of a metal were calculated from the yield ratios
given in Table 3.| using the procedures outlined in the text., The

uncertainties in the values, shown parenthetically, were calculated by

propagating the standard deviations shown in Table 3.1,
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By combining the results of Tables 3.3 and 3.4, it is possible to
calcutate the relative contribution of an oxygen atom to the molecular
stopping cross sections of the different oxides. [|f Bragg's rule is

valid, this contribution in one oxide, e.g., Al 03, must be the same as

2
the contribution in all other oxides. The relative values of this
contribution of oxygen to the molecular stopping cross sections are
shown in Table 3,5 with the estimated error. The values have been
normalized to an average value of unity to highlight the consistency of
the oxygen stopping cross sections in these five oxides.

Since the absolute stopping cross sections of these five elements
have heen determined experimentally by several laboratories, the
absolute value of this contribution to the molecuiar sfépping Cross
section can be evaluated by using the ratios in Table 3.4 and the
reporfted stopping cross sections for the metals. Recalling the wide
variations in the metal/metal yield ratios when compared to some of
these experimental values, it would not be expected that all of
calculations would produce the same value. The resultfs of these
caiculations, using the selected values of the pure metal stopping
cross sections given in Table 3.7, are shown in Table 3.6 with the
value reported for molecular 02 in The gas phase included for
comparison. The stopping cross sections thus obtained are

systematically 6-22% lower than in gas phase.
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Table 3.5

RELATIVE OXYGEN STOPPING CROSS SECTIONS

Oxi de+ MgO AlLO; s10, a-Fe_0,
4 ¥ $ F9304 ¥
2.0 MeV
€oxygen N 0.995 0.989 1.016 0.999
ce2r0 MV, (3.4%) (2.4%) (2.0%) (2.3%)

€
oxygen av

This shows the variation in the cénfribufion of oxygen to the stopping
in the five oxides. These have been calculated by using the relative
stopping cross sections as shown in Tables 3.3 and 3.4. The values

have been normalized to emphasize the existence of a unique contribution
to the molecular stopping cross sections by the oxygen. The
uncertainties, shown parenthetically, were calculated by propagating

the standard deviations in the measurements shown in Table 3.1.
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Table 3.6

CALCULATED ABSOLUTE VALUES FOR THE
STOPPING CROSS SECTION OF

"SOLID" OXYGEN

*

Metal - Mg+ Al Siy Fel 0+

2.e3001d o omevt 5 s 56 67 67 72
oxygen

Difference from

—18% -204 - - —_—
gaseous 02 > 8% 27] 7% 6%

*
The reference value for gaseous O2 is from Bourland, Chu and Powers
(19711,

15 eV cm? .

+Sfopping cross section values are all in units of [ 10~
The absolute values of the oxygen stopping cross sections, calculated
from the ratios shown in Table 3.4 and using the values shown in
Table 3.7, show a systematic deviation from the reported value for

gaseous 02, which is included for comparison.
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Table 3.7

REFERENGE STOPPING CROSS SECTIONS

Eiement - O2 Mg Al Si Fe

e(l.0 MeV) - 94 56 52 67 93

(1.5 MeV) = 83 50 47 58 85

e(2.0.MeV) - 72 44 42 49 75

Reference - * + + § +
-15

Atl stopping cross sections are in units of [ 10 eV-cm? ] .

*¥ Bourland, Chu and Powers(1971)
+ Chu and Powers(1969)

§ Eisen gi_gl(l972)



-101-

3.4,3 The Two-Spectra Approach

The two-spectra approach is based on the recognition that Bragg
additivity only requires that the relative stopping cross sections be
described by a linear relation. In a binary system, the ratio of the
stopping cross sections can be determined from the ratio of the thick
target yields of the pure elements, as indicated by Equation 3.13.

This only requires that both elements are available in pure form as
solid targets. An implicit assumption in this step is that the scat-
fering cross sections of both elements are known. Just as in the
previous section, this means that both must be accurately described by
the classical Rutherford formuta. The ratio of the stopping cross
sections can also be determined by comparing the signal from one of the
elements, usually the heavier of the two, with the signal from the same
element in its pure form and then using Equation 3.12. This step
assumes that the composition of the compound is known, and this is most
readily accomplished by limiting the choice to binary compounds with
narrow existence regions.

This particular approach is illustrated by the example of silicon
carbide. This happens to be one of the few stoichiometric binary
compounds in which the compound and both elements are readily available
in a state that is suitable for performing a backscattering experiment
(usually one or both of the elements in a {[-VI or |!llI=V compound is
not easily made into a smooth thin film sample with a low vapor
pressure; one alternative that does appear feasible is MgSi). The two
spectra shown in Figure 3, 6|2 are, on the fop, for Si deposited onto

pyrolytic carbon and, on the bottom, silicon deposited on single
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Figure 34,12 The fwo spectra required to test Bragg's rule in SiC.
Since both silicon and carbon are readiliy available
as solids, the yield ratio from the Si-on-C target
(top) should give the ratio of the stopping cross
sections in the two elements. The yield ratio of
the silicon signals from the Si-on=SiC target
(bottom) should similarly give the ratio of the
atemic stopping cross section of Si and the
molecular stopping cross section of SiC. By
assuming Bragg's rule, the stopping cross section
ratio of Si and C can be determined independently
from these two spectra. The validity of Bragg's

rule demands that these two ratios be equal.
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crystal, hexagonal SiC. Since the silicon carbide sample was a single
crystal, the special precautions of 3.4.2(b) were taken,

The measured silicon-to-carbon yield ratio is 3.82. The measured
ratio of the silicon signals in the pure silicon and the SiC is [|.53.
Unfortunately, these two ratios are inconsistent with each other. The
ratio of the Si and SiC signals, however, is in good agreement with the
stopping cross sections of Lin, Olson and Powers(1973) for Si and Chu
and Powers (1969) for C, assuming Bragg's rule is valid.

Although this discrepancy could reflect a breakdown in the
applicability of Bragg's rule, there are several alternative
explanations. The carbon used in this experiment was prepared by
carbonizing a plastic at elevated temperatures; some hydrogen could be
trapped in the carbon to contribute to the energy loss while remaining
otherwise undetected., The would account for the low yield in the carbon
signal observed in the top of Figure 3.11.

[n addition, it is possible that the scattering cross section of
The carbon nucleus is not accurately given by the Rutherford formula,
even though there are no significant phase shifts in the scattered
particle wavefunction below 2.5 MeV(HIi 11, 1953; Jones et al, 1962) .

The origins of this disagreement were not actively pursued because
this two-spectra approach is not of applicability to a great variety of
sample targets. This approach has been only to illustrate that the

convoluted argument of section 3,4.2 is not required in all cases.
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3.5 Discussion

3.5.1 Experimental Approach

This chapter has described a self-consistent procedure for
Testing Bragg's rule that does not require the knowledge of any
absolute stopping cross section values. Although the simple two-
spectra approach was not successful in the case of SiC, this probably
can be attributed either to @ bad sample or to a non-Rutherford
scattering cross section for carbon and it probably does not reflect a
failure in the analytical approach. The technique was vindicated by
the nearly numberless spectra approach, which was used to demonstrate
that the contribution of oxygen to the molecular stopping cross section
of five oxides for [-2 MeV “He ions is independent of the cation
element.

Although the method of testing Bragg's rule described here has
been applied only to oxides, it can obviously be extended to all
stoichiometric solid compounds. |t is most useful for testing binary
compound systems such as oxides or ni+rides(8i3N4-AIN—BN), in which the
normal phase of the one element common to all the compounds is not
normal ly the solid phase. [t can also be extended fo test the
reproducibility of the stopping cross sections of chemical radicals
such as (NOB)—’ (804)=

self-consistency or in its failure to achieve self-consistency, it does

etc. The advantage of this test is that in its

>

not depend on the accuracy of any absolute measurements,
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3.5.2 Bragg Additivity

The present results demonstrate that for these five oxides, there
is a unique set of five stopping cross sections that is consistent with
all combinations of pure metals and their oxides. Since this experiment
depends on the energy loss on both the incoming and outgoing trajec-
tories, this result is applicable to *He ions with energies of [-2 MeV.

Recently, Baglin(1974) has performed a simiiar experiment to test
Bragg's rule. His approach differs from the present method in that he
used thick target yield tevels instead of two-layered targets. As
discussed in section 3.,3.1, this requires accurate measurements of the
ion dose and exact dead time correction. Facilities of this fype are
avai lable to Baglin at the IBM Watson Research Center, and they were
not available here at the California Institute of Technology. By
measuring the thick target yields and solving Equation 3.6 for [e] ,
he was able to determine tThe stopping cross sections for several
elements and compounds by then inverting Equation 3,3,

One striking result of Baglin's experiment is that he used the
oxygen and nitrogen stopping cross sections of Bouriand, Chu and Powers
(19711 and he found good agreement with Bragg's rule in SiOZ, A|203’
833N4 and AIN, in direct contrast with the present results. This is
due in part to the fact that he used his own values for the Al and Si
stopping cross sections rather than use those reported in the
literature, as was done here. His measurement of the Al stopping cross
section, however, is about |1% higher than the value of Chu and Powers
(1969). If this value at 2,0 MeV and the shape of the stopping power

curve of Appendix B were used in the present calculations, the present



-107-
yield ratio measurements would then be in good agreement with these
stopping powers.

The other reason his results appear fo be in better agreement
than ours is that Baglin compares molecular stopping cross sections
while we compare the contributions of oxygen to the molecular stopping
cross sections. Thus, any relative errors revealed by his measurements
would be compared to the sum of the atomic stopping cross sections;
the relative measurements found in our data are compared with the
smallest of the relevant atomic stopping cross sections., The same
effective discrepancy in both experiments would therefore appear larger
using our analytical approach. For example, a closer examination of
his resulfs on SiO2 show that the observed molecular stopping power is
2.3% low compared to his predicted value. Applying the present
analytical method and assigning the discrepancy to the oxygen implies
That the effective oxygen stopping cross section in his measurement is
7.6% lower than the reference value, compared to the 7% value shown
in Table 3.6,

There is a basic philosophical difference in the two experiments.
The results presented here have been used to develop a self-consistent
analysis of the signal yields. The present results do not depend
significantly on any external measurements. In Baglin's experiment,
the analysis of the results depend critically on the measurements of
Bourland, Chu and Powers(1971), The essence of the present analysis
is to demonstrate the validity of a necessary condition for Bragg

additivity. Baglin makes the broader claim that Bragg's rule is valid.
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3.5.3 Physical State Effects

The reduction in the stopping cross section with increasing
density due to dielectric effects was first recognized by Swann(1938).
These effects have been shown to be large and easily observed for
relativistic ion velocities in which Cerenkov radiation contributes to
the loss of energy(see Crispin and Fowler(1970) for a recent review on
this subject). By including these dielectric screening corrections for
non-relativistic particles, Fermi(1940) has estimated that the stopping
power in a condensed medium is "of the order of several per cent" lower
than in a gaseous medium. A recent calculation based on Lindhard and
Winther's statistical approach has shown that, in addition, solid state
charge distributions produce lower stopping cross sections than Hartree-
Fock-Slater wavefunctions for isolated atoms(Chu, Moruzzi and Ziegler).

In the energy range of 0-2 MeV "“He ions, the most extensive
experiments have been performed by the Baylor group. Their measurements
on several hydrocarbon gases showed that the contribution to the
stopping by the carbon in these compounds was systematically higher
than the measured stopping power of solid carbon(Bourland and Powers,
1971). However, the carbon contribution to the stopping in fluoro-
carbon gases was found to be in good agreement with the stopping in
solid carbon(Powers, Chu, Robinson and Lodhi, 1972},

The systematic discrepancy observed in Table 3.6 between the
oxygen contribution in the solid oxides and in molecular oxygen
constitutes possiblie evidence for a physical state effect. Because of
the possibie errors in the absolute stopping cross sections(Table 3.7),

each individual determination of the effective stopping cross section
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of "solid" oxygen by this method could not be construed as proof of the
existence of a physical state effect. However, a systematic discrepancy
is observed for all possible choices of reference stopping powers.

For example, the stopping in Si has been measured independently
by three groups with reasonably good agreement between | MeV and 2 MeV
(Eisen et al, 1972; Lin, Olson and Powers, 1973; Ziegler and Brodsky,
1973). We have used the values of Eisen et al, the largest of the
reported values. Using the other values would increase the apparent
density effect by 2-5%, giving values of 9-12% for this effect in 8302.

The Al stopping cross section has been reported by two groups
with agreement within about 5% for -2 MeV a-particles(Chu and Powers,
1969; Porat and Ramavataram, 1961). Because of the large inconsis=
tencies in the Al=Si relative yields with respect to the reported stop-
ping powers, we have remeasured the Al stopping cross section(see
Appendix B). These values are in good agreement with the results of
Porat and Ramavataram(i1961), which are 2-6% higher than the results of
Chu and Powers(1969) between | MeV and 2 MeV. This would reduce the
observed physical state effect in AIZO3 from the 22% shown in Table 3.6
to about 17%.

We have also remeasured the Fe stopping cross section(Appendix B)
and found slightly lower values(7+5%) than reported by Chu and Powers
(1969)., Using this value wsuld increase the apparent physical state
effect in th two iron oxides to about [3%.

Bourland et al (1971) directly measured the differential energy

foss in a gas cell in their measurement of the stopping cross section
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in gaseous molecular oxygen, while Rotondi(i968) differentiated the
range-energy relation. These two measurements agree between [.5 MeV
and 2.0 MeV with Rotondi's value about 5% higher at | MeV. Adopting
Rotondi's values would increase the apparent physical state effect
by 0-3%, depending on the oxide.

By taking appropriate choices of the reference stopping cross
sections, the apparent physical state effect can be narrowed to 10-15%.
This is almost exactly the value predicted in Ziegler, Chu and Feng
(see the discussion in Chapter | for an appreciation of the |imited
contribution of the present author to this work}.

The observed systematic discrepancy could be attributed to
chemical binding effects. The magnitude of these effects on the stop-
ping in gaseous oxides can be estimated by considering the cases of

NZO’ N,, CO and COZ' Using the measurements of Bourland, Chu and Powers

2’

(1971) for these gases as well as O it is possible to compare the

2)
contribution of oxygen to these molecular stopping cross sections with
the stopping cross section of pure oxygen. In one case, CO and COZ’
there is no significant difference from molecular 02 for 1-2 MeV “He

ions. In the other case, N2 and NZO’ the Bragg rule contribution of the
oxygen is systematically 5-8% lower than the pure oxygen value in the
same energy range.

The compounds used in this sfudy are the stoichiometric oxides
with the lightest cations from which nuclear scattering at 2.0 MeV

could be expected to be purely electrostatic, This maximizes the

fraction of the valence band electrons, which varies from 30% to 53%.



A simple test of the nature of the chemical binding is the difference
in the Pauling electronegativity, which varies from 1.7 for Si-0 to
2.3 for Mg-0. This covers almost the entire range available for binary
solid oxides. The estimated ionic character of the bonding of these
oxides varies from 51% to 74%. Any changes in the stopping power due
to chemical binding effects should be maximized by this choice of
compounds. Within the 1% sensitivity of the present experiment, there
are no observable chemical effects in the stopping of -2 MeV “He ions
in These solid oxides.

Baglin and Ziegler(f974) also investigated the possibility of
chemicai effects on the stopping power of silicon carbide. The thick
target yields of three different allotropic forms of silicon carbide,
3C(g1=SiC, 6H-SiC and amorphous SiC, were compared and found to be the
same within £1%. Since the two crystalline forms have band gaps of
2.3 eV and 3,0 eV, this is taken as evidence that there were no
ohservable chemical effects on the stopping in these different forms

of silicon carbide.

3.5.4 Applications to Backscattering Spectrometry

The validity of Bragg's rule implies that the stopping power in
units of dE/pdx can be predicted from the absolute stopping powers
of the constituent elements, The present results indicate that the
errors produced by making this assumption are much smaller than the
uncertainties in the available stopping cross section data. Note,
however, that the stopping power in units of dE/pdx is relatively

insensitive to almost all variations in the sample composition.
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A more useful application would be to determine the composition
of a sample from the thick target yield. [If the signals from all of
the constituent elements are easily extracted, the present method is
not recommended. The composiftion can more accurately be determined
directty from the separate signals. Sometimes, as in The case of
several oxides, the signals from the elements with tow atomic numbers
cannot be measured easily. In these cases, there is no alternative to
inferring the composition from the thick ftarget yield signals from the
heavy elements. The accuracy of this procedure, while no better than
the available stopping cross section data, will not be affected by any
deviations from Bragg's rule.

Two qualifications must be attached to the present claims. First,
they only apply To “He ions of energy over | MeV, since significant
deviations from Bragg's rule are expected to appear at lower energies.
Secondly, the accuracy of the calculated stopping powers of solids can
be improved slightly if the stopping cross sections of the normally
gaseous elements is reduced by about [0%; applying this change, for
example, improved the agreement between the predicted and observed
yields from a sample of Ta205(one of the samples shown in Chu, Nicolet,

Mayer and Evans, 1974; calculations by Feng and Chu, unpublished).
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Chapter 4
SUMMARY

Two self-consistent approaches to verifying the applicability of
Bragg's rule have been described for solid targets. These two methods
of testing Bragg additivity can be applied to the vast majority of the
possible mixed solid targets. The sensitivity of these methods have
been shown experimentally to be about 1%.

The present resuits indicate that any violations of Bragg's rule
in solid alloys or compounds are below |-2%. However, when one of the
elements is normally a gas, the gas phase stopping cross section
appears to be slightly larger than the solid phase stopping cross
section for the same element. In the broadest, this constitutes a
violation of Bragg's rule. Nonetheless, there is a unique value for
the contribution of oxygen to the stopping power of a solid oxide,
even if this value appears to be lower than the gas phase value.

This result suggests that changes in the stopping power due to physical
state and density effects probably dominate any possible changes due to
the differences in the chemical bindlng states in these solid compounds.

A practical consequence is that Bragg's rule can be confidently
appiied when analyzing MeV backscattering spectra., Any errors in doing
this for 1-2 MeV “He ions will usually be much smaller than the
uncertainties in the stopping cross section dafta used in the analysis.
The accuracy may be improved siightly by making a 104 allowance tor
the apparent density eftfects. Furthermore, reversing the logic of the

test described in Chapter Z results in an easy method for testing
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the consistency of the data taken either from a series ot identical
samples or from the same sample after various steps in an experiment.
The uncertainties in the available stopping power data preclude

reversing the logic of the test described in Chapter 3 to determine

the composition of a layer with a better than about 10% accuracy.
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APPENDIX A
A COMPUTER PROGRAM TO SIMUIATE BACKSCATTERING SFPECTRA

Al ‘General Description

As a part of the Bragg's rule experiment, a computer pro-
gram to synthesize a backscattering spectrum was developed. It is
capable of calculating a theoretical spectrum for a multi-layered target
in which the composition in each layer is constant. The program was
written to accomodate a structure with up to ten layers. A comple-~
mentary program, written by David Brice(1973), can be used to analyze
a single-layered spectrum with continuously varying composition.

In a typical backscattering spectrum, the detected par-
ticles are analyzed into channels of equal energy intervals. Therefore,
the calculation must be performed in depth intervals that correspond to
equal energy intervals at the detector.

In this program, the calculation is performed in two passes.
In the first pass, the backscattered energy as a function of depth is
calculated for intervals of equal width, such as 20 R. mis generates a
table that gives the incoming particle energy and the detected particle
energy as a function of depth, as well as the differential rate of
detected energy loss(the [S]-factor). Because of the number of calcu-
lations required to generate this table, this is the slowest step in the
entire program. The incoming and outgoing particle energies as a func-
tion of position in the target are used to determine the rate at which
the particle loses energy. This is calculated by entering the particle

energy into a polynomial fit to the energy dependence of the stopping
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power of the target. Since the kinematic scattering factors(Eq. 3.2)
are different for different elements, this table must be calculated
separately for each element in the target that produces a detectable
signal.

Once this table has been generated, the next step is to
calculate the scattering yield from each element. The table allows the
program to calculate the step size required to produce fixed detected
energy intervals. The backscattering rate from that step is then cal-
culated from the partial density of the element in that step and the
Rutherford scattering cross section(Darwin, 191Lk). The scattering cross
section is calculated using the incident ion energy as given in the
table calculated in the first pass. Since the Rutherford cross section
for any large angle scattering is very small, it is assumed that there
is no beam flux attenuation throughout the target.

The _ signal for each element is cal-
culated separately. The program has facilities to plot each of these
signals separately. 1In addition, it is assumed that the detected
spectrum is a superposition of the signals from the separate layers and
separate elements. The program calculates the superposition of these_
signals by taking a channel-by-channel sum of the signals and plots the
composite spectrum. Provisions have been made to allow the suppression
of this plotting feature, since this can be an expensive operation.

A provision is also made to display on the same plot the
calculated spectrum and am experimental spectrum. In order to make a
sensible comparison, the height of the calculated spectrum

can be normalized to match the height of part of the experimental data.
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In addition, the program has an arbitrary normalization, corresponding
to an arbitrary but constant incident particle dose, available to the
user. As a third normalizing option, the normelizing factor can be
made identical to that in a previously calculated spectrum to facili-
tate direct comparisons; part of the output of every calculation is
the normalizing factor and the option used to determine that factor.
The only obvious error in the program is that it assumes
that all things are constant in each step. In particular, it assumes
that the particle energy and the stopping power are both constant over
each step. The calculated value is the mean value over each interval,
5o the error in the program is of the order of the differences of the
first derivatives of the stopping power or the scattering cross section
at the ends of the interval. Thus, this small error is of the order of
the second derivative of the stopping power or the scattering cross
section, The less cbvious errors are due to truncation errors in the
computer itself, which have been minimized by using double precision
arithmetic. Nonetheless, the effects of these hardware limitations can
sometimes be seen in the calculated results. Fortunately, these errors
are usually much smaller than the errors in the stopping cross section

data used in the calculations.

A2 Using the Program

This part describes, approximately in the sequence the data
are entered, the requirements for successfully using the program. The
first requirement is 200 K bytes of core storage, which must be speci-

fied on the SET card in order to load the program into the computer.
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The program is capable of calculating an arbitrarily large

number of complete spectra. The first card in the DATA deck specifies
the number of spectra to be generated by the program. The FORTRAN
format for this card is (8X, I2). The following set of data cards is
then read once for each complete spectrum to be generated.

The first card of a set for one spectrum gives the number
of layers in the target, the number of elements in the target, the beam
energy in keV, the "quitting" energy in keV, the backscattering angle in
degrees, the energy width of a channel in keV, the size of the step to
be used in the first pass in angstroms, the normalization value to be
used in the program and a flag to indicate how the program is to use the
normalization value. The format for this card is (3X, I2, 3X, I2,
3F10.3, 2F10.L4, F15.3, 3X, I2). The quitting energy tells the program
when to terminate its calculations and the internally determined lower
limit is 200 keV. When the normalization flag is negative, the value
entered for the normalization is ignored and the value available in the
program is used. When the flag is positive, the value entered is taken
as the desired number of counts desired in the highest completely filled
channel for the first element calculated. To avoid generating meaning-
less calculations, this element must be present in the first layer of
the target. A zero value for the flag means that the normalization
value is to be taken as the value to be used internally in the program.
The same normalization wvalue is used for all computations of a given
spectrum and this value is outputted by the program with each one of the
signals calculated for each of the elements.

The next card is used to set up the plotter for the final,
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completely synthesized spectrum. The first entry is the alphanumeric
information to be printed in the upper right hand corner of the plot.
The minimum and maximum energies to be plotted, in keV, are the next two
entries. The maximum value of the vertical axis in counts per channel
is the fourth entry. The fifth entry is a flag to indicate to the
program whether or not there is experimental data to be plotted with the
calculated spectrum. The last entry is a flag that allows suppressing
all of the plotted output of the program. The program is designed to
automatically optimize the horizontal and vertical scales of the plot to
allow for the fact that there are twenty vertical and thirty-two hori-
zontal divisions on the graph paper supplied by the Caltech computing
center. To allow plotting experimental data with the calculated spec-
trum, the fifth entry must be over 1l00. To suppress all plotting, the
last flag must be a negative integer. Note that the default values on
these last two flags, the action taken when these are left blank, is
not to plot any experimental data and to plot all the calculated spec-
tra. The format for this card is (2X, A8, 3Fl0.2, 7X, I3, 7X, I3).

The next card contains the labels for the horizontal and
vertical axes when plotting the complete spectrum. The format for
this card is (2ak40).

The next set of cards give the energy loss specifications
for each layer. There must be one of these cards for each layer. The
first entry is the density of the layer in gm/cms. The second set of
entries are the five coefficients of a fourth order polynomial fit to

the energy loss curve for that layer, Gy 815 B a3, and 8y, where
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3 b
E” + auE

dE 2
BEE = ao + alE + aZE + a

3

where the energy is in keV and the stopping power is ten times the value
in (keV—cmz/pg). For example, the stopping power of aluminum at 2.0 MeV

is about 100 kev-cm?/ug. The energy used by the program would be 2000
(in keV) and the stopping power would be about 1000 (in 10 x keV—cm?/hg).
This is, admittedly an unfortunate set of units, but it is a historical
accident of the development of the program. It was not changed to more
conventional units because there exists here a profound respect for one
of the corollaries to Murphy's Law: Never fool with a working system!

At least two semi-empirical formulations to smooth fits to the stopping
power have appeared recently(Chu and Ziegler, 1973; Brice, 1973), and if
the coefficients for a large number of materials is available for either
of these formulations, it might be worthwhile to modify the program to
accommodate these tables. Returning to the essentials of the program,
after the five coefficients comes the eight alphanumeric characters that
the user can assign to identify the layer in the printed output. The
last entry is the thickness of the layer in angstroms, assuming the den-
sity specified as the first entry. The format for this card is (F7.3,
5E11.k, A8, Fl10.2).

The next set of cards provides the relevant information for
each target element. There must be three cards for each element. The
first of these three cards gives the mass of the target element in atom-
ic mass units(amu), the charge of the nucleus in elementary charges(the
same as atomic number), and the name of the element. The format for

thic card is (10X, 2F10.L4, 2X, A8). The next card gives the partial
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density of the element in each layer in gm/c:m3 in the format (1O0F8.L).
The partial density is the.contribution of the element to the density of
the layer. The sum of the partial densities for each layer should equal
the density of the layer. Since it may be possible that a layer would
contain elements that would not be detected by backscattering(such as
hydrogen), the sum of the partial densities entered into the program for
each layer do not necessarily add up to the density of the layer. The
program does not have any provision for checking that these partial den-
sities sum to the layer densities. The third card of these sets gives
the labels for the horizontal and vertical axes of the plot of the con-
tribution of this particular element to the total spectrum, The format
for this card is (2ak40).

If the experimental data flag was set greater than or equal
to 100, the program looks for some experimental data. The first card in
this set contains the number of data points to be read, the energy of
the first data point in keV, and the energy of the last data point in
keV. The format of this card is (6X, I4, 2F10.2). The program then
determines the number of cards to be read, assuming there are ten data
points per card in a (LOF8.0) format. After the data have been read,
the next two cards give the alphanumeric data to be printed in the plot.
The first of these cards holds the eight characters to go into the
upper right hand corner of the plot in the format (2X, A8). The hori-
zontal and vertical axes labels are read from the last card in the
familiar (2A40) format.

This completes the data required for a single spectrum.
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The output from the program was designed to minimize the
requirement to find the data cards when reading the printed output. The
most important part of this is that every data card read into the pro-
gram is printed out by the program before that information is used by
the program, To facilitate reading this output, descriptive legends
accompany the regurgitation of the material on the data cards.

After that, the calculated data from the first set of
computations is printed. This is the energy versus depth information
that is used in the rest of the program. The first column gives the
depth into the target in angstroms; the second gives the corresponding
detected backscattering energy from that depth; the column gives the
[S]-factor as a function of the depth in keV/R; and the last column
has the incoming particle energy as a function of depth.

The second part of the output gives the backscattered
count rate as a function of the detected energy. The first line gives
the normalization value used internally by the program as well as the
externally specified normalization flag. The tabulated data then gives
the channel number in descending order, the backscattered particle
energy for that channel, the count rate into that channel, the beam
energy at that particular depth, and the corresponding depth.

This output is generated for each element in the target.
As the signal from each element is calculated, they are summed to give
the composite spectrum,

The plotted output, if it is not suppressed, consists of
one plot for each element, giving the contribution of each element to

the total spectrum, and one composite plot produced by superposing all
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the calculated elemental‘contributions. The horizontal and vertical
scales for the single-element signal plots are those specified by the
user and as modified by the program. The vertical scale in the final
composite plot is again modified by the program to insure that none of
the calculated spectrum exceeds the 1limit of the vertical scale. If
experimental data is to be plotted, the composite spectrum is replotted

and the experimental dats is plotted on the same scale.

A3 Listing of the Program

The following is a listing of the program to simulate
backscattering spectra. It is divided into three parts. The first part
is the main program. This part reads the data into the computer and
controls the subroutines to eventually produce the composite plot of the
calculated spectrum,.

The second part is a subroutine called RANDOM. This is the
part of the program that actually calculates the depth dependence of the
incoming and backscattered particle energies and then calculates the
backscattered particle yield for a particular element in the target.
This part of the program also plots the calculated signal from each
target element before returning control to the main program.

The third part contains the miscellaneous subroutines
needed to provide further support for the main program. The function
ATF is used to calculate the kinematic scattering factor(Eq. 3.2). The
function CROSS calculates the corrections to the center-of-mass formula
for the laboratory-frame Rutherford scattering cross section. The

function ELOSS is used to calculate the appropriate rate of energy loss
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for a particular particle energy in a specified layer. The function
EOUT is designed to calculate the detected particle energy of an out-
going, backscattered particle; the data required for this subroutine
are the particle energy after scattering, the depth in the target, and
the scattering angle.

Note that special care has been taken in this program to
properly account for the fact that soée channels may span an interface
between two layers. The calculated spectra show no anomalous dips or

peaks near these interfaces, indicating that the calculations in these

potentially hazardous regions have been performed properly.
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IMPLICIT REAL#8(AwH,0=8), INTEGER(I=N)

T T DIMENSION TRATE(2000), THICK(10),PART(10),ANAME(10);PRHO(10)
COMMON/R/ A(S5,10),RHOC10),0X
TCOMMONZT/YL, Y2, 138, YU, 75, T6,T7,T8,79,T10
REAL*4 WORDS(3), NORD(S).SPECT(BOOO)'RAND(aooo)
REAL#4 ~"XLABEL (40) o YLABEL(10) N '
REAL#8  XLAB(10),YLAB(10),XMIN,XMAX,XLONG, YMIN, YMAX,YLONG, VMAX
COMMONZ INPOT/EIN,EQUIT,ECHAN, THETA™ ' ’ ’

_~u__;b__EQﬁMON{g!ZE/i}AB, YLAB. WORD, XMIN, XMAX, XLONG,
I YMIN, YMAX, YLONG, IDIVX, 1DIVY  — ° T T
COMMON/TARGET/AMASS, 2T
T T EOMMON/RYIPFLG T T T T T T T T T T e e
__REAL*G XLNGTH,YLNGTH,XLNG,YLNG :
TREAL*4TXLLLeYLLL
REAL*4 EXPX(2000), EXPY(2000)
EQUIVALENCE(RATE(1),EXPX(1)), (RATEC1001),EXPY(1)) ~
_EQUIVALENCE (WNRD(1),ENAME)

B S
¢ THE FOLLOWING CARDS SET UP THE PLOTTER
¢ e
COMMON/COMPLO/TTEST,XLNGTH, YLNGTH
TTCOMMON/COMCPL/IT,XUNG,YLNG =~
COMMON/COMPLT/ITTT.XLLL'YLLL :
TTTTTTTYTEST . T T
___XULNGTH = 16,0
vthvu“:””xd.o"“““""“‘“'“““““"”
It I
1 VSIS S
YLNG 3 10,0
- B 0.5 .
XLl = 16,0
B T R R € P
B YMIN 2 0,0
oL, N1 L S
€ SKIP A COUPLE OF PAGES ON THE PRINTER
e SKIP A COUPLE

_WRITE(6,100) :
WRITE(6,100) — ~ "=~ =
100 FORMAT('I')

T .
¢ _READ THE NUMBER DF COHPLETE SPECYRA 70 BE GENERA!ED
C

READ(5,108) NSPEC
TTLOT TFORMAT(BX, TIR) T T T e o T T

WRITE™ THE NUMEER”UF”CDMPLETE”S?ECTRA TO BE GENERATED AND

- T
c PLOTYED
c it e e e e e

WRITE(6,102) NSPEC
TOZ T FORMAT (20X, *'THE NUMBER OF COMPLETE "SPECTRA TO HE GENERATED 18°',

i I3,',1)
t e e e
c
- T EXECUTE THE 170 ROUTINES AS MANY TIMES AS THERE ARE SPECTRA
v T0 BE GENERATED
¢ et e e 4 e e e e e e o e e o e e e
DO 999 ISPEC = 1¢NSPEC
R eSS PSS [
¢ VMAX IS PART OF THE SELF-SCALING RDUTINE FOR THE PLOTTER

~n

c S, -




VMAX = 0,0

T _— — e
- ’c READ THE FOLLOWING INPUY - - o - T T

c THE NUMBER OF LAYERS IN THE SAMPLE

¢ LATERS IN . e e

c THE _NUMBER OF ELEMENTS TO BE COMSIDERED o

€ THE INCIDENT BEAM ENERGY IN KEV T T T e e

c THE ENERGY VALUE FOR TERMINATING CALCULATIONS

T YHE DEFAULT VALUE IS §00 KEV oo oo

c THE BACKSCATTERING ANGLE IN DEGREES ‘
C THE ®ENERGY PER CHANNEL™ 'IN KEV ~~ — = =" = - A
_C THE 812E DF THE ITERATION STEP IN THE CALCULATION IN ANG

¢ “THE " NORMALIZATION VALUE FOR THE SPECTRUM - e e

¢ AND A FLAG TD DETERMINE HOW TD USE THE NORMALIZAYION

€ TTHHEN THE FLAG>0 THE NORMALIZATION VALUE IS TAKEN AS THE

c NUMBER OF COUNTS IN THE HIGHEST COMPLETELY FILLED

T CHANNEL "WHEN GENERATING A SPECTRUM

c WHEN THE FLAG=0 THE VALUE 18 TAKEN AS A VALUE

T FREVIOUSLY DETERMINED, AS IN THE CASE OF A SECOND Coo

c FLEMENT IN A SINGLE SPECTRUM

T WREN THE FLAGCO THE NORMALIZATION VALUE IS 1GNODRED

C
T T TTTREAD(S, T05)Y TNLAYERGNEL,FIN,EQUIT, THETA,ECHAN, DX, ANORM,NORM

105 FORMAT(3X,12,3X,12,3F10,3,2F10,4,F15, 3.3x.121 o L

_C RECALL THAY THE DEFAULT VALUE FOR THE MINIMUM ENERGY FOR

- CONTINUING CALCULATIDNS IS 100 KEV o T T
”‘;““““”EDUYT‘“i”‘DMAx1t"EGU!Y;‘loo.ODO)

c
'"é‘““‘““‘WFIVE'THE"SPECYRUM‘NUMBER?or'THIS“SET OF SPECTRA

£
T T WRITE(S,106)  ISPEC T T

106 FORMAT('1',9%, ' THE INPUT DATA FOR SPECTRUM NUMBER ',I3 ///7 )
C
{%7 WRITE THE DQ[A_Q&;!@E_E}E?]WPAlfVCARD FOR THIS SET OF CARDS o

WRITE(6,107) .
107 FURMAY(9IX, "LAYERS Y, IX, VELEMENTS!, 7X, VEINCKEV) ' ,5%, 'EQUIT(KEV) Y,
) 1OX) VANGLE Y ySX, "ECHANCKEV) Y, BX, 'DX(ANG) ', 11X, 'NORM! ,SX, 'NFLAG!H,
T/ T T e ' :
‘ WRITE(6,108) NLAYER)NEL,EIM,EQUIT,THETA,ECHAN,DX s ANDRM, NORM
T Y68 FORMAT(IOX, I3, L Ixs T3, 9%, F1043,AX,F10,3,7XsF30,3,3X,F10,4,6X, T
i F10,4,4X,F15, 3,3!:12 1977 :

READ THE INFORMATION FOR SETTING UP THE PLOTYER

THE LEGEND GOING IN THE UPPER RIGHT HAND CORNER I8 FIRST ~ = =

NEXT IS THE MINIMUM ENERGY TO BE PLOTTED IN KEV

THIRD IS THE "MAXIMUM ENERGY T0 BE PLOTTED IN KEV ~~~  — === —

THEN THE MAXIMUM NUMBER OF COUNTS PER CHANNEL EXPECTED

AND 'NEXT IS A FUAG TD DETERMINE WHETHER OR NOT IR
EXPERIMENTAL DATA WILL FOLLOW TO BE PLOTTED WITH A

COMPLETE "SYNTHESIZED SPECTRUM - B
THE FLAG MUST BE >99 REFORE THE PROGRAM wILL

ACCERPT A"SET OF EXPERIMENTAL DATA FOR PLOTTING  ~

FINALLY, THERE IS AN OPTION TO SUPPRESS PLOTTING OF THE

SYNTHESIZED SPECTRA, THIS OPTION 1S EXERCISED 8Y e

SETYING THE FLAG TO ANY NEGATIVE NUMBER,

OO OAON

i

agqoagooac
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READ(S,109) WORDS(1),WORDS(2), XMIN, XMAX, YMAX;IRAN IPFLG
TTTY09T FORMAT(2X,2A8,3F10,2,7X,TI3,7X%,13) T T

T NOW WRITE THE DATA ON THE SECOND DATA ™ CARD ~~ " 7 o
c
TTTTTTTTTTTRRITE(S Yty Ty mm e T ' T
110 FORMAT(10X,'PLOTTER CONTROL', 15X, "WORDS!, 10X, ' XMIN', 16X, ' XHAX',
16X, VYMAX Y J6X, YREAL DATAZYV,4X5'PLOT? 7 ) T
 WRITE(6,111) WORDS(1),WORDS(2)¢XMIN,XMAX,YMAX,IRAW,IPFLG
11 FORMAT(38X,2A8,6XsF10,2,10X,F10,2,10X,F10,2,8X,14,6%X,14 // )

c

c TTTREAD THE UABELS FOR THE HORIZONYAL AND VERVICAL AXES ON THE

C COMPLETE SYNTHESIZED SPECTRUM, IF ONLY ONE ELEMENT IS 71O
c

C

c

BE CONSIDERED, THIS PLOT wWILL BRE OMITTED, HOWEVER, A CARD ™
MUST STILL BE INCLUDED FOR THE LABELS EVEN IF ONLY KLANKS

o .____READ(S,112) XLABEL, YLABEL A
112 FORMAT(20A4) o T

€ TNOW WRITE THE LABELS ON THE PRINTED DUTPUT o o T

TWRETEC6,183) T Tt T T ' ) T T
113 FORMAT(40X, 'XLABEL',40X,'YLABEL' / )
T HWRITECG,114)  XLABEL, YLABEL o ' T
114 FORMAY(4O0X, 10A4,6X,10A4 ////7/)

: -
L _ THE POLLOWING DO LOOPS ARE FOR ZERDING OUT THE ARRAYS
 pD 205 1L = 1, 2000
TTTUUSPECT(ILY = 0,0 00 )
____RAND(IL) = 0,0
OS5 T CONTINUE S ~ T T T e e
. DO 209 IL = 4, 10 .
TTTTTUOPARTCILY s 0,0 -
THICKEILY = 0,0
TTTTTUTTUUANAME(IL) = 0,0 T
N RHO(IL) = 0,0
TTTTTRD 208 YJ = 4, ST T T T
ACIJ,IL) = 0,0

“ =208 “CONTINUE — S - R ——
209 CONTINUE
g S o e e
c .
" """READ GNECARDFOR-EACH LAYER SPECIFYING L e e

THE OENSITY OF THE LAYER 'IN GN/CM*t3 ‘ T T
THE COEFFICIENTS 0OF THE FOURTH ORDER POLYMOHIAL GIVING

THE"STOPPING POWER OF THE MATERIAL IN THE LAYER - - & —————
THE NAME OF THE LAYER

IND'THE'THICKNESS'DF'THE”EAYER IN ANGSTROMS - -

A8 THE DATA IS BEING READ' HRITE IT DUT ON THE PRINTER

O(‘Lﬂ(‘ (22 s oz N gl

!

DD 219 IL = 1,NLAYER
READ(S+120) - RHOCILY o (ACIoIL) pJ)BE,5) ) ANAMECILY,) THICK(IL) ——
120 FORMAT(FT,35,5E11,4,4A8, Flo 2)
WRITEC6,121) IL- -~ — T s e e e
124 FORHAT(' LAYER = "130 .' // )
___.._,_._._“R!"E(é’ t22) - e e e e B e e v




e —— Y P I

122 FORMAT(10X.'DtNSITY'.!OX,'A(O)'olZXa'Atl)'rleXo'A(2)'¢12Xp'A(3)'
ST YACA) T LS X TLNAME 1, 6X, LTHICK /) == : I
WRITE(6,123) RHO(IL) s CACJ,ILY,J=1,5) ANAMECIL), THICK(IL)
Y23 FORMATULOX,F7,3; 6X; SCEL1als5X);6XsAB,3X,F1092 /77 ) T
219 CONTINUE

& U -
¢ _THE FULLDWING DEFINES THE DEPTH 70 EACH INT&RFACE
¢ e e
T = THICK(1)
T2 8Ty 4 CYHICKt2Y T T oot T T T
T3 g8 Y2 + THICK(3)
. Y& 773 ¢ THICK(4)Y T T T i ST
19 ¥ T4 + THICK(S)
Y6 TS ¥ TYHICK(eYy T T T T T s e
T7 g Y6 ¢ THICK(T)
R & T7 ¢ CYHICK(8Y ~ 7 T/ o
Y9 - TYB & THICK(9)
TR TE Y9 47 YHICKCY0Y 0 T ST
C

- TTRWRTTE THE NAMETUF EACH LAYER, THE THICKNESS OF THE LAYER,
c ANO THE THICKNESS OF THE SAMPLE YO THE DEPPEST PART OF THE
-C - LAYER T h
C

TTWRTTE(H,250) (ANAMECUIY, "J =157 NLAYER)
_ 280 FORMAT('1',9%,10A10)
WRITE(6,251) (THICKCJI), U = {5, NLAYER y 77 7 777~ -
PS5t FORMAT(//10Xs 10F1042)
WRITE(6,252) Ti, T2, T3, T4, 15, Y6, T7, T8, 19, 110
252 FORMAT(//10X, 10F10,2 / '1' )

S ,
b THE FOLLOWING I8 A RDUTINE FOR OPTIMIZING THE HORIZONTaAL AND
C VERTICAL AXES ON THE PLOTTER
o
L.o6 = ALOGLO(YMAX) ~
e GHAR = 10.0%%L06
DIGMAX = YMAX/CHAR
. IF(OIGMAX»{,0) 305,301,305
301 DIGMAX = "10,0wDIGMAX ST
L CHAR s CHAR/!O ]
7305 T MAXDIG = DIGMAX T T
DIGMX 3 MAXDIG

TIF(DIGMAX~DIGMX) ~307,307;306
306 DIGHX = DIGMX + 1,0
O T HIND TG & Y INSEMARY L o m e e
DIGMN = MINDIG :
“DIGDIF = DIGMX » DIGMN Sl
__ IF(DIGDIF=5,0) 312,312,311
TTU3IYODIF T T t0,0 T T T
IDIVY = 40
AL ‘ e
___3t2 IF(DIGDIF=2,0) 314,314,313
333 7DIF T 8 5,0 00 T T T e e o
B IPIVY = 5
TTTTTR0TT003200 0 T T o
314 IF(DIGDIF=1,0) 316,316,315 -
T X¥YSTTDIF T T 2,0 7 T T T s
IDIVY = 4
GO TOT3207 R T T e
316 DIF = 1,0

ey

IR IVY T E O —- e e e e e - e e
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320 VYMIN 8 DJIGMN&CHAR
YMAX & YMIN W DIFACHAR ™ " T T T
| YLONG = 10,0 o o
06 TR TTALOGLIO(XMAXY T T T T h
CHAR E 10,0xx(LOG~1)
TTDIGHMAX = XMAX T/ CHAR T
____IF(DIGMAX = 10,0 ) 331,331,332 I
337 DIGMAX = (0,0ADIGMAX
. CHAR m® CHAR/10,0
332 MAXDIG = DIGMAX
DIGMXx = MAXDIG
T IF(DIGMAXeDIGMX) 334,334,333 o
333 DIGMX = DIGMX + 1,0
334 MINDIG = XMIN/CHAR
~DIGMN = MINDIG
T DIGDIF 3 T DIGMX « DIGMN T
R IF(DIGDIF = 64,0 ) 343,343,341
341 CDIF w  g60,0 ~
GO TO 360
TTTTRET IF(DIGONDIFE32,0) T346,346,344 T
344 DOIF 2 64,0
T60°TD 360 7 7 T
346 IF(DIGDIFU’lb'O, 349,349,347
T 347 DIF s 32,00 7 T
GO 10 360
349 IF(DIGDIF=6,4) 352,352,350
350 DIF 8 16,0
T 760 Y0 360 T N o
352 IF(DIGDIFm3,2) 354,354,353
353 DIF s b4 ' i '
: 60 TO 360
TTTXS4 IFCDIGODIF »4,6) 357,357,355
355 OIF = 3,2

GO TOD 360 T T
. 357 01¢ 2 1,6
TTT3B0T IDIVX T 16 )
XMIN 2 DIGMN%CHAR
TTTTTTTTTUXMAX T2 XMIN ¢ DIF#CHAR
XLONG = 16,0
B I
¢ THE FOLLOWING 18 FOR INPUTTING THME SPECIFICATIONS 0OF EACH
TTCTTTT T U UTTT TELEMENT
c
0Dy IRl TETTYyONELT T T
c
TTCTT T PIRST ZERD QUT THE VALUES OF THE PARTIAL DENSITY
c
T P02 e 3 Y0 T
PRHOCIL) = 0,0
“‘;‘223“‘CUNTINUt T N T T e e
C NOW ZERD OUT THE BUFFER-AREA FOR HOLDING THE COUNT RAYE FOR
c EACH ELEMENT

DO 224 IL = 3, 2000
—RATECIL) ——& 0,0 *~ - - -
224 CONTINUE

READ THE MAS88 OF THE THE ELEMENT IN AMU, THE CHARGE 1IN
ELEMENTARY CHARGES,; ~AND- THE NAME -N0F THE ELEMENT

(s X oy




e 33 e

c
T REAUDUS,130) TAMASS, ZT, ENAME T T U TTTTTS rmomT T em o mm o mm e s e
L 130 F¢ FURHAT( 10X, "2F10,4, 2X, AB ) o L
BEFORE wRITING THE INFORMATION ON THWIS CARD, TELL U8 wHICH
SPECTRUM "AND WHICH ELEMENY WE ARE DOING YME CALCULATION ON

oaoe

WRYTE(H,131) T1SPEC, IEL ~ T T oo T oo
131 FORMAT(10X,'SPECTRUM NUMBER = ',13,20X,'ELEMENT NUMBER = 1,13///)

(o .
C NOH;%R{TEHIng{NFORMATIDN SPECIFYING THE ELEMENT

—-
WRITE(6,132)
TTT{IT FORMATC23X, P AMASSY , §4X, 'CHARGE Y, 12X, PELEMENT NAME! / )
_ WRITE(6,133) AMASS, ZT, ENAME
133 FORMAT( 20X, F10,4,10X, F10,4,15X, AB //// )

c
C 7 " READ THE PARTIAL DENSITY OF YHE ELEMENT IN EACH LAYER IN GM/CC
c

TTREAD(S,140Y T (PRHOCII), 1I=1,NLAYER) — 77 o
140 FORMAT( 10F8,4 )
-t -
—~§ ____AND THEN WRITE THE PARTIAL DENSITY OF THE ELEMENT IN EACH LAYER
WRITE(6,141)
TTTUTTFORMAT (10X, 'PARTIAL DENSTTY!//5X, TLAYER ‘= 1,5X, 111,9%,121,9%,'31,
19X MAT 9%, 51, 9K, 16, 9N, 1T, 0%, P81 ,9%, 190 ,9X, 1101 /7 )
WRITE(6,142) ( PRHO(IJ),1J = 1, 10)
142 FORMATC 15X, 10 FB,4, 2X)///)

S
c A_PLOT IS TO BE GENERATED FOR EACH ELEMENT TO SHOW ITS
c CONTRIBUTION TO THE WHOLE SPECTRUM, READ THE HORIZONTAL
C  AND VERTICAL AXES LABELS FOR THIS PLOT

- READ(5,150) XLAB,YLAB
150 FORMATC( 2044 ) '
”“E“‘“”""~ow"wRJVE”THE‘LABELs AS USUAL
T T UUTWRITE(6,151) N
15 FDRMAT(10X,’PLOTTER cowTRoL',xsx,'unRDs' /)
TTHRITE(6,152) WORD(1),WORD(2)
152 FORMAT( 38X, 2a4 // )

WRITEC6,113) e
WRITE(6,114) XLAB, YLAB

e
c WE WANT TO SAVE EXECUTION TIME, S0 ONLY CALCULATED AS OEEP AS

o . YHE ELEMENT 1S PRESENT IN THE SAMPLE T
¢

e KDRYER = ~ p— = mm o= e e e
DO 229 ILAYER = 1,10
TTJLAYER =7 ff « ILAYER S
IF(PRHOCJLAYER)) 229,229,225
T T225TTKLAYER = JLAYER T T o m e ) T
ILAYER = 25
2RO T TONTINUE - o= - e e e e
_EGSAVE = EQUIT

__g__ _CALCULATE THE RANDOM SPECTRUM FOR THIS ELEMENT
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CALL RANDOM(RATE ,KLAYER,ANORM,NORM, PRHD)
TEQUIT T s TEQBAVE T T o

- v TTTADDTUP T YHE CONTRIBUTIONS FROM EACH ELEMENT TO SYNTHESIZE A
c RANDOM SPECTRUM FOR ALL ELEMENTS CONSIDERED
— — A d S A bl B A ; !
00 249 IL = 1, 2000

"SPECTCILY ~ "® TSPECT(IL) + RATE(ILY ™
.. VMAX  m  AMAX1(VMAX,SPECTC(IL))
249 T TCONTINUE
899 CONTINUE
¢ e
___READJUSY THE VERTICAL AXIS IF NECESSARY

IF (VMAX,LE,YMAX) 6D TO 950
Lo6 ® ALDG{O(VMAX)
CHAR =  {0,0%x*_ 06
TTTTTTTUDIGMAX E VMAX 4 CHART T T
L IF(DIGMAX = 1,0 ) 905, 901, 905
TTYGL TDIGMAX = 10,0 % DIGMAX R

CHAR 8 CHAR / 10,0
TT905 MAXDIG =0 DIGMAX Tt T T e o
ODIGMX = MAXDIG

TTUTTTT OIF(DIGMAX = DIGMX) 907, 907, 906
906 DIGMX = DJGMX + 1,0
“907 T DIGDIF =T DIGMX

. IF(DIGDIF = 5,0) 912, 912, 911
TYLLTRIF T = 10,0 . e
IDIVY = 10
TTeO To 9207 T T T

912 IF(DIGDIF = 2,0 ) 944, 954, 913
TTRIXTPIF T T 5,0 T o
H_ IDIVY = §
T 60 Y0 924 o v T )
9¢4 IF(DIGDIF » §,0) 916. 916. 915
U915 DIF = 2,0
IDIVY = 4
TR0 INT9R20 T T T e e )
916 DIF s i,
TTTTTTTTTTTIDIVY TR TO10 T T T
920 YMAX B DXP * CHAR
g N :
c PLOT ONLY YHOSE CHANNELS THAT FIT WITHIN THE ENERGY AXIS

950 SPAN = XMAX = XMIN
TTTTUTTTTTNPOINT = SPAN/ZECHAN #°1,0
MINPT = XMIN / ECHAN ¢ 1,0
MAXPT = MINPT + NPQINT » 1 - -
DO 970 IL = MINPY, MAXPTY
IR m Il e  MINPY # 0 o meemme— o m e eeees e oo
RAND(IR) = SPECT(IL)
TTTTT9T0 T CONTINUE T T e T

¢
_ ~BYPASS THE REST IF THE PLOTTING SUPPRESSION NPTION IS CALLED
— ~IFCIPPLG,LT,0) GO TC 980

¢
€ T IP CTHERET WAS MORE THAN ONE ELEMENT, GENERATE A COMPOSITE PLOT

TR NEL 1) 980498053971 o s
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974 WORDS(3) = 73,0

CALL CABEL(0,0,0,0, XMIN, XMAX/XLONG, IDTIVX,XLABEL,40,0) ~ ~~  —— ~7 =

CALL LABELCO,0,040, YMIN,YMAX,YLONG,IDIVY,YLABEL,40,1)
- T CALL CPLOTC(RAND ,NPOINT ,NPOINT,,WORDS, YMAX,YMIN,5)

c
T T BYPASS YHIS SECTION IF YHERE IS NO EXPERIMENTAL DATA

c

980 IF(YRAW,LT,100) 60 YD 999 - o Tmo e e

c
TCTTTT T READ TTHE NUMBER OF EXPERIMENTAL POINTS AND THE MINIMUM AND

c MAXIMUM ENERGIES OF THE EXPERIMENTAL PODINTS, ASSUME EQUAL
o ) TENERGY 'INTERVALS BETWEEN POINTS - B

C

READ(S,161) NPT, EMIN, EMAX 7777777 7o oo
161 FORMATC 6Xx, 14,2F10,2 )

€ Cee .
C WRITE THE FLAG VALUE 80 WE KNOW wHY IT LOOKED FOR RAW DATA
r lahhR L TRAL VALUL SU : i

 WRITE(4,162) IRAW
T62 FORMATVLY, 9%, VTHE FLAG FOR PLOTTING RAW DATA WITH Af,
) 1 ' SYNTHESIZED PLOT IS ', 18, ' ' / 10X
TTTTTTR27UTUCTHIS VALUE SPECIFIES THAT SUCH A PLDT SHOULD AE MADE,'///)
c

¢ WRITE THE SPECIFICATIONS OF THE RAW DATA
TTTTTTTTTRRITE(6,163) T NPT, EMIN, EMAX ‘ ‘
163 FORMAT(10X,'THE NUMBER OF CHANNELS IS ', 14, V ,% //
10X, VTHE ENERGY OF ThE LOWEST CHANNEL IS ', F10,3%,
v KEVeY
T10X, ' THE ENERGV OF THE HIGHEST CHANNEL IS ',F10,3,

YV OKEVY' //7)
TWRITELE,f64Y
164 FORMAT(SOX;'EXPERINﬁNTAL DATA1//)

b\ﬂN""

C  DETERMINE THE NUMBER OF DATA CARDS ASSUMING 10 POINTS PER CARD

e NCARD_ = NPT / 30 o

MPT™ 7w NCARD * 10
IE(NPToMPT) 982, 982, 981

77981 NCARD NCARD ¢ 1
982 CQNTINUF
C ZERD OUT THE LOCATIONS OF THE EXPERIMENTAL DATA SINCE 1T 18
T T EQUIVALENCED WITH ANDTHER ARRAY
C

TTTTTTTTTD0 983 7 TIPT = T 1,2000
EXPXCIPYT) 8 0,0
TTOTTTTTTEXPYCIPTY o= DLO
983 CONTINUE
T DO T9BS T TYCARD TE T, NCARD T TTTTT 0 B
IPT s (0 x ICARD
MPY 2 IPY w9 " 7 7 T o
JIFCUIPTWGT,NPT) IPT = NPT

READ THE EXPERIMENYAL DATA BTARTING WITH THE LONEST ENERGY

READ(S,165) (EXPY(JPT):JPT EMPT, IPTJ
TTTTYSS T FORMAT(I0FB,0) Tomermo o - T

LPY % MWPT =t

(¥
—e
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MRITE THE EXPERIMENTAL DATA IN A READABLE FORMAT

C
¢ -
A WRITE(6,166) LPT, (EXPY(JPT),JPT=HPT,IPT)
166 FORMATY(10X,15,15%X+10(F8,0,2X) )
985 CONTINVE o
c
_t NOW CALCULATE THE ENERGY OF EACH CHANNEL FOR THE EXPERIMENTA(L
t DATA BY ASSUMING EQUAL ENERGY INTERVALS
c ——— — —— N . - B e e —
PT E NPT w §
- _EPY ® (EMAXnEMIN)/PT Ll ETL
00 969 IPT F 1, NPT 7.7
PY_ _IPT = o
EXPX(IPT) = EMIN ¢ EPT * PY
989 CONTINUE o
C
_C__ READ THE LEGEND FNR THE UPPER RIGHT HAND CORNER OF THE PLOT
c AND THE LABELS FOR THE HDRIZONTAL AND VERTICAL AXES
€ o .
READ(S,167) WORDS(1),WORDS(2),XLABEL,YLABEL
167 FORMArczx. 2A8 7 20A4 )
c NOW WRITE THE ALPHANUMERIC DATA FOR THE EXPERIMENTAL DATA PLOT
.

WRITE(6,168)
TTTI68 FORMATC//) T .
WRITEC6,151)
- waxrece,:sz) WORDS(1),WORDS(2)
. WRITE(H,114) XLABEL, YLABFL
T WORDS(3) = 73,0

c .
T T ALOY THE EXPERIMENTAL DATA
__g“_“_,VA AND THEN PLOT THE SYNTHESIZED COMPDSITE SPECTRUM AGAIN

CALL LABELCO.0,0,0,XMIN,XMAX,XLONG, IDIVX,XLABEL,40,0)
"CALL LABELCO,0,0,0,YMIN,YMAX,YLONG,IDIVY,YLABEL,40,1)
CALL lXYPLT(NPTlEXleEXPY' XMIN'XMAX’YMIN,YMAX'WORDS,O'U)
CALL CPLOT(RAND,NPOINT,NPDINT,WNRDS, YMAX,YMIN,S)

TT 7T GD BACK AND REPEAT IF THERE ARE KORE SPECTRA TD BE GENFRATED
—5 999 CONTINUE
'—g"-—""~*-now*nu17—nmo~Go HOME ™~~~

END
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SUBROUTINE RA} RANDOM( RATEu 'LAYER, ANORM, NORM, PRHD )

_THIS IS THE FAST VERSION UF THIS PROGRAM
IMPLICIT REAL%B(A~H,0m8), INTEGER(I=N)
TDIMENSION T SIGMAL2,2000),ECET(2000),RATE(R0002
DIMENSION THICK(10),ANAME(IG),PRHO(10), TSAVE(10)
TTTUTTTTTREALXGT BEAM(2000), nEEPceOuﬁ)’ ” o
REAL*4  WORDS(3),XRATE(2000),YRATE(2000),XLABEL(10),YLABEL(10)
TTTTTRE &L %4 xLDNG,xMIN XMAX pYLONG , YMAX, YMIN 7
COMMON/P/IPFLG
TTTTOMMON T/ DP T/ TTSIGMALEDET o
COMMON ¢ SP / BEAM,DEEP

__SIGMA(1,1) WILL HOLD 1ht INERGY AT THE DETECTOR AS A FUNCTION
OF DEPTH IN ECQUAL 'STLPS OF DX ANGSTROMS 7
SIGMAC2,1) KWILL HOLD D(SIG*A(L1,1))/0X IN KEV. PER ANGSTROM
TTTTEDEY WILL STORE THE INCREEENTED DETECTED ENERGY IN THE
o CALCULATION UF THE BACKSCATTERING RAYE
RATE IS THE NUMBER OF CUUNTS PER INCREMENT OF DETECTED ENERGY

odednclnd ||

g e e e ——

L COMMDN /R/A(5,10)/RHD(10),DX
- C
c A I8 A MATRIX HOLDING THE 5 COEFFICIENTS OF THE FITYED DE/DX
¢ FOR EACH OME OF THE 10 LAYERS ALLUWED FOR IN THE PROGRAM
¢ RHN 18 THE DENSITY OF FACH LAYFR IN GRAMS/CM#x3
- TTPX 1S THE INCREMENT IM DISTAMNCE USED TN CALCULATE SIGMA
PRHO 1S THE PARTIAL DENSITY IN GRAMS/CMx43 OF THE ELEMENT

€T OBEING CALCULATED,
C
e e e
. _COMMON /T/ Y1,T2,73,74,75,70,T7,78,79, 110
€
¢ INTIs THE THICKNESS OF THE SAMPLE IN TN THE DEEPEST PART OF
¢ "LAYER N,
TTOTTTUTTOIMENSToN T TR({ey 0 T - -
 EQUIVALENCE (SIGMAC1),XRATE(1)),(SIGHMA(2001),YRATE(1))
EQUIVALENCE ™ (TNCI)»TL)p CTRC2) T2 CYNC3Y,T3), (TN(4L),THU),
. 1 (TNCES) TSI o (TNCEIpTOI S (TNLT),TT) s (TNIBY,T8),CTN(I),T9),
TTCYINCLOY, T10Y
C
€ TINCYY 1sTTO FACILUITATE YHE CALCULATIONS WHEN ~ — ~ o
__gw __CROSSING AN INTERFACE o
COMMON/TARGET/AMASS, 2T
¢ . e .
C AMASS 1S THE MASS OF THE TARGET ELEMENT IN AMY

¢ ZY IS THETATOMIC NUMBER OF THE TARGET ELEMENY = ~ T

COMMDN/INPUT/EIN EDUIT'ECHAN THETA

EIN I8 THE ENERGY OF THE INCIDENT ALPHA PARTICLE BEAM IN KEV
THETA 18 THE BACKSCAYTERING DETECTING ANGLE IN DEGREES

EQUIT 18 THE LOYEST DETECTED ENERGY FUOR WHICH CALCULATION
. SHOULD BE MADE, EQUIT IS ALSO IN KEV,
DX IS THE SIZE OF THE STFP USED IN CALCULATING THE
BACKSTATTERED ENERGY AS A FUNCTION OF TARGET DEPTH

e

aqoQqaoae
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¢ ECHAN IS THE ENERGY PER CHANNEL IN CALCULATING THE:
(o TBACKSCATTERED SPECTRUM — " ~~— === === T o e
' ANORM 18 THE NORMALIZATION YO BE USED IN CALCULATING THE
“c T HMEIGHT OF T THE RANDOM SPECTRUM, A8 SPECIFIED BY YNDRM! -
4 NORM DETERMINES HOW ANORM 1S TO BE HANDLED IN THE PRUGRAM
TTET T 7T TTTTTIF ONDRM € 04 THEN ANORM IS8 TD BE IGNORED
c IF NORM = 0 , THEN ANORM IS A PREVIOUSLY DEYERMINED FACTOR
o IFTNDRM S 0, THEN ANORM IS8 THE NUMBER OF COUNTS IN THE ~—
c HIGHEST FILLED CHANNEL, AND THE SPECTRUM IS8 TO BE
T NORMALIZED 1O THAT VALUE
c
c — e N
S .
c THE FOLLOWING PART OF THE PROGRAM I8 TO READIN THE DATA
__%" THAT SPECIFIES THE CHARACTERISTICS OF EACH LAYER
. COMMON/SIZE/XLABEL, YLABEL, WORDS, XMIN, XMAX, XLONG,
T UTYMING YMAX, YLONG, T IDIVX, IDIVY -
T YHE FOLUOWING SECTYIONTIS TO SET INITIAL VALUES OF VARIASBLES
c
T NLAYER sTUMINOCNLAYER I0Y) T vt e e o

WRITE(6,800)
_*‘—BOO"“FORMATC'!') T -

TNN & TN(NLAYER) + DX
DEL 8 TDMODCTNN,DX) 77 T T T e e e
e _INN = TN(NLAYER) ¢ DEL
- NLAY 777 NLAYER ¥ ¢~ 7~ 7 7o T
DO 439 1 = NLAY, 10
T T UYSAVERIY T s YNCIY T T
TNCI) = INN

B39 TCONTINUET T

. Dbo 349 1 = 11,2000
BIGMA(L,1) =" 0,0 )
8IGMA(2,1) = 0,0
TTTTTTUTERET(IY O = 0,00 0 T -
. RATE(I) = 0,0
TTTTTTBEAMCIY T T ET 0,0 T o
DEEP(I) 2 0,0
T 349 CONTINUET T T e
LAYER = 1|
T UL SAVE ey T T
HEMASS = 4,0 -
2 R e P ¥ KU1 1 Rt T

ATHETA = PI « THETA 7 ( 0,1803 )
T ACPMA T8 “ALF (ATHETA; AMASS, HEMASS) -

EQUTR = ALPHAXE]IN
X B0 gODO T m e s o e
DE = 0,000
c . e N -
¢ ITRICK IS THE NUMBER DF STEPS TO BE TAKEN IN GENERATING SIGHA
C i ; e
_ JTHICK & Ti0/0X + l 000
" IF ITHICK 18 TOO LARGE, IT 18 ARBXTRARILY MADE EGUAL TU 1000
I7 a M!NO(ITH!CK.IOOO )
‘”*‘*““‘”SIGMA(I 1) EOQUTR - e
s EIN

c e e e J—
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C THE FOLLOWING SECTION ITERATES AND GENERATES THE VALUES UF
r THE ENERGY AT THE DETECTOR FOR 'BACKSCATTERED FPARTICLES -

TOTTTTTPO T 299  1TER T = 2,1Y 0 T T
TER 2 JTER ei
X "2 TYER*DOX
DE = DX*ELDSS(E, LAYERJ*RHO(LAYER)*l OD-OS
B = " E e DE

TF(X,6T,T9 ¢AND X,LE,T10) LAYER = 10
TTEF (X GT,T8 pANDoXsLELT9 ) LAYER = 9§
IF(X,6T,T7 ,AND,X.LE,T8 ) LAYER = B
TTTUTIF(XLGT T GAND X GLELTT ) LAYER = 7
IF(X,GT,TS (AND, X, LE,T6 ) LAYER = 6
TTIF(XGGT T4 LANDX4LE,TS 37 T LAYER = 5 -
L CIF(X 6T, T3 (AND X(LE,TY ) LAYER = 4
IF(X.GT'TE .AND.XOLFQTS ) ) LAYER = 3
 IF(X.6T,T1 JAND XalLE,T2 ) LAYER 3 2
TF(XGE,0,0,AND X ,LE, TS Y = LAYER = {
mh_{ﬁggiyga_eo LSAVE) 60 1O 355
3 = € ¢+ DE - )
X E X » DX
D% ‘87 TINCLSAVE) & X N
L DEY = ODX{%ELOSS(E,LSAVE)*RHO(LSAVE)*1,00-05
E : E - DEY
X moX o+ DXt
bx2 = DX e DXI
_ DE2 = DX2*ELOSS(E,LAYER)*RHO(LAYER)%1,0D=05
E s E » DE2
L X = X + DXe
355 EBACK = E x ALPMA
_ __ _LSAVE = LAYER
BEAM(ITERJ s E
= X
anuv = EOUTCEBACK,X,ATHETA)
SIGMA(1,11ER) = EOOUT

X XX

_LAYER = L SAVE
SIGMA(2,ITER) = (SIGMA(L,ITER=1) = SIGMA(1,ITER))/DX
IF(SIGMACL,ITER) LT, EQUIT) GO TO 998

IF(LAYER,GT4NLAYER) 60 10 998
o CIF(X,GT,110) GO 1O 999
¢ RSN D o
c
T T TTTU8IGMATL, 1) 3 ENERGY AT THE DETECTOR A8 A FUNCTIQOM OF DEPTH
_Cc IN STEPS OF DX AS SPECIFIED PREVIOUSLY
¢ Ters or :
_ € SIGMA(2,I) & D(SIGMA(1,I))/LX IN STEPS OF DX IN WIDTH
c - R :
S S
GO 70 299 "” T T T
e _
¢ WHEN THE BACKSCATTERED ENERGY HAS FALLEN BELOW EOUIT,
¢ __BRANCH OUT OF THE LOOP

|
|
!
{

998 17 & ITER
TTTTTTTTEQUIY s UDMAXICTEQUIT, EQOUT )Y T T T

C
TTCTTTTTTTT IF YHETLOOP 18 BEING LEFT BECAUSE T10 HAS REEN EXCEEDED,
C REDEFINE EQUIT YO BE THE BACKSCATTERED ENERGY FROM THE

TCTTTTTT TUUDEEPEST PART OF THE SAMPLE
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299

OO0 00

TTER A IT 4y

MSIQMA(Z,ljwm} 2,000 % SIGMA(2,2) = SIGMA(2,3)

DO 298 Um 4,177 7

EQUIT 7 & T DMAXIC EQUIT, EQOUT "y T T

T BRANCH DUTY OF THE LDOP ST T

CONTINUE .
EQUIT “» “DMAX{ ( EQUIT, ECOUT 7Y T T T T e

TTTTYIHE FOLLOWING PERFORMS A LINEAR FIT TO FIND A BESY VALUE OF

_SIGMA(2,1)

BEAM(1) a &IN
WRITE (6,601)

T FORMAT (LOX,'DEPTHE ) {3X, PEQUT!, 18X, 1STGMAL, 15X, YEBEAMY//)

1T7 g 1T + 1}

_EL ! Ley

U802 7
AL,

—g—
¢

R ’ EL T DX

WR!TE(b 602) R,S8IGMA(1,L), SIGMA(Z.L) +BEAM(L)
FORMAT( 8X, F7 0 r10XoFl0,4,30%,F30,7,10X%,F10,4)
CONTINUE

_FRONT I8 THE NORMALIZING VALUE FOR THE SPECTRUM HEIGHT

_FRONT = 1,008

MINCHN IS THE LOWEST CHANNEL 10 BE FILLED WITH BACKSCATTERED

T COUNTS
"MINCHN g EQUIT/ECHAN « 1,0D0

MXCHN 18 THE HIGHEST CHANNEL TD BE FILLED WITH COUNTS

" MAXCHN =7 EIN/JECHAN + 1,000

MXCHN & MINO( ZOOO.MAXCHN )
CHNMX & “MXCHN
NCHAN = ﬂXCHN - NINCHN

EMXCHN IS THE ENERGY OF THE HIGHEST CHANNEL

o

840

EMAXCHN = CHNMX % ECHAN
IF(EMXCHN « EIN )} 840, 8504 850 -
WRITE ( 6,841 ) EIN, EMXCHN

TTT8UY TFORMATC '1'.10X;'ERROR "THE BEAM ENERGY 18 ',F10,64,' KEV WHILF

17

HE ENERGY OF THE HIGHEST CHANNEL 18 ‘n FiO,“p P KEVe V' 7 MY )

-t
c

CMAX IS THE MAXIMUM POSoIBLE BACKSCATT&RED ENERGY

L
880

g e -

c

— c s . ———— P ean

c

EHAX 5 EIN * ALPHA

EBEAM IS THE BEAM ENERGY AND NILL CHANGE WITH DEPTH

EBEAM 8 EIN

MAXECN 18 THE HlGHESY CDHPLETELY FILLED CHANNEL

|

MAXECN = EMAX / ECHAN

T TENMAXES ®T MAXECN o e s e
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‘“U‘*“‘—“‘WIXE“IS'THE CHANNEL "JUST ABOVE MAXECN AND WILL CONTAIN SOME
. SPILLOVER SINCE Ka#2 # EIN 18 NQOT NECESSARILY GOING TO
T T TFALL AT YHE EDGE OF A CHANNEL

¢
T MAXE W UOMAXEGN +t T T T meme e o

c
c ESTEP]{ AND DEXS ARE USED TD CALCULATE "THE COUNT RATE "INTO
c CHANNEL MAXE
¢ e e o e
ESTEP1 = EMAX =» CNMAXE + ECHAN
TTTTTTTTUDEXY T =TUESTEP1/ SIGMA(2:1) T T T T
c
4 X AND EXX ARE TME PENETRATION DEPTYH OF THE BEAM INTO THE TARGEY
C
% BEXT T T e
c
0T T DEND ISTYHETENERGY LOSS OF THE BEAM 'IN GOING THROUGH DEX]

¢
T T DENT T s T DEXYRELOSSIEBEAM, 1) *RHD(1) 41,0005 T

— AREA I8 THE NORMALIZED CROSSSECTION FACYOR THAT CORRECTS FOR
THE CHANGE FROM CM FRAME TO LAB FRAME

AREA = CROSS( HEMASS, AMASS, ATHETA )

PO OO0

THE FOLLOWING SECTION LOADS THE OTHERWISE UNUSED CHANNELS
WITH ZERQES

TTTTTDOTISS T T ICHAN = i, MXCHN
o __BEAMCICHAN) = 0,000
§59 T CONTINUE R T

¢
TCTT T YHISTSECTION 1S TO CALCULATE THE RATE INTD CHANNEL MAXECN
¢
TTTEBEAM & EBEAM « DEN{
_ﬂ __BEAM(MAXE) 5 EBEAM
DEER(MAXE) "= DEX] '
1X B X / DX % 2,000

TTTTDEXT Tx ECHAN / SIGMA( 2¢ IX )
RATE(MAXECN) = DEX*PRHO(§)» ZT#ZY *AREA*FRUNT/(AMASS*EBEAM*I:BEAM)

C
¢ THE PROPER NORMALIZATION FOR THE RATE IS NOW DETERMINED FROM
€ } YHE ENTERED VALUE OF NORM 7
¢

TCTT T T TRECALL YHAY IF NORM T D, THE "SPECTRUM IS NOY TO BE NORMAL1ZED
t BUT FOR NDRM = 0 s THE NORMALIZAYION VALUE 18 PREDETERMINED
€ AND IP NORM > 0 yYHE NDRMALIZATION VALUE MUST BE CALCULATED
¢

T IFUNORMTY TTB59,8SS, BSITTT T T o T
554 FRONT = ANORM » 1,0D8 / RATE(MAXECN)
T RATE(MAXECN) = ANORM T

60 10 559
" TBS5 T FRONT CANORM T T T T e
RATE(MAXECN) B FRONT # RAYE(MAXECN) / 1,008
T . e e — .
——§-——~—-!5£IQB I8 A COMMDN FACTOR THAT I8 ALWAYS USED

859 PACTOR 8 27 w I7 % AREA * FRONT / AMASS

T i e ORI A
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(4 THE FOLLOWING CALCULATES THE RATE INTO CHANNEL MAXE,
T THE HIGHEST CHANNEL WITH DATA, BUT IT I8 AN UNFILLED CHANNEL
T RAYECHMAXEY T 3T OEXT « PRHO(L)Y x FACTOR / EIN / EIN
_LAYER = 1 _ o B
TULSAVE & TLAYER e T B .
EDET(MAXE) & EMAX » SIGMA(2,2) * DEXH
EBEAM » EBEAMaDEXKELOSSC(EBEAM,{)#RHO(1)%]1,0D=05
_ BEAM(MAXECN) = EBEAM
X 2 X ¢ DEX
. _ DEEP(MAXECN) = X o )
1X ® X / DX * 2,000
_XMQD _ = DMOD( X, Dxﬁl S e .
IXy 2 IXet .
_ _EDET(MAXECN) B SIGMA(1,IXY)w SIGMA(2,IX) » XMOD
1E 3 MAXECN
-t T TYHE SECYION TO SYATEMENT 579 CALCULATES THE RANDOM SPECTRUM
_c __CONTRIBUTION FOR THIS PARTICULAR ELEMENT FOR CHANNELS
g “LOWER THAN MAXECN
TTSTYTIEST T e lE e 47T T T o
DEX s ECHAN /7 SIGMA(C 2, IX )
TTTTTTTTDEN T w DEX % ELOSSC(EBEAM,LAYER) % RHO(LAYER) % 1,0D=05
- RATECIE) = DEX # PRHOCLAYER) * FACTOR / EBEAM / EBEAM
EBEAM u EBEAM = DEN~
B X s X + DEX _
T TIFIXGE LT (ANDJXLLE,T10) T~ LAYER = {0
IF(X,GE,T8 ,AND X LT,79 ) LAYER = 9
R T IF(XLGELTTY JANDGX4LT,T8 ) " LAYER = &
L IF(X,GE.T6 (AND X4LT417 ) LAYER = 7
TTIPAXGGE TS JAND XGLT.TH ) " LAYER 3 6
IF(X,GE T4 AND X(LT,18 ) LAYER = §
TTTTTUTTT U P (XN GGE TS LJAND X LT, T )Y  LAYER = 4
IF(X,GE,T2 (AND X LT,73 ) LAYER &= 3
TR IX GGE LT JAND X,LTY,T2 ) LAYER = 2
__c__m___gf(x oGE,0,0,AND, x.LT 71 ) LAYER =
c THE FOLLOWING SECTION IS TO CALCULATE THE SPECTRUM WHEN
TTCTTT T UTTATSTEP THAT CORRESPONDS TO AN ENERGY WIDTH OF ECHAN
¢ 8PANS AN INTERFACE BETWEEN LAYERS,
c 0 NOT EXECUTE IF THERE !S NO INTERFACE
¢ A At
!F(LAYER.EQ LSAVE) so 10 573
¢ T . e
¢ RESTORE THE VALUES BEFORE caoss:nc THE INTERFACE
e 9 0
X s X o DEX
“EBEAMT B UEBEAM ¢ DEN - e o s R
‘“C"—“”*CALCULAT! THE EFFECT OF-THE PARY BEFORE CROSSING THE INTERFACE
¢

“DEX{ R~ TN(LSAVE) » X e
DENI ® DEX{AELOSS(EBEAM,LSAVE)*RMO(LSAVE)+1,0D=05
~PRATEL @ DEX1«PRNOCLSAVE)/ (EBEAMSEBEAM) -
EBEAM ® EBEAM e DENY
e _!__ - x * OE x 1 P et A—— i —— e S— s mmaen C e —— ¢ —— e — = —— e ——
DOUT W DEXI s SIGMA(2,IXe1)
1% B X/DA R ODO e e e
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c -
- € TAUCCUCATE YHE CONTRIBUTION AFTER CROSSING THE INTERFACE -~~~ ~ ~ ~— "7~~~
:
B IF(SIGMA(R,IX+1) EQ,0,0) DEX?Z =  (ECHAN=DOUT)/SIGMA(2,1X)
IF(SIGMA(Z,IX#l),NE 0.0) pEX2 z (ECHAN=2DOUT)/SIGMA(Z2,1X+1)
- "DENQ “”DEX2*ELUSS(EBEAM LAYERIARHO(LAYER)*1,0De05 B
PRATERZ 1 DEX?*PRHO(LAYER)/(FB’AH*FBEAM)
v plodidhode: 3 e e e
C LOAD THE INORMAL ' VARIABLES WITH THE VALUES CALCULATED BY THIS
B TTINTERFACE=SPANNING RODUTINE~
c

TTTTTTTTTTTRATECIE)Y s T(PRATEL ¢ PRATEZ2)AFACTOR T T ’ T
EBEAM = EBEAMeDEN2
% - g X 4 DEXE R
DEN m DEN{ « DEN2
"DEX g DEXt ¢ DEXxe
573 CONTINUE
T T TTLSAVE T TTLAYER T T T T
X ® X / DX + 2,000
XMOD = pOMODC X DX b
. Ixy 8 IXef
EDET(IEY ~ = "SIGHMAT1,IXY)= SIGMA([2,IX) ® XMOD
___BEAM(IE) = EBREAM
DEEPCIEY & 'x ~ 7

— IFEX,GT,IN(NLAYER) ) 60 TO 579
“IPCLAYER,GT,NLAYER) . 60 710 579 )
IF(EDETCIE) JLT,EQUIT) 60 10 579

IFCIE = MINCHN ) S79, 579, S7i
879 CONTINUE
HRITEC6,590) FRONT, NORM
590 FORMAT(!§', ' THE NORMALIZING FACTOR USED IN THIS SPECTRUMY WAS',

TTTULaX FAS U, FOR A VALUE OF NORM = 'y T4y V.0 4 /77 )
 aNORM "=’ FRONT S
TTTTNORM T T m 0 S

_________ WRITE( 6, S80 )
580 FORMATC(13X,'CHANNEL ', 21X, YEDET!, 24X, 'RATE"Y, 19X, 1EBEAM!, 18X,
1. YDEPTH'//) B ' '
KMINC  ® MXCHN ‘w MAXE o 10
_ KMAXC = NCHAN + S
DO 650 KA = KMINC,KMAXC
M B MXCHN » KA
WRITE(6,581) M, EDET(M)Y, RATE(M), BEAM(M), DEEP(M)
581 FORMAT( 15X, 14, 2C $4Xy F15,6 ) ,2(9%)F15,6))
650  CONTINUE™ Ty e e
WRITE(6,800)
MINX“"“s"EoUIT/ECHAN' .
MINXX ® MINX + 2
TTTTTRMAXXT T B EMAX/ECHAN 4+ 0,999
. _Nx 2 MAXX » MINX ¢ 3
DD 6987 NR & TMINXX, MAXX T T
MR & NR w MINX ¢ 2
XRATE(VR) s EDEY(NRY ~~ T 7 oo
YRATE (MR) 2 RATE(NR)
777898 CONTINUE R T T ‘ o
XRATE(3) = FEODET(MINXX) » ECHAN
““ T UYRATE(3)Y = RATE(MINX+Y) ‘
XRATE(2) = EDET(MINXX) w Z*ECHAN
TTTTTTTTT YRATEC2) = RATE(MINX) oo
XRATE(1) = EDET(M!NXX) - ltECHAN
T TYRATE(LY TET0,0 YT T e e e e
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MR = MR ¢ |
. XRATECMR) s "EQET(MAXXY ¥ ECHNAN —~ "~ "7 -7
N YRATE(MR) = 0,0
- "““““WORDS(S) - Y3,0 0 T

'—C"'—~—"“B'1PASS"‘IF PLOTTING I8 TO BE SUPPRESSED =~
c
T T IRLIPFLG, LYOY G0 YO 3BT T T T e

CALL LABELC 0,0, 0,0, XMIN,XMAX,XLONG,IDIVX,XLABEL,40,0)

CALL LABEL(C 040, 0,0, YMIN,YMAX,YLONG,1DIVY,YLABEL,40,1)
CALL vaLUT(Nx.xRAtE.YRATE,XMIN.XMAx YMIN) YMAX,WORDS,5)
77389 TCONTINUE T '
___ WRITE(&6,800) ,
DO 440 X = NLAY, fo T T ot
__IN(Y) =  TBAVE(I)
TR0 CONTINUETT T T T

e it i A et et it o o et L L W VNI - -
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FUNCTION ALF(AT,AM,AI)
TTTTTTTTTTTYMPLICIT REALAB(A~H,0=$ )  INTEGER(I=N) ~—TTTTT s e e
N ALF I& A FUNCTION THAY CtLCULATES THE RATIO OF INCOMING ENERGY

TO OUTGOING ENERGY FOR ELASTIC SCATTERING ASSUMING THE
T T T T TINCIDENY PARTICLE HAS A MASS OF 4

ﬂﬂ

AT T8 THE LABURATORY ANCLE DBETWEEN THE INCIDENT DIRECTION OF°
THE ‘PARY’ICLE »A’ND _T_'iE OLJTGQING_ Q'IRECT;QNMOF THE PAR»_TICLE

e EslinEeifel

o AY 18 THE MASS OF "THE INCIDENT PARTICLE, PREFERABLY IN AMU,

L 2

4 ] AM TS THE MASS OF THF TARGEY PARTICLE IN THE SAME UNITS AS
_c THE INCIDENT PARTICLE,
3 . .
c . = DCOSCAT)
[ & TDSINCAYY T T o T e
: ] AM2 R AM = AM
A R ATAAL e e
AA o { AM ¢ AT ) * ( AM 4 AT )
- ) T TDSORT( AM2 / AI2 » S K 8§y - T
L ALF = AJ2 / AAx (C +D ) *x (C+D)
TTTRETURNTT T T T T T
END L



FUNCTION CROSS( Al, AT, THETA )
IMPLICIYT REALAB(A®H,0m3) , INTEGER (I ®N)Y ™77 = " =« 70omr = mnmmmmirs s s sy e
76T T CROSS CALCULATES "THE CORRECTIONS TO THE CENTER OF MASS 77— "7 77
AC RUTHERFORD CROSSSECTINN DUE TN THE FINITE MASS OF THE
I "VYARGET NUCLEUS AND THE EXIT ANGLE OF THE PROBE PARTICLE 7 777
<
¢ - —_ e e e . e e
c 17 SKOULD BE NOTED THAT THIS PROGRAM WILL NOT WORK FOR ANGLES
C .VERY CLOSE YO 0 DEGREES OR VERY CLOSE 'TO 180 DEGREES T
c
- S e e e e e S —
_C YHE FORMULA USED IN THE CALCULATION OF THE EXACTY CROSSSECTIDN
C CAN BE FOUND IN TUROS & WILHELMI AND 1IN 21EGLER —
c o e )
¢ I . R
_c __ONE AND TWD ARE DEFINED AS DOUBLF PRECISION NUMBERS
¢ " . A - —
ONE 8 40
TNO E N . e e . e o oo
ey FOUR ® 8,0 o B
-—-—..c. '
€ 7T AI TTTIS THE MASS OF THE INCIDENT PARTICLE 1IN NAYURAL UNITS o
L2
CE AT 15 THE MASS OF THE TARGET PARTICLE IN THE SAME UNITS AS Al T
”“E‘"“"”—""Ci' S 'AND HAFSIN SACRIFICE STORAGE EFFICIENCY TO MINIMIZE THE -
€ .CALLING OF THE SUBROUTINES FOR CALCULATING SINES AND COSINES
_t_ u DCOS(THETA)
8T T T8  DSINCYIHETAY 0 o T o T
HAFANG = THETA / TwWD ) .
T TTTTTTHAFSIN 2 DSIN(HAFANG) oo T ‘ : oI
C
¢ - e et e R
C SQ I8 A FACYTOR THAT APPEARS IN THE CR(‘?SQECTIUN UNDER A :
T T T T T T8QUARES RUDT AND INCLUDES MDST OF THE MASS CORRECTIONS T T
¢
TTTTTTTTTTSe O TTTTE AL 2 8/ AY T ' o T
80 l! DBORT( ONE = 8G » SQ )
E . Ny R N . e

: CC ANUMTTS " THE NUMERATOR OF "YME EXPRESSION FOR THE CROSSSECTION — —— -

G W E T § = e e e mm o e e
ANUM 8 C«C

C e e e e
c
C TTDENTIS T THE OENOMINATOR IN THE-  EXPRESSION OF THE CROSSSECTION-

DEN W0 A SKSKZAY T T T T e

DSIG IS THE MASS AND ANGLE DEPENDENT PART OF THE DIFFERENTIAL
T~ CROSSSECTION, AND DOES NDT INCLUDE THE DEPENDENCE ON THE - ———— -
INCIDENT ENERGY OR THE CHARGE OF TWE TARGET

] .
r‘lﬁ\Tﬂﬂ(‘ o
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D816 = FOUR i:mlrl.UM‘/ DEN

- "CROSS NORMALIZES THE EXACT DIFFERENTIAL -CRDSSSECTINN TO THE
CLASSICAL FORMULA FOR AN INFINITELY MASSIVE TARGET

CROSS = DSIG » HAFSIN % WAFSIN » HAFSIN * HAFSIN

RETURN ~ ST T

END




FUNCTION ELDSS(E,L)
TTTTTTTTTTYMRLICIT T REALRB(ARH, OnS) INTEGERC(TWN) T T 0 T T

l

TTTTTYHE FUNCTION ELNSS USES THE POLYNOMIAL FIT T0O EXPERIMENTAL

C__ IN THIS CASE, THE POLYNOMIAL IS TRAMSHMITTED BY THE COMMON
-t STATEMENY, — —~—— T o T e T o

i
ﬂﬁiﬂﬂ

1

L TINDEXES TTHE LAYER BEING CONSIDERED AND SELECTS THE PROPER
_ POLYNDMIAL OF THE SEVERAL AVAILABLE FUR THIS PROGRAM

H
|
i

E IS _THE_ENERGY AT WHICH THE POLYNOMIAL IS TO BE EVALUATED

!

nfooooa

COMMON /R/A(5,10) RHO(10),DX
ELOSS=A(1,LY¢AC2,LIXECA(3, LI*E*#24A (4, LI *Ex234A(5, L) nEnd
RETURN

END B

[ T —

h
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FUNCTION EQUYCE,X,THETA)

T T IMPLICTIY T REALAB(AwH  De$) g INTEGER (I wN)Y —— " mrmm s e

!

YHE PROGRAM EQUY 18 USED TN CALCULATE THE EXIT ENERGY OF THE
_PARTICLE BEING BACKSCATTERED FROM A GIVEN DEPTH

E_IS THE ENERGY OF THE PARTICLE AFTER BACKSCATTERING

X 1S THE DEPTH FROM WHICH THE PARTICLE IS BEING GACKSCATTERED

THETA 18 THE SCATTERING ANGLE OF THE PARTICLE 10O ALLOW FOR THE

INCREASED PATH LENGTH WHEN THE BACKSCATTERING DIRECTION IS

THE FUNCTION CALCULATES THE EXIT ENERGY BY MARCHING THE
PARTICLE OUT OF THE TARGET IN SMALL STEPS AND CALCULATING
THE ENERGY LOST IN EACH STEP UNTIL THE PARTICLL HAS EMERGED

¢

¢

C
€

¢

¢

C

c

C

g NOT_PARALLEL 10O THE INCIDENT DIRECTION
_c

¢

¢

. FROM THE TARGET

C

¢

|

COMMON /sR/A(S,10)4RHOC10),DX

LCOMMON 7T/ T8,712,T3,74,75,76,17,78,79,110 "

DIMENSION TN(10)

;”FGUIVALENCE" CINCLY ) TI)p CTNC2Y T2 CTNER),T3), (TNC(U)Y,TU),

CINCES) s TS) s (TNCB) o TE), (TNCT)yTT) s (TN(B),TB), (TN(D),19),

2 LINCL0),T10)

= *DCOS(THETA)

IP(x GE,TYO AND,X,LT,T10Y = LAYER = {0

o <_1F¢X_GE T8 (AND X LT,T9 ) LAYER = §
1P (X,GE, 71'.A~o.x.L1 T8 ) °  LAYER = 8

o IF(X,GE,T6 JANDXWLT,T7 ) LAYER = 7
JF(X,GE TS (AND XoLT.T6 ) '~ TLAYER = 6

. IF(X,6E, T4 AND,X,LT,T5 ) LAYER = S
TAFUX,GE T3 JAND,X,LT,T4 ) LAYER = 4

_ !F(X.GE T2 LAND, X.LT 13 ) LAYER = 3

' TIF (X GE,T1 JAND X,LT,T2 ) LAYER = 2

—— __IF(X.G& 040 AND(XoLT,T1 ) LAYER =
LSAVE 2 LAYER T '

1 CONTINUE
TTPETTT m DX#ELOSSCE,LAYER)®RHO(LAYER)*{,0D»0S
D = DE/C
E ® EeD — T oo
X e X » DX

T YPUXGBE YO T AND X LT, TL0Y T T U LAYER =IO T
IF(X,GE,T8 (AND X.LY,T9 ) LAYER = 9
xrtx.GE;Tv“;ANo;x.LT.Ta")“—*“"LAVER =8 T s
IFCX.GE,T6 (AND XoLT(T7 ) LAYER = 7

T T IR U GE 15 G AND X G LT Ty T TLAYER ®TH T T ot s e
IPUX(GE T4 (ANDX4LT,15 ) LAYER = 8

T XPUXGE T3 T UAND (X LY TETY T ULAYER TR T T s s e
IF(X, ce 12 ,AND XolT.T3 ) LAYER a 3 ‘

T IFUX,GE TY G AND X LY,T2 ) T TTTLAYER w2 Tt T e e

. 1F (X, GE, 0,0, AND.X LT.T1 ) LAYER = 1

TTIF(XLTY,0, 0) TTTTTTTTTTTTTLAYER o0 T e e

IP(LAYER EQ LSAVE) GO T0 49
E T—Ev ‘ 'D--—' - — —— a——— -  m———— 4 e
X 2 X 4 DX

T T TTIFCLAYERGLE,0) - R DXL TE X e
IF(LAYER,GE, 1) DX1 = X =~ TN(LAYER)

DEY ™ "= DXIAELOSS(E,LSAVEI®RND(LSAVE)I*1,0Dm05 - ~ - o
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E = E e« DEY 7/ C~

- e DR f L T e e ,
IF(LAYER LE,0) GO YO 99 _
I ) -3 Dx = Oxi T N R
DE2 . DX2#ELOSS(E,LAYER)#RROCLAYER) *1, 00=05
e T e TEs-DE2 /€
X = X = DX2 o
G9 USAVE TS TUAYER T T o
_IFEX,LE,040) 607099
BT RER
99 EOUT = E
TTTTTTTTTRETURN - T -
_.END e e -
1 e
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A.4 Example of a DATA deck.
[n order to make the section on using this program(A.2) seem more

meaningful, a listing of the DATA deck for a real case is included.

The example that has been chosen is the deck used to generate the
middle spectrum in Figure 3.7. This is a sample of oc—FezO3 on fFe on a
thermally oxidized substrate. The spectrum was taken using an incident
beam energy of 1508 keV and a laboratory scattering angle of f68°.

In the first card, the program is told that the calcula-
tions will be performed for a three-layer sample(Fe203/Fe/SiO2) and that
the signals from three target elements will be calculated. The beam
energy of 1508 keV is specified as the next parameter, as is the
quitting energy of 200 keV(this is the same as the defaulf value).

The scattering angle is set at 168°, The channel width to be used in
calculating the backscattered particle yields is set at 2.00 keV,

The size of the step the program is to take in the first pass, when it
sefs up its internal table of incoming and detected particle energies

as a function of depth, is set at 20 ;. The normalization value is
6100; since the normalization flag is positive, the program adjusts the
yield of the highest energy channe! complietely representing Tﬁe inferior
of the target to be 6100 counts per channel.

The plotter label on the second card gives the letters
to be written on the composite calculated plot in the upper right hand
corner of the plot. The left edge of the horizontal axis is set at
100 keV and it is guaranteed that 1500 keV will appear inside the right

edge of the abscissa. The maximum value to be plotted on the ordinate

is set at 20000 counts per channel. Since the Experimental Data flag
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is over 100, the program will plot the final synthesized spectrum twice.
[+ will then look for some experimental data to superimpose over the
calculated spectrum. Since the last flag(plot?) is not negative, all
of The spectral signals will be plotted by the program.
The third card gives the label for the horizontal axis
as " FE203 ON FE AT 1.50 MEV" and there is no vertical axis label.

This label will appear on the final synthesized spectrum.

Since the first card specified three layers, thers must
be three cards in the next set, one for each layer. The first entry

on the first card specifies the density of the Fe layer as 5.24

203
grams/cm3, The next five entries give the polynomial coefficients for
the energy loss in the layer(if the program is changed to accept either
the polynomials of Ziegler and Chu or the parameters of Brice, this
must be changed). The name of the layer is "HEM+OO" and this will be
written in the table headings when the program informs the user of the
total depth into the farget for each layer. The Tﬁickness of this
FeZO3 layer is specified as 1100 ;

The next ftwo cards give the same type of information for

[] [s]
the 1900 A Fe layer and the 3000 A SIO2 fayer "+hickness"(this was set

at this value for economic considerations).

Since the first card also stated that there are three
elemental signals to be calculated, there must be nine more data cards,
three for each fayer. In card #7, the mass of this element and itfs

atomic number are given, The name of the element is included so the
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card will be a little meaningful to the casual observer. [n addition,
the name of the element is also written in the upper right hand corner
of the plot of the signal from Thié first element. Card #8 gives the
concentration of this element in each layer in gm/cm3; the program is
SmarT enough to stop its calculations for this element after layer #2
even though there is a layer #3 in this sample; this was included as a
money saving feature. The last card in this set(#9) gives the horizon-
tal and vertical axies labels for the plot of the signal from this
element., Note that even if the Plot? flag is set negative so this plot
will be suppressed, this card must still be included; it can be left
blank.

Cards#10-12 give the same specifications for the second
element (oxygen) while cards # I3-15 give the same types of parameters

for the third and final element(silicon).

Since the second card told the program to expect some
experimental data, the next card set must be included. This card
tells the program that there are 512 channels of experimental data and
that the energy of the lowest channel is 295.6 keV with the energy of
the highest channel at 1437.1 keV. Since the program was told that
there are 512 channels of data, the next 52 cards must contain that
datalthe program figures out by itself that it must read 52 data cards).
The next card("31-24-2", Card #69) gives the information to be written
in the upper right hand corner of the plot containing both the cal-
culated and experimental spectra, while the last card gives the labels

for fthe horizontal and vertical axes in that final plot.
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CARD #1!
Nymber of  poam Qultting Channel ctep Norma | I zatlon

jayers energy energy width

target (keV) (kev)  laboratery oy size valuo fag

elements 9 A -

3 3 15080 . 2600 168,0 - 2,00 . 20,0 6100,0 10
CARD #2
P::;:Tr Energy(ﬁch(Hor) V:;::;z; Axis Experimental
?
mhL max {counts /chan) data? Plot?

HEM~PE40 100,0 1500 ,0 20000,0 sge2 st2
CARD #3
Horizontal Axls Label(in plot) Vertical Axis Labellin plotted output)

(for synthesized spectrum)
FE203 ON FE AT 1)50 MEV

CARDS 4-6(the number of cards MUST match the number of layers in Card #1)

Layer | [Card #4] Layer Layer

Dens ity Polynomial coefficlients for layer dE/pdx =ee—wmm ———————— name Thickness(;)
5,24 B,2859E 02 §1,9750F 00m2,0524E=03 8,0201Ew07w1,1319Ew10 HEM400 1100,0
Layer 2

Dens |ty [Carg #5])

gm/cm?

7,86 0,S3%96E 03 0,1388F 01wh,1328F w02 0,d651E06=0,5719F=10 FF400  1900,0

Layer 3
(Card #6]

24660 0,6860E 02 0,0361E 01{=0,3561Ea02 0,7603Ee06 0,5799F~10 8102 3000.0
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CARDS 7-15: Three sets of 3 cards each, There MUST be one set of three cards for each
target element; the number of target elements Is specified as the

3

second parameter in CARD #t

There must be three cards for the first element,

({Card #7]
Muss Atomic Name of the
(@} number Element
55,847 26,00 IRON
Partial demsity ot this element(iron) in each layer in gm/cm3 (Card #8]
t 2 3 4 5 6 7 8 9 10
3 07 7.86 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Labels for the axes of the plots of the calculated signal for the first element(iron)
Horizontal Axis Label Vertical Axis Labe!
[Card #9]
FE IN FE203+FE AY 1508 KEV COUNTS PCR CHANNEL

There must also be three cards for the second element.

information about the second element {Card #10]
16,00 8,00 OXYGEN
Partial densitles of thls second element In each layer, (Card #11]
1,57 0Jo 1442 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Labels tor the axes . [Cara # 12]

OXYGEN IN PE203eFE AT 1508,0 KEV COUNTS PER CHANNEL
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[Card #13]
28,086 14,00 SILICON
Partial densities of the third element in each layer. CCard #147]
0,0 0.0 1,28 0,0 0,0 0,0 0,0 0,0 0,0 0,0
Labe! for the axes
{Card #15]

BILICON UNDER FF203~FL AT 1,508 MEV COUNTS PER CHANNEL




CARD
St12
nusber

.

s 16

<29506 18371
© Energy In ke¥ of

—157-=

=~157=

These cards contain the oxperimonfal to be plotted
(as requested by “"Expertmental Data?" [n card #2.

¥ 1,
Horlzontal Label

Labels for plot of calculated and experimentsl spectra super!mposed.

Vertical Label

of channels fowest highest - . .
The number of data cards to be read is determined
channe ! channel vy the number of channels specified in Card £i6.

17 OSQ‘ 117, 6833, 8787y, 4748, 8389, 1872, 769%, T217, 694,
1g 6a60, 6321 5923, 5689, $a2s, 5243, se0a7v, 4997, ary, 4601,
19 &abdt, asy, 3304, 8258, ay2a, no78, 3984, 3875, 39%2, isa6,
20 3712, 37&1\ 3776, 3858, 371a, 3648, 3764, 3611, 3721, 3646,
. 3639 3500, 3501, 3647, 3603, 3604, 3as7, 3088, 348, 3a27,
3a19 3429, 341, 3378, 3284, 3378, 3312, 3309, 3272, 3322,
3306, 3389, 3331, 32868, 3212, 3290, 3202, 3318, 3314, 3358,
5306‘ 33484 31539, 3573, 3457, 371t, - 3757, 3790, 3960, 3R38,
23 3896 3935‘ 3948, - 1844, 3857, 3730, 3771, 3931, 3748, 3704,
3616, 3672‘ 3548, 3395, 3008, 3299, 3308, 3191, 3084, 2935,
2731% 2105‘ 2631, 2448, 2183, 2307, 2005, 1870, 1843, 1700,
1558, 1868 1366, 1298, 1061, 870, 154, 582, $S1, 4a1,
3293, 288 283, 25%, 223, 221, 218, 228, 213, 23¢%,
30 230, 218 183, 223, 227, 202, 207, 225, 199, 210,
210, 220 217, 227, 218, 216, 19S5, 234, 20%, 187,
226, 228, 226, 175, 190, 205, 2q0, 222, 216, 187,
220, 183, 190, 212, 218, 198, 210, 200, 197, 214,
. A, le‘ 208, 222, 230, 233, 246, 254, 276, 2064,
s 310, 3005 a0s, 183, azs, ars, 491, 565, 658, 717,
a2 920 1108, 1307, 1a30, 1695, 1966, 2208, 2690, 303a,
sa20, 3741 €229, assSa, Saae, 5921, 6873, 7130, 7638, 8170,
8668, 2076 9743, 10132, 10603, 10905, 11159, 131902, 11827, 12109,
12378 12526 12875, 3039, 12486, 12912, 13074, 33217, 13231, 13291,
40 13942, 13201 13063, 13075, 13284, 12%25, 13110, 132706, 13051, 1313t,
13324, 12647 12909, 12857, 12960, 129431, 32853, 12616, 12748, 42666,
27194, 272> 12509, 127a%, 12%12, 12670, 12702, 126bb, 12729, 12446,
12016, 12605, 12635, 12454, 12360, 12579, 12852, 12437, 12356, 12498,
.2!‘3; 12139 12294, 12257, 12105, 12240, 12197, 12%22, 12283, 23s2,
45 52084, 12076, 12096, 12052, 11987, 11908, 12039, 1§943, 129m2, 11965,
zl"O‘ 11929, 11995, 11798, 11979, 116489, 11679, 11850, 11464, 11409,
1498 1166%, 11551, 11577, 11698, (1326, 112%%, 11077, 1tt130, 116774,
90000‘ 10677‘ 10530, to289, {0162, 9798, 96445, 94368, et2s5, arese,
8579, 03!1‘ 7916, 798s, 7636, Yaas, 7871, 098, 6953, &75a,
50 6879, 01!0‘ 669¢, 6547, 591, 6551, 6825, 6532, s4at7, 647a,
(23 6!21‘ 6328, 952, 6403, 6376, 6363, 8345, 62917, 648560,
6!'5% GSaz‘ 6333, 6232, 8268, 5133, 6219, 6297, b197, 6233,
sase, 68419 601398, 5939, 6010, 5833, 5810, 5531, 54083, 5169,
4528, l!bl~ 4176, 3510, 29114, 2248, 1685, 114640, 780, 455,
55 296, 160‘ tea, 56, 38, 3s, 26, 20, 15, 23,
19, IO‘ 311, 16, 8, [ 18 9, 12, Te Te
&, !‘ 16, Te [ Te 8, &, k29 %,
s 7‘ &y 8, L 1 10, Te Te 2, 8,
" Se &, ‘. &, 3. [ 8, Se 6,
60 “ 5‘ 34 &, 2. 2, by S, 8, 2,
. 2N a, i 1Y 3. ., &, S, 2. Te &,
S, 3‘ s | | 3, 3. 1, a 2,
3‘ l‘ . [0 E 2 6, te 24 2, a, a,
a‘ L2 2o 1. [ 2. 2, 3, 4, 2,
63 ‘g s\ ’C S. 3o 7. 4, L 3, [
l‘ " Oy | 19 0, | 98 &, 2, % 0,
Ty g‘ [ &, 2. 8, b 3, [ .,

- abel for oF T1ohT hond cornor Of ploT wiTh The experimental cata) CARDIGY.

v COUNTS PCR CHANNEL CARD #70
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Appendix B
MEASUREMENTS OF THE ABSOLUTE ENERGY LOSS IN Fe AND Al

B.1 Thickness Measurements

The aluminum samples were prepared on polished, thermally oxidized
silicon substrates. A thin gold layer with an average coverage of less
than 20 Z was deposited first. The aluminum was then deposited by
vacuum evaporation from a tungsten filament. Part of the sample was
masked by a thin tungsten wire during this evaporation to permit a
measurement of the thickness by multiple beam interferometry. A second
thin gold layer was then deposited onto the Al film. A second Al film,
about 2000 R thick, was déposifed over a small portion of the sample
that included the area masked by the tungsten wire in the first Al
deposition.,

"The thickness of the aluminum fiim was deTermined by measuring
the step height in the area masked by the tungsien wire in the first
deposition. The second aluminum layer over this region allows the use
of optical inferferometry since this guarantees identical phase shifts
in the reflection of the light from both levels of the éfep. The
thickness of the films were measured by Tolansky interferometry using
a 5350 Z T1 source and Nomarski interferometry using the sodium=D
doublet. The errors were estimated at 1% from the reproducibility of
the thickness measurements. The areal density was caiculated by
assuming buik density(2.70 gm/cm3),

The iron samples were prepared on Corning 0211 glass substrates

with gold markers similar to those described above., The iron was
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deposited by vacuum evaporation from an iron source in an alundum
crucible heated by radio frequency induction heating.

The fhickness of the iron films were inferred from the total
magnetic moment of the film. This was measured by a hysteresis loop
tracer measurement(Humphrey, [967), which had been calibrated by the
optical interferometric methods described above. These values were
confirmed by x-ray fluorescence yield measurements that had also been
calibrated by optical measurements. The areal density was again
calculated by assuming bulk density(7.86 gm/cm3).

The only obvious source of systematic errors would be due fo
errors in the calculated areal densities produced by assuming that thin’
films are of bulk density. Any serious errors would most plausibly be
the result of voids in the film. The apparent stopping power of a
porous film could then be fower than the true value. However, we
believe that the density of our films is probably very close to bulk

density (K. N. Tu, 1972, private communication),

B. 2 Results and Discussion

Measurements were performed with the incoming beam at normal
incidence and detected at a laboratory scattering angle of 168°,
Incident particle energies of 0.5-2.25 MeV were used at current levels
of 50-150 nA. The scattered particles were detected by a silicon
surface barrier detector and analyzed using standard electronics.

The energy loss was determined from tne energies of the two gold
marker signais. The analytical procedure for determining the mean

energy and the net energy loss was described by Moorhead(1965),
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The results of the measurements performed on four Al samples of
different thicknesses are shown in Figure B.l. Also included for com-
parison are the values reported by Porat and Ramava+aram(l96|), Chu and
Powers(1969), and Harris and Nicolet(1974). In addition, the semi-
empirical values of Ziegler and Chu(1973) are also shown. The present
values are in good agreement with those of Porat and Ramavataram((961).
The largest departure from the values of Chu and Powers(i{969) is the
~10% difference near 0.75 MeV, |f the films were porous, as discussed
above, the present values shouid be systematically low. Since the
present valtues are not systematically too low, the filims probably do
not contain a large volume of voids.

The results of the measurements performed on three Fe samples of
di fferent thicknesses are shown in Figure B.2. Also included for
comparison are the values of Chu and Powers(1969), Although there is
a large amount of scatter in the present measurements, they are clearly
systematically slightly lower than the values of Chu and Powers(1969).
Since the measurement of the total magnetic moment or the x-ray fluo-
rescence yield is a direct measurement of the areal density, the source
of these discrepancies are not obvious uniess all iron films are less
dense Than bulk iron.

The present measurements were motivated in part by the apparent
discrepancies in the AlI-Si and Al-Fe yield measurements(Table 3.3) when
compared with the reported stopping cross sections. Since the Si
stopping cross section had been recently measured by three groups with
reasonabie agreement(see the discussion in 3.5.3), it was felt that

these discrepancies might originate in the Al stopping power values.
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t
Figure B.1 Energy Loss of hHe in Aluminum. The present values(®) are

compared with those of Chu and Powers(1969)(X), Porat
and Ramavataram(1961)(+) and Harris and Nicolet(197h)
(©). Also shown as a solid line are the semi-empiri-

cal values of Ziegler and Chu(1973).
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Figure B.2 Energy Loss of hHe in Iron. The present values(solid

symbols) are compared with those of Chu and Powers

(1969)(°).



-164-

(ZUJQ /\3 g,-O\) ° =4

z'g 84nb 4 (A9W) AOY3NI
02 ¢ o'l c0
mm R L m L 1 ¥ _ 1 T T 1 — T T T T —
@
oLk
I (6961) SiaMog puo Ny ©
- .
Sl wo v
! SINIW3UNSYIN IN3ISIU T
R Oy ® » .
" O
o8 A
s a
! A
mm”. o o
- v
i o A
o6+ R A A o
b 34U ,3H, Av
t SSO7 AOYIN3 I
S6 - °
K 1 — 1 4 { 1 — 1 1 1 t — 1 L 1 1 —

80

)xbd
¥/ 3p

!
ZWIOAS

60 v

o



~-165-

Using the present results for Al rather than those of Chu and
Powers(1969) would reduce the calculated Al thick target yield by 3-5%.
Similarly, the present values would increase the calculated Fe thick
target yield by 2-10%. Together they would reduce the discrepancy
in the Fe-Al yield ratio shown in Table 3.3, However, it would not
significantly affect the Al-Si yield ratio discrepancy and it would
introduce a statistically significant Fe-Si yield ratio di?crepancy.
Unless all of the reported Si stopping cross sections are systemati-
cally too high, 1t Is difficult fo reconcile the present results with

the observed Al-Si yield ratio.
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PART 11

MAGNETITE THIN FILMS:

FABRICATION AND ELECTRICAL PROPERTIES
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Chapter |
INTRODUCT ION

Once upon a time, in far away Thessaly, an unknown shepherd found
his sandals clinging to the side of a rock. Because this part of Greece
was known as Magnesia, this lodestone was called magnetite and it was
said to have magnetic properties. Since that time over 2500 years ago,
studies of the behavior of this material have been instrumental in
understanding the phenomena associated with ferromagnetism.

Magnetite has been a preferred material for these investigations
because of its availability in natural single crystals. At rcom temper-
ature, these crystals have cubic, inverse spinel structure in which the
unit cell contains thirty-two oxygen atoms and twenty-four metal atoms.
Eight of these metal atoms are‘bivalenT while the remaining sixteen are
trivalent. Eight of these cation sites are each surrounded by a tetra-
hedron of oxygen atoms while the other sixteen are each in the midst of
an oxygen octahedron. In spineI(MgAl204), The tetrahedral sites are
occupied by the eight divalent Mg2+ jons and the octahedral sites are
occupied by the sixteen trivalent AI3+ ions. In Verwey and Heilmann's
(1947). inverse spinel structure for magnetite, shown in Figure 1.1, the
eight tetrahedral sites are occupied by trivalent Fe3+. The remaining
eight fTrivalent F83+ jons and the eight divalent Fe2+ ions are randomly
distributed over the sixteen available octahedral sites.

The electrical properties have been particularly illuminating
because they led directly to this model for the structure. At room

temperature, magnetite has the lowest resistivity of all the ferriftes,
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Figure |.1 Four views of the spinel structure:

(a) the stacking pattern of the A and B sub-cells in
a unit celi;

(b) the unit cell, with the oxygen atoms shown as
open circles, the octahedral cations shown
as solid circles, and the ftetrahedral sites
shown as circled dots;

(c) a view showing the fcc ordering of the oxygen
atoms(white spheres) and the tetrahedral
symmetry of these around the solid black
atoms(right side of figure) and the octa-
hedral symmetry of the oxygen around the
shaded atom on the left half({the black
spheres in (b) and (c) do not correspond);

(d) a view of the repeating A and B sections of the

unit cell that stack according to (a).



-170-

(a) o (b)

(c)

(dl

FigUre 1ol

From Miles gi;glﬁl957) and used

with the permission of A, von Hippel.
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about IO”2 Qom(Smit and Wijn, 1959). Above room temperature, the resis-
tivity has the positive temperature coefficient that is characteristic
of metallic conductivity. Below room temperature, it behaves as a semi-

conductor with a negative temperature coefficient., Magnetite was the

first oxide in which a conductivity transition was observed(Weiss, 1896)}.
The conductivity in stoichiometric, bulk magnetite changes abruptly by
two orders of magnitude at 119°K(Calhoun, 1954). This was eventually
correlated with changes in the crystalline magnetic anisotropies(Li,
1932) and a specific heat anomaly(Millar, 1929), On this basis, Verwey
et al proposed that the conductivity in the high femperature form of
magnetite was due to dynamic disorder of the divalent and frivalent ions
on the octahedral sites. They further proposed that the phase transi-
tion was also accompanied by an orthorhombic distortion of the cubic
lattice which would destroy the equivalence of the octahedral sites to
‘produce an ordering of the divalent and trivalent ions, The lattice
distortion was later verified by strain gauge ditatometry(Bickford, 1953)
and by high resoltution x-ray diffractometry(Abrahams and Calhoun, 1953},
The electronic disorder-order transformation has been observed by neu-
tron diffractometry(Hamitton, 1958), M8ssbauer spectroscopy(Romanov et
al, 1969) and nuclear magnetic resonance(Westrum and Gr¢nvold, 1969).
The detalls in the results of some of the more recent experiments

using these techniques have suggested that the Verwey model may not be
correct in all of its details. However, they are also unable to confirm
enough of the predictions of any of the competing models to displace the
Verwey model(a discussion of some:alternative models is In Verble, 1974).

This model of the electronic ordering led directly to the con-
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cept of ferrimagnetic ordering(Née!, 1948). The saturation magnetiza-
Tion of F6304 corresponds to four Bohr magnetons per molecule, while
ferromagnetically ordered Fe304 would be expected to have fourteen Bohr
magnetons, with four from each.of the divalent ions and five from each
of the trivalent ions. The low magnetization was explained on the basis
of anti-ferromagnetic coupling between the octahedral and tetrahedral
sublattices, producing a net cancellation of fthe contributions from the
trivalent ions,

Ferrites, of course, are a class of materials that are of great
technological importance. In addition to their obvious uses as non-
volatile memory medium, ferrites are also used for permanent magnets,
high-permeability cores for transformers and inductors, and microwave
devices, Its utility is enhanced by its chemical stabillty and its
mechanical hardness, while 11s potentially high coercivity makes it at-
tractive as a permanent storage medium, Since all ferrites and garnets
can be derived from magnetite by metal ion substitution, magnetite is
the prototypical ferrimagnetic compound and an understanding of its
properties facilitates the understanding of the other ferrites.

Thin film geometries for magnetic maferiéls are advantageous
for both investigative and technological reasons. The macroscopic
shape-induced anisotropies allow several simplifying assumptions in
which the errors in the approximation are of the order of the film

thickness divided by one of the macroscopic dimensions{Soochoo, 1965).

In magnetic recording applications, these anisotropies dictate that

very thin layers are required fo achieve a high information density.
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The present investigations were initiated by the recognition
that there exists a simple manufacturing process for producing thin
films of magnetite. A simple modification of this process will also
produce several other ferrites over a modest composition range. The
initial phase of this work was to unambiguousiy identify the material
formed by this process as magnetite. Investigations into the galvano-
magnetic properties were perfqrmed as a matter of opportunity since the
technology for these measurements in thin layers already existed as
part of an ion implantation program. The final phase of this work was
To characterize certain anomalies in the Verwey transition behavior of
these films that are observable only in thin fiim samples. These have

been written for publication as:

"Magnetite Thin Films," J. S.-Y. Feng, C. H. Bajorek and M-A,

Nicolet, |EEE Transactions on Magnetics, Volume MAG-8, p. 277(1972),

"Magnetoelectric Properties of Magnetite Thin Films," J. S.-Y.
Feng, R. D. Pashley and M-A. Nicolet, to be published in the Journal of

Physics C.

"Substrate Effecfs on Magnetite Thin Fiims," J. S.-Y. Feng and
M-A. Nicolet, submitted to the Journal of the Physics and Chemistry of

Solids.

The last work was also presented at the International Magnetics Confer-
ence (INTERMAG) on May 14-17, 1974 in Toronto, Ontario, Canada. In ad-
dition, there is currently pending a patent application describing the

process for producing the magnetite films; this application embodies
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the substantive new discoveries described in the first of the above

publications.
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Chapter 2
MAKING THE F1LMS

2.1 Introduction

From the phase diagram of the iron-oxygen system, shown in
figure 2.0, there are three possible iron oxide compositions. However,
below 560°C, anti-ferromagnetic wlstite(Fe0) is not stable and the only

equilibrium compositions are Fe304 and FeZOB(Hansen and Anderko, 1958).

The only known allotropic form of Fe304 is ferrimagnetic magnetite,

while some of the more common forms of FeZO3 include anti~ferromagnetic

hemaTiTe(a—FezOS), ferrimagnetic maghemiTe(Y—FeZOB), and ferrimagnetic

The high temperature oxidation of bulk iron produces successive

layers of a—Fe203, Fe304 and FeO on the pure iron., This is interpreted

as evidence that a—FeZO3 is permeable to oxygen, while iron passes

through FeO, and both elements are mobile in Fe304(Hauffe, 1965), Be-

cause of the different relative rates for the compefing processes, only
'a—FeZOB is produced in significant quantities at low temperatures

(s 400°C), although some Fe304

long oxidations at moderate oxidation temperatures(Vernon et al, 1953;

is almost certainly also produced after

Caule and Cohen, 1955). As a result, a completely oxidized iron film
consists entirely of a—FeZOS.

Since there are only two stable oxides below 560°C, in the
presence of excess iron the more iron-rich of the oxides should be tha
stable phase. This suggests that hematite can be converted to magnetite

by providing additional iron in an oxygen-free ambient. In common with
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Figure 2.0 The iron-oxygen phase diagram. This shows the allowed
compositions of iron oxide at various temperatures.
Note that only FeSO4 and FeZO3 are stable below 560°C.

“From The Constitution of Binary Alloys, Second

Edition, by M. Hansen and K. Anderko. Copyright
1958 by the McGraw-Hi || Book Company. Used with

permission of McGraw=Hi [l Book Company."
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ofher thin film systems, it was expected that this reaction would take
place at relatively low temperatures and that the transformation would
occur rapidly. This concept was successfully applied to produce mag-

netite thin films in the sub-micron range.

2.2 The Manufacturing Process

After acquiring a suitable substrate, the first step is to
depostt a thin film of pure iron. Any control on the thickness of the
final product must be exercised at this point since, assuming bulk prop-
erties, +the magnetite fiim eventually produced by this process will be
about 2.34 times as thick as this iron film. A typical method would be
by evaporation in a vacuum of better than IO-6 Torr with the deposition
rate monitored by a quartz crystal resonator. It is recommended that
any photolithography be performed at this step since this not only
gives better lateral definition than etching the last pure metal fiim,
but also because pure iron is more easily etched than any of the iron
oxides,

The pure iron film is then oxidized at 450-550°C in air or O2
at | atm until a clear red oxide film is formed. The time required for
this step depends on the oxidation temperature and the thickness of the
fron film. Although this film has not been extensively characterized,
it is believed to be anti-ferromagnetic hematite. Some of the circum-
stantial evidence include series resistance measurements, which indi-
cate a bulk resistivity of over 10® qcm; a-Fe O

2°3

among the commonly occuring iron oxides. Measurements on a | ke peak

is the only insulator

field hysteresis loop tracer show no evidence of a detectable maghetic
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Figure 2.1 (Hlustrating the manufacturing process for making thin

films of magnetite(see section 2.2)
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moment, as expected for an anti-ferromagnet. No attempts were made to
observe either the Morin transition or anti-ferromagnetic resonance in
these films. However, since hematite is the only stable iron oxide in
an oxygen-rich ambient, it is reasonable to assume that the available
evidence is sufficient fo identify this film as a—FeZOB. Furthermore,
a comparison of the composition with a film that is believed to be
magnetite makes this conclusion inescapable. FurTHer discussion of
the nature of this film is beyond the scope of this work.

The hehafife film is then provided with the excess iron needed
to form magnetite. The amount required is only about 12% of the amount
deposited in the original iron film, but this second film is usually
made to be over 50% as thick as the first iron film. Not only does
this guarantee that there is sufficient iron to comp lete the conversion,
but the sdrplus iron also protects the oxide layer from possible un-
desired reactions with the annealing ambient.

At this point, the process can be modified to produce ofher
ferrites, For example, the ferrite film could be doped with nickel by
using a permalloy(Fe-Ni) film of a selected composition. Using a pure
nicke!l film, for example, would result in a ferrite film with a
0.33 %2.67%"

The conversion to magnetite is then completed by annealing this

composition of Ni

two-layered structure. These have normally been performed at 350-459°C
in a vacuum of better than IO_7 Torr because it was available. In
principle, it could also be performed in any other inert ambient such
as dry argon or nitrogen. The time required fdr the completion of the

conversion is not known, but the process has provided 100% yield for
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anneals longer than eight hours. The lateral extent of the converted
material after this anneal, as observed by optically inspecting the mis-
aligned regions after the second iron deposition, is 5-10 um. However,
it is not known whether the conversion rate is diffusion limited or
reaction rate limited,

The surplus iron remaining after the conversion can be removed
in either dilute HNO3 or a solution of one part volumetric bromine in
five parts methyl acetate. The nitric acid is the recommended solution.

This process has been used successfully to produce magnetite
films 200-8000 Z thick on a ltarge variety of substrates. These have
included fused quartz, thermally oxidized silicon, AT-cut quartz,
silicon, alumina, sapphire, spinel, magnesium oxide, gadolinium gallium
garnet, pyrex, Corning 0211 giass, Corning 7059 glass and ordinary win-
dow glass. Films Thicker Than 8000 Z tend to develcp large internal
stresses that eventually exceed the yield strength of the film-substrate
bond, eventually resulting in separation of the film from the substrate.
Optical microscopy with 300X magnification showed no evidence of pin-
holes, although there were sometimes scratches that represent evidence
of careless handling. Transmission electron microscopy of a carbon

replica and scanning electron microscopy both showed evidence of about
_700 ; surface roughness on samples 2000~3000 ; thick. An electron
micrograph of a carbon replica is shown in the reprint in Chapter 3,

In theory, one additional step can be included in this process
to produce y-Fe,O A well-known step in the manufacture of y-fe,0

273" 273

for magnetic recording tape involves oxidizing powdered Fe304 in moist

oxygen at 300-350°C(Bate and Alstad, 1969). There is every reason to
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believe that this should be just as successful when applied to making

maghemite thin fiims from magnetite thin filims.

2.3 Evidence for Magnetite Formation

The change in the composition produced by the conversion step
was first verified by Rutherford backscattering spectrometry. Figure
2.2 shows 'a comparison of the iron signals from an iron-on-hematite
sample and an iron-on-magnetite sample. Although these spectra were
not taken on the same sample, the two samples were prepared simulta-
neous iy to be identical in every way except for the execution of the
final annealing step to convert the hematite to magnetite. The iron
was left on to guarantee a valid comparison between the two oxide
signals because the reproducibility of the ion dose is not always
sufficiently precise. Note fthat the match between the two iron signals
is very gcod. The data clearly show that after the conversion step,
the amount of iron in the oxide has increased at the expense of the
pure iron film. The ratio of the two signals as evaluated under the
dashed areas is almost exactly equal to the value predicted by Bragg's
rule. Of course, since there are only two iron oxides at any of the
processing temperatures, the inescapable conclusion is that the
chemical formulas for these oxides are FeZO3 and Fe304.

(Speaking of Bragg's rule, the method used to take the ratios
was selected because it is relatively insensitive to errors in the
absolute stopping cross sections used in the calculations. Since the
change in the iron-to~oxygen ratio is about 12%, and since the iron

conftributes only about one-half of the total stopping, there is only
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Figure 2.2 fop: The iron signals of 2.0 MeV “He+ ions backscattered
from hematite films covered wifh iron on sapphire
substrates before(©) and after(®) conversion to
magnztite.

Bottom: Decomposition of the spectra into step signals.
The pure iron on the surface generates the higher
step shown at higher energies. The lower step is due
to the iron in the underlying oxide film,

The results show that after conversion, the pure iron film
is thinner while the iron confent of fthe oxide fiim

has increased correspondingly.
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about a 6% sensitivity to errors in the relative stopping powers. Also,
we take this opportunity to point out the excellent reporducibility in
the energy widths of the iron signals before and after the conversion
step(see Part |, Chapter 2).)

More convincing evidence that the converted iron oxide is indeed
magnetite can be found in figure 2.3. X-ray powder diffractometry using
Cu-Ka radiation was used to verify that the structure of a converted
2400 Z film on Corning 0211 glass is identical to bulk magnetite. The
gaps in the background signal are the angles over which no measurements
were performed. The principal powder diffraction lines for several iron
oxides are shown below the diffractometer data, with the heights indi-
cating the approximate relaTivé amplitudes. The observed lines are
consistent with a polycrystalline film with cubic spinel structure. The
measured lattice parameter is 8.391+0.003 Z while the value for bulk
magnetlite is 8.394+0.004 ;. The correlation of the observed lines
to those of magnetite excludes the possibility of significant amounts of
wlistite(FeO) or most forms of Fe_ O Although the structure and lattice

273°

, [+]
parameter(8,34 A) of maghemite(y-Fe ) are very close to those of mag-

203
netite, this phase is obviously eliminated by the increased iron content
evident in the backscattering data. The peak identified with the (311)
planes is detailed in the inset. The narrow half-width indicates that
the grains are relatively free of strains and defects. Muret(1974)
reports that in 2000-6000 ; films, these grains are 200-1000 ;.
Measurements of some of the magnetic properties were performed

on a 60 Hz | kOe peak field hysteresis loop ftracer, a 20 kOe force

balance magnetometer, and a -8 GHz perpendicular ferromagnetic reso-



-186-

Figure 2.3 X-ray powder diffraction pattern from a converted 2400 Z
film on a Corning 0211 glass substrate using Cu-K,
radiation. A comparisen with the principal powder
diffraction lines of various oxides, shown below the
data, shows that the structure is identical to Fe304.
The detail of the (311) peak shown in the inset

shows that the grains are relatively large and

unstrained.
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nance(FMR) spectrometer. The coercivity and remanence of 2000-3000 ;
films range from 150-400 Oe and 40-60%, respectively, and there appears
to be some correlation of these properties with the checice of the sub-
strate. The films showed no measurable planar uniaxial anisotropy.

The saturation magnet!zation of these films as determined by force balance

magnetometry is 4mM. = 5,2+0.2 kG, while the value for bulk magnetite is

S

6,0 kKG(Kittel, 1966). The value of 4nMS-H , a8 measured by FMR is

k
5.0+0.2 kG, suggesting that there are no significant and mesasurable -
perpendicular anlsotropies. The gyromagnetic ratio as determined from
FMR is /2% = 1.95+0.10 MHz/Oe, corresponding to g = 3. All FMR line-
widths were less than 100 Oe, much sharper than any values reported for
bulk magnetite(Banks et al, 1961; Bickford, 1950).

Since the electrical properties will be discussed at greater
length in the next two chapters, only the most cursory summary of the
early measurements will be given here. The room temperature resistivity
is 8.5 mQcm, compared to reported values of 4-7 mQcm for bulk magnetite
(Smit+ and Wijn, 1959; Calhoun, 1954). The temperature dependence of the
resistivity does exhibit a conductivity transition, but it is not iden=-
tical in detail fo the Verwey transition observed in bulk magnetite.

The most obvioué evidence that this process results in the
conversion of hematite to magnetite is the color change in the films.
The hematite films are clear and red. The conversion step changes the

color to a nearly opague black-brown. These colors are, of course,

consistent with those of bulk hematite and bulk magnetite.
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Chapter 3
GALLVANOMAGNET IC PROPERTIES

3.1 Introduction

Despite the importance of the transport properties and their
impact on the understanding of the phenomena observed in magnetite, there
have been few comprehensive studies of the galvanomagnetic properties of
Fe304. While this work does not constitute that definitive study, it is
the most extensive set of measurements ever reported in presumably stoi-
chiometric samples. Most experiments have
been limited to only one or two of these galvanomagnetic properties.

There have not been very many reports of the Hall effect in
bulk magnetite. As with all other ferromagnetic materials, magnetite
exhibits both the ordinary and extraordinary Hall effects. Although the
measurements of the ordinary Hall coefficient have been published by
Siemons(1970), Lavine(1959), and.KosTopoulos and Theodossiou(1970),
Siemons is the only one who reports any numerical values for the ordinary
Hal | coefficient over a range of temperatures. The extraordinary Hall
effect has also been observed by Lavine(1961) and Kostopoulos and
Theodossiou(1970)}, Lavine(1961) is the only one who reports any
numerical values; Kostopoulos and Theodossiou reported some anomalous
sign changes in the exfraordinary Hall coefficient below the Verwey
Transition temperature.

Reports of the magnetoresistance have been even more scarce
than the Hall effect measurements. Domenicali(1950) gives only very

rough approximate values of the magnetoresistance at room temperature
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and at 77°K. Zalesskii(1961) reported crystalline anisotropies in the
room temperature field dependence of the magnetoresistance. The electric
and magnetic field dependence at 77°K was measured in a synthetic single
crystal by Balberg(1970) in an attempt to explain some switching pheno-
mena that had been observed in magnetite(these were eventually attributed
to Joule heating to induce transitions to the cubic phase in some high
conductivity filaments in the magnetite samples). Some of the most
extensive measurements were performed by Kostopoulos(1972) up to 10 kQCe
from 77°K to room temperature.

A hidden and heretofore unmentioned pitfall that may ensnare
The unwary experimenter is the effects of the presence of a small amount
of impurities in the sample. This may have been the reason why there
have been so few reports of extensive investigations into the electrical
transport properties of magnetite. 1t is known, for example, that the
effects of these impurities vary depending on whether the impurities are
on tetrahedral or octahedral sites. The anomalies in the field depen~
dence of the extraordinary Hall effect observed by Kostopoulos and
Theodossiou(1970) and the anisotropies in the magnetoresistance reported
by Zalesskii{1961) can be attributed to the impurities in their natural
magnetite samples, which could have exceeded 2% in some cases.

The present measurements were undertaken, in part, because we
believed that the process described in the previous chapter resulted in
stoichiometric magnetite. With the advice of several persons more know-
ledgeable in the properties of magnetic thin films, we also almost
immediately recognized the advantages of the thin film configuration

for these galvanomagnetic measurements. Some of the less obvious
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problems created by this geometry will be discussed in the next chapter.

3.2 Results
The results of the galvanomagnetic measurements are presented
in the enclosed preprint. This is the manuscript of a paper to be pub-
lished in the Journal of Physics C, and it has been accepted for

publication in that journal.
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MAGNETOELECTRIC PROPERTIES OF MAGNETITE THIN FILMS*

by

Jd. S.-Y. Feng, R. D. Pashley’, and M-A. Nicolet
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ABSTRACT

Résistivity, dc Hall effect ahd transverse magnetoresis-
tance measurements were made on polycrystalline thin films of
magnetite (Fe304) from 104°K to room temperature. The Verwey
" transition is observed at Tv = 123°K, aéout 4°K higher than
reported for bulk magnetite. Thé ordinary and extréordinary
Hall coefficients are negative over the entire temperature
range, consistent with negatively charged carriers. The extra-

ordinary Hall coefficient exhibits a p1/3

2/3

dependence on the
resistivity above Tv and a p dependencé below Tv. The

magnetoresistance is negative at all temperatures and for all
magnetic field strengths. The planar Hall effect signal was

below the sensitivity of the present experiment.
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1. INTRODUCTION

“Since the discovery of the first lodestone in ancient Greece, hagne-
tite has been an important magnetic material. Because all ferrites and
garnets can be derived from magnetite by metal ion substitution, it is
the prototypical ferrimagnetic compound. The electrical properties have
- been particularly illuminating since they led to the initial understanding
of the ordering and exchange mechanisms in ferrites (Verwey et al., 1947)
and because magnetite was one of the,fifst examples of an oxide in which
a conductivity transition was observed (Weiss, 1896).

" Associated with the conductivity transition is a structural transfor-
mation (Bickford, 1953), a specific heat anomaly (Miller, 1929), and a
change in the crystalline magnetic anisotropy (Li, 1932). The conductiv-
- fty above the transition temperature is a low mobility, high carrier
density process and is believed to be due to localized electron states
hopping to vacant sites (Heikes et al., 1959).

Previous measurements of the e]eﬁtrical{pfcperties have been performed
on crystalline or ceramic samples (Bickford, 1953; Lavine, 1959, 1961;
Kostopoulos and Theodossiou, 1970; Kostopoulos, 1972; Siemons, 1970;
Drabble et‘al., 1971; Calhoun, 1954 and Domenicali, 1950). The conductivity
has been measured from below 4°K to above the Curie temperature of 858°K.
The extraordinary Hall effect has been measured on bulk samples from 77°K
to over 200°K (Lavine, 1961; Kostopoulos and Theodossiou, 1970)}. The
ordinary Hall coefficient has been reported By three experimenters with
conflicting results. Siemons (1970) reported a positive Hall coefficient,
implying hole conductivity. On the other hand, Lavine {1959) and

Kostopoulos and Theodossiou (1970) both report negative Hall coefficients
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for other ferrites. Furtﬁer evidence of electron conduction is given by
the negative Seebeck coefficients reported by Lavine (1959) and Constantin
and Rosenberg (1972).

We present the results of resistivity, dc Hall effect and magneto- »
resistance measurements on polycrystalline thin film samples of
magnetite. The advantages and disadvantages of performing measurements
on thin films are discussed. Some of the differences from buik are known
to be due to the mechanical interaction between the sample film and the

substrate.

’

2. GENERAL CONSIDERATIONS

2.1 Extraordinary Hall Effect
The Hall voltage VH in a ferromagnetic material depends separately
on the magnetization and the external field. The Hall voltage has been

found to follow

wheré t is the sample dimension parallel to the applied magnetic field,
- I 1s the current, H; is the component of the magnetic field perpendicular
to the current and M; is the compohent 6f the magnetization perpendicular
to.the current. .Note that VH depends only on the perpendi¢u1ar components
of W and M. R, is the ordinary Hall coefficient and Ry is the extra-
ordinary Hall coefficient. Experimehta11y, R] has been observed to be
one to two orders of magnitude larger than Ro (Pugh and Rostoker, 1953).
Calculations have predicted that the extraordinary Hall coefficient

should have a power law dependence on the resistivity
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When the conductivity is due to non-localized d-band electrons, as in
ferromagnetic metals, R] is proportidna] to p2 {Karplus and Luttinger,
1954). Measurements on ferromagnetic metals have shown that the actual
dependence is very close to the predicted square law (Berger, 1972).
2.2 Magnetoresistance

Semiclassical models predict that the apparent resistivity of a
conductor should increase in the presence of a transverse magnetic field
and it should be unchanged by a 10ngitudina1'fie1d. Most materials
have a positive transverse magnetoresistance and a much smaller longitud-
inal magnetoresistance (Putley, 1968). Magnetite has been reported to
have both positive and negative transverse magnetoresistance, depending
on the magnitude of the applied field, the crystallographic orientation,
the temperature, and the origin of the sample (Domenicali, 1950; Zalesskii,
1961; and Kostopoulos, 1970). The reported longitudinal magnetoresistance
is of comparable magnitude (Domenicali, 1950).
2.3 Magnetostatic Considerations

2.3.1 Shape Anisotropy in Thin Films

If the thickness of the film is small compared to any planar dimen-
* sfon, a shape induced anisotropy maintains the magnetization in the plane
of the film (Maxwell, 1891; Sochoo, 1965). When an external field
H < 4nMS is applied perpendicular to the plane of the film, the perpen-
dicular component of the magnetization 4nMy will acquire a value which is
almost equal to H since the demagnetizing factor is nearly unity, and
the magnetic induction inside the film is almost exactly equal to the

external field.
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The use of thin film samples constrains the current flow to the
plane of the film. ”The magnetic properties of thin films therefore
guarantee that the perpendicular components ofvthe magnetic vectors are
simply determined by knowing the applied field.

2.3.2 - Other Anisotropies

The presence of additional anisotropies due to strain or crystal-
line effects could dominate the shape induced anisotropy and move the
_equiiibrium position of the magnetization out of the plane of the fi]m;
. A series of magnetic measurements revealed no eyidence of measurable
uniaxial, crystalline, or strain-induced anisotropies at room temperature.

Below the Verwey temperature, the c-axis of the orthorhombic lattice
is the easy-axis. The application of a large magnetic field can align
the'c-axis parallel to the external magnetic field (Bickford, 1953].
Assuming the highest reported value of the crystalline anisotropy for
orthorhombic ﬁagnetite, K =12 x 106 erg/cm3 (Paimer, 1963), the crystal-
line anisotropy would be greater than the ‘shape induced aqisotropy and
could thus change the equilibrium poéition of the magnetization. We
found no evidence of such anomalous effects below the Verwey temperature
in our samples. |
2.4 Summary

The advantage of thin film samples is that the perpendicular
components of the magnetic vectors are simply determined by the eXterna11y
applied field aﬁd the current flow is guaranteed to be in the plane of the
film. The orientation of the planar component of the magnetization is
the only unknown parameter in the experiment and the Hall effect is by

definition independent of the planar component of the magnetic field.
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~ The magnetoresistance will be shown to be relatively insensitive to the

magnetization.
3. EXPERIMENTAL METHOD

3.1 Sample Preparation

Maénetite samples were prepared By oxidat{on and reduction of iron
thin films. Iron with greater than 99.96% purity was evaporated from
alundum crucibles by RF induction heating.in a vacuum df better than
'lO'6 Torr. The Corning 0211 glass substrates were outgassed and heated
to 200°C during the deposition of the iron. The film thickness vas
dete}mined from hysteresis loop tracer measurements  (Humphrey, 1967] with
an estimated accuracy of 3%. The thickness of this first iron film
determines the thickness of the final Fe304 films.

Standard‘samp]es were 1 cm circular films. Photolithographic
and etching techniques were used after the first iron deposition to define
the shapes of other samples. The remaining iron was then oxidized at
400°C in 02 at 1 atm. for 30 minutes fo produce antiferrbmagnetic
a-Fe203. A second iron film was deposited at room temperature onto the
d-FeZO3 and thé samples were annealed in a vacuum of bette} than 10'7
Torr at 400°C for 10 hours to'comp1ete the formation of Fe304. The
excess pure iron from the second depésition was remdved by etching in
dilute HN03.

Films produced this way have been shown to be polycrystalline and
strain-free at room'temperature (Feng et al., 1972). Any deviations

from stoichiometry should result in films that are slightly iron-rich.

In contrast, bulk samples could be iron-deficient because they require
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sintering or annealing at over 1000°C (Turner, 1972; Smiltens, 1952), and
must usually be inspected for a-Fezo3 or y-Fe203'content (Smi]tens,
1952).

Samp]es.With three different shapes were used in these experiments.
Two-point and four-point resistivity measurements were performed on the
standard circular samples. A linear sample with contacts at the ends to
supply current and a separate pair of contacts to sense the voltage was
used for resistivity and magnetoresistance measurements. This sample
was 0.5 mm x 7 mm with 0.1 mm voltage sensing arms separated by about
3 mm. A circular sample with four nearly equé]]y spaced peripheral
qontacts was used for resistivity, magnetoresistance and Hall effect
measurements using the method described by van der Pauw (1958, 1959).
This sample was 2 mm in diameter with contact pads connected b& 0.15 mm
segments. ‘ _

Typical samples are shown ih the top of Fig. 1. Also shown in the
inset 1is a transmission electron micrograph of a carbon replica show-
ing the smoothness of a typical 2500 R film. (The thickness was determined
by measuring the areal density of iron and assuming bulk density.) The
pits revealed by the shadows are typically 500-800 R deep with evidence
of shallower, longer range unevenness.

Since the films were about 2500 R thick, the samples closely approx-
imate 1ideal two-dimensional configurations. The two-dimensional
solutions to the electrical current distributions were used without
corrections for the finite thickness of the samples.

3.2 Measurements

The measurements were made at dc as a function of temperature in
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a gas flow cryostat (Bilger, 1970). Temperatures were accurate to within
20.5°K and stable within 20.15°K. Magnetoelectric effects were measured
in fields of 0-23 kOe with the field direction perpendicular to the plane
of the sample. The field strength was set with an accuracy bf +10 Oe.

Resistivity was measured on the linear sample by supplying current
at the ends and measuring the voltage across the sensing arms. The
resisﬁivity of the "van der Pauw" sample was determined by supplying
current through two adjacent contacts and measuring the voltage drop on
the other pair; all eight possible current polarities and contact pairs
wererused to measure the resistivity and to determine the symmetry of the
sample. The usual precautions were taken to minimize the effects of
Seif—heating of the sample.

Hall effect measurements were performed on the "van der Pauw" sample
by applying the current to opposite contacts and measuring the voltage on
the other pair. All eight possible combinations of current polarity,
contact pairs, and magnetic field directioé were used. Prior to each
measurement, the sample was saturated in a field of 23 kOe. Then the
field was reduced to zero and reversed and measurements were performed at
10 Oe, 4 kOe, 10 kOe, 23 kOe, 10 kCe, and 4 kOe. Then the field was again
reversed and the measurements were repeated. The data for increasing
field and decreasing field were analyzed separately for evidence of
magnetic hysteresis, More detailed measurements were performed at 104°K
and 250°K. '

The transverse magnetoresistance measurements were made on the

linear sample by directly measuring the change in the voltage drop as a
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function of the applied transverse magnetic field. The measurements were
made in steps of 1 kOe and with only one field direction.

The effect of the planar orientation of the magnetization on the
magnetoresistance, or the planar Hall effect, was investigated by two-
point and four-point measurements on the 1 c¢m samples. First, the
voltage drop was measured in zero-field conditions. Then a magnetic field
of 200 Oe or 450 Oe, larger than the coercive force, was applied parallel
to the plane of the film to align the magnetization. The voltage drop
was measured as a function of the orientation of the external.field with

respect to the current flow.

4. RESULTS AND DISCUSSION

4.1 Resistivity
The results of the resistivity measurements are shown fn Fig. 2. The

room temperature resistivity is 8.5 x 1073

QFm’ or about 25% higher than
the resistivity in bulk magnetite (Smit and Wijn, 1959). Ue attribute
"this difference to the nonuniformity in the thickness of the films as
shown in the inset in Fig. 1. The cubic phase has an activation eneray
of about 62 meV while the orthorhombic phase has an activation energy of
about 105 meV. Calhoun (1954) reported activation energies of 30 meV and
110 meV, respectively. The difference in the conductivity and activation
energies is not believed to be due to impurities in our samples. Impurity
concentrations of less than 4% are known tb increase the resistivity, but
this also Iowers the temperature of the Verwey transition (Epstein, 1954).
The temperature of the Verwéy transition was determined in our samples

from more detailed resistivity measurements than shown in Fig. 2(Feng and

Nicolet, 1974). The transition temperature was taken as the midpoint
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between the two conductivity regions and was found to be TV = 123 * 1°K,
or about 4°K higher than reported for bulk magnetite (Calhoun, 1954).

We attribute these differences to stress imposed on the magnetite fi]ﬁs
by the substrate (Feng and Nicolet, 1974).

4.2 Hall Effect

The results of the Hall effect measurements are shown in Figs. 3, 4
and 5. The polarities of both the ordinary and extraordinary Hall
coefficients are negative at all temperatures.

The results of measurements taken in 1 kOe steps at 250°K and 104°K
are shown in Fig. 3. The data for increasing and decreasing field at
250°K were analyzed separately for evidence of magnetic hysteresis.
Although there is a small systematic difference when the applied field is
less than the saturation magnetization (4nNS = 6.0 kG at room temperature
(Kittel, 1966)), the largest difference corresponds to ﬁ difference in
4xM; of about 200 G. The differences for H > 41rMS are due to the errors
of measurement. The data for increasing ané decreasing field at 104°K
were averaged together since the uncertaintiés in the measurements were
too large to resolve any hysteresis.

The results clearly indicate the presence of two distinct regimes.
The Yow field signal (H < 4nMS) is due primarily to the extraordinary
Hall effect while the non-zero slope in the high field region is due
solely to the ordinary Hall effect. The intersection of the asymptotes
to these two sections is at about 5-6 kOe as expected from the saturation
magnetization and the demagnetization factor of nearly um‘ty.1

At other temperatures, the extraordinary Hall coefficient was

determined from the Hall voltages measured at 10 Qe and +4 kOe and the

' |+ has been shown(p. 188) that there are no significant

perpendicular anisotropies.
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ordinary Hall coefficient was determined from the difference of the Hall
voltayges at 10 kOe and 23 kOe. These were chosen as a compromise between
signal amplitudes and errors. The small departure at 4 kOe from the
asymptote corrects, in part, ‘for the fact that the Hall voltace below
technical saturation is due to both the ordinary and extraordinary Hall
coefficients.

4.2.1 Extraordinary Hall Effect

The results of the extraordinary Hall effect measurements as a func-
tion of temperature are shown in Fig. 4. The X is the room tempgrature
value reported by Lavine (1959). It is in reasonable agreement with the
present results. The activation energies are about 26 mey in the cuBic
phase and 95 meV in the orthorhombic phase.

As stated in Part 2.1, calculaticens predict that the extraordinary
" Hall coefficient should have a square law dependence on the resistivity
for metallic d-band conduction. The extraordinary Hall coefficient
in Fig. 4 as a function of the resistivity (Fig. 2) is shown in Fig. 5.
The best power law fit to the data is a p1/3 dependence above T, and
p2/3 below T

2
a p]/“ dependence over the same temperature range.

v
v A re-examination of Lavine's (1961) data also produces

4.2.2 Ordinary Hall Effect

The ordinary Hall coefficient as a function of temperature is also
shown in Fig. 4. Note that there is almost a factor of 100 difference
in the two ordinates. The activation energies of about 22 meV above
Tv and about 100 meV below Tv are consistent with the results of Siemons
(1970). However, an important difference is that our results indicate

a negative Hall coefficient while Siemons reported a positive Hall
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coefficient. Siemons attributed part of the Hall voltage at high magnetic
_fields to the extraordinary Hall effect. The saturation magnetization
in his sample varied by about 1% in an external field varying from

10 kOe to 15 kOe. This was claimed to have added an extraordinary Hall
signal probortiona] to the change in the magnetization. After making

- the correction for this effect, Siemons ca]cu]ated a net positive Hall
‘coefficient. In our case, the observed ordinary Hall signal was about
10% of the extraordinary Hall voltage. Thus, even if this correction
were applied, it would only reduce the ordinary Hall coefficient by
10-20%, but it would not change the sign of the observed ordinary Hall
coefficient. Since the field dependence of 4nMS, if any, is not known
fn our samples, we did not apply this correction to our data.

One result of the present data is that the ratio of the ordinary
and extraordinary Hall coefficients is approximately independent of '
the temperature and the ratio is only slightly different in the two
phases,

4.2.3 Hall Mobility

The Hall mobility can be evaluated from the ordinary Hall effect
and resistivity data using the formula

R
=108 . 2
By 107 o

where Ro is in Vcm/AQe, p is in Qcm, and ¥y is in cm2/Vs. The
mobility as a function of temperature is shown in an Arrhenius plot
in Fig. 6. Above Tv the mobility has a positive temperature
coefficient with an activation energy of about 39 meV. Although the

Hall mobility data shows no definite temperature dependence below Tv,
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the measurements were confined to 104-120°K and cannot be considered
conclusive. The best fit of a power law dependence to the present

mobility measurements varies from about T411

at low temperatures to about
T3t‘.I near room temperature.
4.3 Magnetoresistance
4.3.1 Dependence on the Orientation of the Magnetization
Magnetoresistance is an even function of both the transverse and
longitudinal components of the magnetic field. If the magnetoresisténce
is a function of the magnetization, it must be measured with the
magnetization both parallel and perpendicular to the current. Since
the shape-induced planar anisotropies are small, the magnetization caﬁ
be oriented in the plane with small bias fields. Any maénetoresistance
observed as a function of the position of the magnetization in the
plane, or planar Hall effect, will be due primarily to the magnetiza-
tion since the required bias fields will be much smaller than the
magnetization.
We have performed such measurements by two-point and four-point
‘measurements on 1 cm diameter samples. The orientation of the magnetiza-
tion in the plane of the film was established using.planar bias fields
of 200 Oe and 450 Oe. The apparent resistivity did not change
measurably when the magnetization was rotated. We therefore conclude
that the upper limit on the magnetoresistance due to the magnetization
is < 0.2% at room temperature.
4.3.2 Dependence on the Transverse Applied Field
The transverse magnetoresistance was measured as a function of

both the applied field and the temperature. The change in the voltage
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drop in the linear sample, normalized to the zero field voltage drop,
is shown in Fig. 7 as a function of the applied field at 250°K. The
magnetoresistance was also determined by analyzing the Hall effect data
from the “van der Pauw" samples with the induced voltage normalized
to the offset voltage caused by the asymmetry in the position of the
contacts. These results are also shown in Fig. 7. A comparison shows
that the two methods agree within 15-30%, but the magnitude of the
results from the “van der Pauw" samples are systematically larger
than those from the linear sample. The magnetoresistance is negative
and quadratic at low magnetic fields. There is an inflection point in
the field dependence near saturation and the magntiude increases
monotonically to about 4% at a magnetic field of 23 kOe. This type of
qualitative field dependence is typical for all temperatures
investigated.

The results of the transverse'magnetorgsistance measurements at
4 kOe, 10 kOe, and 23 kQe are shown in Fig. 8, as a function of tempera-
ture. The error bars shown in the 23 kOe points in the "van der Pauw"
samples are typical of the errors for all measurements made at that
temperature on those samples. The estimated error in the data taken
on the linear sample is about * %% for all points with the errors
increasing slightly at lower temperature. The data shows that the high
field magnetoresisfance has an extremum in the temperature dependence
near the Verwey temperature and that it is negative for all temperatures
and field strengths. The magnetoresistance reaches 7-7%% at about

130°K and 23 kOe.
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The present transverse magnetoresistance results differ significantly
from those>previous1y reported. The magnitude of the magnetoresistance
in our measurements increases monotonically with the magnetic field at
all temperatures. It is the largest ever observed in cubic magnetite. It
does not exhibit any change in sign. It is quadratic at low magnetic
fields and does not saturate with the magnetization. The magnetoresistance
has its-maximum magnitude at about 130°K and decreaseé at higher and
lower temperatures.

The present measurements also separate the effects of the applied
field and the spontaneous magnetization on the transverse magnetoresistance.
At room temperature, it is apparently dominated by the externally applied
field and almost unaffected by the magnetization. An alternative
explanation is that the transverse and longitudinal magnetoresistances
due to the magnétization could have the same magnitude. The diff-
ences in these interpretations cannot be tested experimentally.

We suspect that the general lack of agreement on the transverse
magnetoresistance of the cubic phase (Domenicali, 1950; Zalesskii, 1961;
and Kostopoulos, 1970) is due to impurities in the samples since mcst of
the previously reported results were taken on natural magnetife crystals.
The present measurements were performed on synthetic samples whose
impurity content is believed to be low. We believe that the essential
qualitative features of our result will be reproduced on synthetic,
single crystal samples. Note however that our samples are polycrystalline

and the results are therefore averages over all crystallographic directions.
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The results below Tv agree qda]itative]y with those of Kostopoulos
(1972) despite the differences in the results above Ty- This suggests
that the low temperature magnetoresistance may be dominated by the
structure and the change in” the specific resistivity will be approximately

independent of the sample.

5. CONCLUSIONS

The results are summarized in Table I.

The resistivity measurements demonstrate that the properties of thin
films of magnetite are basically similar to those of bulk magnetite.

Both forms exhibit a thermally activated conductivity and the conduc-
tivity transition is present in both cases. The different activation
energies, higher Verwey transition temperature, and smaller resistivity
change at the transition observed in the thfn films are un{que to thin
film samples.

The extraordinary Hall coefficient R.I has been shown to have a power
law dependence on the resistivity. The best fit to the present results
fndicates that R] is proportional to p1/3 in the cubic phase and p2/3
in the orthorhombic phase.

The ordinary Hall coefficient is negative. This is usually
interpreted as a result of electronic coﬁductivity.

While the Hall effect, a first order phenomenon in the magnetic
field, is dominated by the spontaneous magnetization, the magnetoresistance,

a second order effect due to the magnetic field, is apparently insensi-

tive to the magnetization.
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The present measurements show that the transverse magnetdresistance
due to an externally applied field is negative at all temperatures and
field strengths. It is quadratic at low magnetic fié]ds and it
increases monotonically without saturating up to 23 kOe. The magnitude
of the magnetoresistance is large in magnetite and is of the order of
2-4% at 16 kOe.

These results illustrate some of the advantages and disadvantages
of performing galvanomagnetic measurements on thin fi]hs of ferromagnetic
materials. Ferromagnetic films have demagnetizing factors of almost
exactly unity. In the absence of crystalline or perpendicular anisotropies,
the perpendicular components of the magnetic field are simply determined
by knowing the applied field, and the effects of the aﬁplied field and
fhe spontaneous magnetization can be easily separated. The electrical
current and potential distributions are easily determined from the
geometry and two-dimension potential theory with negligible corrections
for the finite thickness of the samples. Since the samples are synthetic,
the composition should be well established. "The potential disadvantages
are the polycrystallinity of the samples and the possibility of anomalous
results due to the presence of a substrate. It may be possible to
produce epitaxial single crystal films. However, measurements 6n
polycrystalline samples obviously reflect averages over all possible
crystallographic directions. The presence of a mechanical substrate-
sample interaction can be minimized by a judicious choice of substrates.
However, it can also be used advantageously to study the effect of large

amounts of tensile stress on the properties of a material.
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FIGURE CAPTIONS

Macroscopic and microscopic views. Three typical 2500 R samples
on glass substrates are shown next to a scale. The samples,
from left to right, are a standard 1 cm diameter film, a "van
der Pauw" sample, and a linear samp]é. The inset shows a trans-
mission electron micrograph of a carbon replica taken from a
typical 2500 A film. The sphere is 5000 A in diameter.

The resistfvity of 2500 K Fe304 on Corning 0211 glass as a func-
tion of temperature. The Verwey transition is clearly indicated
but the change in the resistivity is not as large as in bulk
samples. The transition also occurs at a slightly higher
temperature than in bulk magnetite. These differences are due
to substrate-induced stresses.

Hall resistivity of 2500 3 Fe304 on Corning 0211 glass as a
function of the applied magnetic field. The top figure shows
the Hall resistivity at 250°K. The data for increasing and
decreasing field was analyzed separately and they reveal the
existence of a small magnetic hysteresis below technical
saturation. The ordinary and extraordinary Hall coefficients
are both negative. The bottom part shows the Hall resistivity
at 104°K. There is no evidence of polarity reversal as reported
by Kostopoulos and Theodossiou (1970). The scatter in the data
points is due to temperature variations of about + 0.1°K.

The ordinary and extraordinary Hall coefficients as a function

of temperature. WNote that there is almost a factor of 100



Fig. 5

Fig. 6

Fig. 7
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difference in the two ordinates. Also shown for comparison
is the value of R, reported by Lavine (1959). Note that

the ratio of the ordinary and extraordinary Hall coefficients
is approximately constant in both the cubic and orthorhombic

phases. The error bars shown are estimates of the typical

errors above and below TV'

The extraordinary Hall coefficient as a function of the

resistivity. The best power law fits to these data are a
p1/3 dependence in the cubic phase and p2/3 below Tv. The
two error bars shown are estimates of the typical errors
above and below Tv.

Hall mobility as a function of temperature. The positive
temperature coefficient in the cubic phase is evidence of
hopping conductivity. The error bar shown above TV is an
estimate of the errors typical for the cubic phase. The error
bars shown below TV indicate that the present data are
insufficient to clearly revéal a temperature dépendence for
the orthorhombic phase.

Magnetoresistance as a function of the applied field at 250°K.
The magnetoresistance is negative for all magnetic field
strengths. The data for increasing and decreasing magnetic
field on the "van der Pauw" sample (open symbols) are shown
separately to reveal the hysteresis. The data from the

1inear samples (filled symbols) were taken with increasing

field. The magnetoresistance is quadratic at low fields and
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does not saturate or become linear at applied fields up to
23 kDe. This relative field dependence is typical for all
temperatures investigated. Simultaneous Hall effect
measurements (Fig. 3) give clear evidence of the saturation
6f the perpendicular component of the spontaneous magnetiza-
tion.

The magnetoresistance as a fdnétidﬁ?qf‘téhbérature. The
magnetoresistance is negative atlalT temperatures and all
magnetib field strengths investigated. The data shown are
for both the linear sample (filled symbols) and the "van

der Pauw" samples (open symbols) at 4 kOe (circles), 10 kOe
(diamonds) and 23 kOe (triangles). The error bars shown on
the 23 kOe data from the "van der Pauw" sample are also
app]icab]e to the data taken at the same temperature but

at lower magnetic fields. The two error bars shown for the
linear sample are estimates of the typical errors above and

below Tv.



-216-

*30% £2 03 Bupjeanies jnoy3im K| edjuojouow
S3seaddul pue sp|ats djjoubew Mol e dijespen)

_‘o d _ 2oURISLSAUL
JuUa}aL 43902 U301 44002 H) Y -033ubey
a4njedaduay 3Ap3gsod s4njedadwsy anpjebau
i ]
_ | _ _ | _ (SA/2w)
L+ l OLxe +¢4 L+68- | OL X 2°0 +0°L |Hy AL1q0H
2 0
l | LieH
| |
| !
f ! {ov/wap) -
_ | _ - | . - U31214390)
oL+s6 (OLX60% 68 Erse g0l X 10 % 9%z b Liew
N | : Adeurpaoeayxy
! ] .
I |
_ ! _ _ | _ : (30y/waA)
oL +00L I m-S Xp°0+2°6 §+2¢ | o_.-S X0+ 1=t JuatdL3330)
{ l 4 LLBH AdeulpJQ
{ |
i I -
- [ - - I _ _ (ud)
S +601 | oS XG§'0+5§'9 9 +29 ! N-E X0+ 1L ]9 A paL3sisay
! !
r2u) | 0000 = 1 {rau) “ %0052 = 1
Kbaaul qe £basu3 | qe A343doug
uoLIeALIIY “ anLep UoLIRALLY | aniep :
A sy M o<y
S3S59J43S Padnpui-ajea3sqns £q pajeAats >k aanjedaduay
. A A uojljsuedy
Aop 6LL = yngl < Ao€2L = E_.TL Kamaap

SWII3 NIRL 3LIL3NOVW 40 SIILU3d0Yd JILINOVWONYATYD

1 378v8







RESISTIVITY (ficm)

10~}

1072

-213=

T (°K)

250 200 150 125 1o 100

1 1 i i T /' ] g
| Fe304 RESISTIVITY / ﬁ
I vs 4 _

TEMPERATURE / 105meV
| 2550 A ON GLASS v, _
- / ]
C |/ i

A ©
i , :
o }/ b
o
7
- | Ve —
- ' 7
' A ;
- 62 meV 4 -
: P 4
A &
v -—t ’
8 //‘ CUBIC | ORTHORHOMBIC
/./
} L . i i 1 i
4 5 6 7 8 9 10

]



HALL RESISTIVITY (uQcm)

-300

-200

-100

-219-

o
&

Fe304 HALL RESISTIVITY
VS
APPLIED FIELD

T=250°K

v DECREASING FIE

4 |NCREASING FIELD

LD

e MAXIMUM FIELD =23 kQe

T® 0—0' I S i
%

=

T

4

-

APPLIED FIELD (kOe)

° .
° . o
. 'y
L}
°
- -
T=104°K
L o |5/..LA J
°© S5uA
5 19 i5 20



% NVK

dq 480
1/¢0l

ol 6 8 L 9 S b ¢
@) T T _ T T T T .
H g -
O - lmoO_l
wo_.o_-; 1N310144302 o5
2 TIVH AYVYNIQEO o >8_m+mm =
<
H 5
2 T 1
- . o o .o \M\ e a
2 i \\.\ rowgz ]
m .
a I 4270 , :
o - g < 3NIAVT X 3, or-
0 &0 /e/|  IN3IDI44300 AHVNIGHOVHLXS
i \u\
gy i / 3uNLVYINIL |
°. ASWOOI~/\ ‘8 A SA ]
< /
9 Y \ToEmmz_ SIN3IDI44300 TIWH -
~ 2 \O\ ?Ommh& : e
2 L // .
% yiW4 1 ] ] i |
= ool on g2l oS! 00z 062

(OV/WOA) 'Y IN3IDIH4300 TIVH AHYNIAYOVYLX3

(Mo) L



-221-

S NW
dQ@¥ Jsr

(WIT) ALIAILSIS3Y

_ -0l 5.0l

L] i i —- L LR} 1 | R 1 — LR S O O L ¥ 1
B i
- © DIGWOHYOHLYO | 218ND oo
_ B o w\o\v i

>
- end o ]
- — .
N \ﬂ.‘\ o _
L \\0 -
— - — -0l
i ¢ \N\q\\ AL ALIAILSIS3Y )
| \m\ SA

- ) IN3IDI44300 TIVH AHYNIQHOVYHLX3 -
L g bt 1
o 0% ’
ke 1 ] | |- ] i | -

SOl ol il ozl &zl oSl 002 062

(Mo)L

(OV/WOA) IN3IDI4430D
TIVH AHVNIGHOVYH 1L X3



100

1o

T(°K)

150

200

250

-222-

125

]T71“l 1 ) IR IR ]TUUU
. —19
p———————
- v ’ 1]
1O
. :’ _4
——
>
/ o
o /
/ d~
5 /
o/
)L/H (o)
> —
i Led
> / L o
£ /‘ = =
(o)) ¥ m
® o o <
[ )
Y o %
-J
/o < W
( T -
- / <
/JllllJL 1 1 lLlll

o
(SA /ZW2) ALITIGOW T1VH

103/ T



L

(e0%) 41313 d31Nddv

02 o o] S 0
° 4 a 37314 MO
9 a . OL Q7314 HOIH & | 31dWVS MNvd
N vooa a13i4 HOIH 430 NVA
. v 2 0LQ13d MOV
] v
. v A = 31dANVYS V3NN
» v A
. I ‘. v o
..mﬂ s v [
t a v a
a v
[ a
8 v
| . vV a
a
g V ©
] v a
. M o062z 1 = e
Q1314 g31Tday y v
n)) 3 M
IONVLISISIHCLIMNOYAN ISYIASNTHL o o
- vOmw.._ "I
{ i | 1

) FONVLSISIHOLINOVIN

d
AV/

(001 x




-224-

T(°K)

250 200 150 125 1o 100
i

T | T I | T

ol Fez0; TRANSVERSE MAGNETORESISTANCE

%’ X 100)
IS o

MAGNETORESISTANCE (
o o

i
~

-~ O

®
(o]

ool 4

A

2

®
O

{

"~ FILLED SYMBOLS
LINEAR SAMPLE

| OPEN SYMBOLS

(o]

g ®

O

e
o]

4k0e

o

<

o

o)

—D—p

®
o

>

VAN DER F’AUW SAMPLE
I | i 1 | 1
4 5 9 7 8 9 10

103/ T

8




~225-
3.3 Additional Discussion to "Magnetoelectric Properties of Magnetite

* Thin Films"

I+ has been proposed, as a refinement on the Verwey mode!l for
the high temperature form of magnetite, that the conductivity in FeBO4
is due to a thermally activated hopping mechanism, and small polaronic
conductivity in particular. Camphausen(1972) has given a criterion for

the applicability of small polaron theory to the conductivity in mag-

netite that requires that
2Jd < nhw/2

where J is an electronic resonance integral that, according to his

Eq. 8, is proportional to the square root of the mobility. Camphausen
has evaluated the right hand side of the inequality and gives a value of
240 meV for nhw/2 . Using Siemon's value of the Hall mobility(1970)

at room temperature of about 0.l cm?/Vs , Camphausen has estimated the
upper limit of J as about 65 meV, a value that satisfies his criterion.
Scaling new values of J according fo the square root of the mobility,
as suggested by Camphausen's Eg. 8, gives an upper limit of about 300 meV

when the present value of is used and an upper limit of about

PH
160 meV when Lavine's value(1959) is used. Neither of these values
saTisfie§ Camphausen's criterion for small polaronic conductivity.

[+ should be noted that Camphausen's criferion probably applies
to the drift mobility, so all of the above has assumed that the Hall and
drift mobilitihes are approximately equal. Holstein(1961) and Friedman

and Holstein(1963) have predicted that the Hall and drift mobilities in

small polaronic conductivity may differ by over an order of magnitude,
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depending on the details of the hopping mechanism, I|f these theories
are correct and applicable, the use of the Hall mobility in Camphausen's
test may not be valid.

In the magnetoresistance measurements, a comparison of the
'presenT results and those previously published suggests that the magneto-
resistance is strongly affected by the quantity and lattice location of
the impurities in the sample. For example, if an impurity were on an
octahedral site, it could interrupt the "helical' path of the conduction
electron, while an impurity on a tetrahedral site would probably have a
much smalter effect on the conductivity properties. An ordering of the
impurities on particular lattice sites could thus explain some of the
anisotropies reported by Zalesskii(1961). The positive magnetoresis-
tance observed in the natural samples at low fields also appears to be
a consequence of the impurities. However, the microscopic origin of a
positive magnetoresistance in a magnetic semiconductor is clearly beyond
the scope of this work.

In the magnetoresistance measurements below the Verwey transi-
tion temperature, not only is there qualitative agreement, as stated in
the preprint, but there is also rough quantitative agreement as well.

In the present measurements, the change in the specific resistivity at
105°K from zero applied field to 10 kOe is 8840 mQcm or [24+20 mQcm,
depending on the sample., Assuming that Kostopoulos(1972) took his
magnetoresistance data using the same sample as he used for the Hall
effect measurements(Kostopoulos and Theodossiou, 1970), the total
resistivity change in his sample at 100°K and from low field to 10 kOe

is about 140 mQcm. Although this is not sufficient evidence to prove
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conclusively that the magnetoresistance in the orthorhombic phase is
independent of the impurity concentration at low impurity levels, it

does support the possibility that this is true.
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Chapter 4
THE VERWEY TRANSITION IN THIN FILMS

4.1 Introduction

Ever since Weiss(1896) first observed the conductivity transition
now associated with the Verwey Transition, the temperature dependence of
the resistivity in magnetite has been investigated ad nauseam. To list
all of the available literature on this subject would be both boring and
not very instructive. Among those experiments that have clearly proven
illuminating have been the doping dependence(Epstein, [954), the
pressure dependence(Samara, 1968), and the effects of including Y-FeZO3
in the sample(presumably in solid solution)(Verwey and Haayman, 1941)
on the electrical conductivity and the Verwey tfransition in particular.
Hopefully, the present work will eventually be remembered among the
latter tather than become lost among the former.

In the investigations of the galvanomagnetic properties described
in the previous chapter, the Verwey transition was observed at about
123+1°K. This is higher than any previously reported value for the
fransition temperature. In the three experiments cited in the previous
paragraph, every change in the sample reduced fhe observed transition
temparature. This is such a well-known effect that the depression of
the Verwey transition ftemperature is sometimes used as a simpie test of
the purity of a magnetite sample(see Kostopoulos and Theodossiou, 1970,
for tTheir discussion of their sample). The other anomaly in the present

results is the small conductivity change observed in the fransition,

Pure magnetite has the largest conductivity change at the transition of
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all the ferrites, and impurities are known to reduce this conductivity
change while simultaneously depressing the transition temperature
(Epstein, 1954). Simultaneously observing a decrease in the chénge in
the conductivity and an increase in the transition femperature is
inexpiicable on the basis of previously reported experiments,

The present measurements were initiated to identify the origins of
This anomalous behaviot in the thin films. There are only two obvious
parameters that can affect the properties of a thin film, The first is
the effect of the substrate on the thin fiim either through a chemical
of mechanical interaction. The second is the effect of the film thick-
ness on its macroscopic properties; these are usually attributed to
scattering of the electrons from the surfaces or some collective prop-
erty that might be thickness dependent. Since the mean free path of an
electron in magnetite is estimated to be about 5-10 Z, and since the
grain size is about 200-1000 R(Muref, 1974), neither of these two
thickness effects are likely to affect the Verwey transition. The
possibility of chemical and mechanical interactions were separated by
imcluding some substrates that were chemically similar(identical compo-
sition) but with different mechanical properties. Electrical measure-
ments were used because these were the most convenient of the available
techniques for investigating the Verwey transition and also the most
relevant in the present context. Some of the results obtained in Taese
experiments suggest other experiments that could verify or disprove our
inferpretations. Unfortunately, these experiments are at best

very difficulft.
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4.2 Resulfts

The results of the investigations of the substrate effects on the
Verwey transition are presented in the enclosed preprint. This is the
manuscript of a paper that has been submitted to the Journal of the
Physics and Chemistry of Solids. At the present time, it is still being

considered by *the editor and referee(s) for publication in that journal.
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SUBSTRATE EFFECTS ON MAGNETITE THIN FILMS*

by
J. S.-Y. Feng and M-A. Nicolet

California Institute of Technology.
Pasadena, California 91106

ABSTRACT

The Verwey transition in magnetite thin £ilms has
been investigated by measuring the temperature dependence -
of the sheet resistivity. Substrate-induced stresses raise
the transition temperature above the 119.49 reported for
bulk magnetite. The ratio of the resistances of the two
phases at the transition temperature is independent of the
substrate and proportional to the thickness of the sample,
suggesting that a 600-1200 & surface layer remains in the =

high conductivity phase at all temperatures.

*Supported in'part by the Office of Naval Research (L. Cooper).
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Magnetite exhibits the so-called Verwey transition
at 119.4°k (TV). Associated with this first order phase
transition are a Specific heat anomaly, changes in the‘mag—
netié properties, a conductivity £ransition from a semi-
conducting to an insulating state, and a structural trans-
formation from cubic inverse spinel to orthorhombic symmetry.(l)
The conductivity in the high temperature, cubic phase is
believed to be due to the electrons on the randomly halff
filled octahedral sites; the change to the orthorhombic struc-
ture'destroys the equivalence of these sites, resulting in an
ordering of the divalent and trivalent iron ions and producing v
a reduction in the conductivity;(z)

At the Verwey temperature, the bulk conduétivity
changes by about two orders of magnitude. Deviations from
stoichiometry reduce both the transition temperature and tps
relative conductivity change at the transition.(a’

Samara has shown that the application of hydroStatic
- pressure also reduces the temperature of the Verwey transi-

(4)

tion. This pressure dependence has been cited as evidence
that the conductivity transition is of the Mott-Wigner type,
where an increase in the density delocalizes the electronic wave-

functions to produce a high-conductivity'state.(4)

. It follows
that the transition to.the low-conductivity ‘state can be induced by
applying tensile stress to increase the interatomic spacing.

Our measurements were performed on 700 - 60008 thick

magnetite films on chemically inert and insulating substrates.
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The details of the sample fabrication procedure have been

(5)

described elsewhere. The film thicknesses were deter-
mined by measuring the areal density of the iron and assuming
bulk density for the Fe304. The measurements were performed
over the temperature range of 100 - 300°K in a gas flow

(6)

cryostat using the four-terminal procedures described by

van der Pauw.(7)
The substrates used in this study were fused quartz,
pyrex, thermally oxidized silicon, Corning 7059 glass, Corning

0211 glass, (1120) a-Al,05, Gd;Ga,0,,, At-cut quartz and (100)Mgo.
These materials have a range of tabulated thermal expansion co-

efficients (B) of 0.5x107%/%C to 11.7x107%/°C, with applicable
temperatures in the range 0-300°¢c, depending on the material.

Néel has reported that for 0-1000°C, B(Fe,0,) is about 16x10”°/%c{®)
In this experiment, we need to know the expansion coefficients for
100~300°K. Since these are not readily available, we have assumed
that the relative temperature dependent is about the same fsr all
substrates. Thus, since B(MgQ)>B(A1203) above room temperature,

we assume that B (MgO) will be larger than B(AlZOj) for all

applicable temperatures above 100°K.
The results of the resistance measurements for 47008

films-on various substrates are shown in Fig. 1. The re-
sistivity transition is evident in all the samples except the
ones on fused quaftz and pyréx, the two substrates with the
lowest expansion coefficients. The resuits show that, except
for these two special cases, the films all have similar temp-
erature dependences. The only systematic change is the shift
in the transition temperature.

The present results differ significantly from those of
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bulk magnetite. The activation energy of the cubic phase is
about 60 meV in the thin fiim samples compared to the 39 meVv

(9)

reported for bulk Fe304. The resistance change at the

transition is only a factor of four, which is much smaller

(10)

than the factor of 90 observed in bulk samples. The

activation energy in the orthorhombic phase is about 90 meV,
while the value reported for bulk magneﬁite is over 100_meV.(10)
These three parameters and the Verwey transition temp-
erature have been plotted és a function of the tabulated ex-
pansion coefficients in Fig. 2. The expansion coefficients
are not exact for the reasons given above, and we estimate the
error in the relative expansion coefficients at about 15%.
Excluding the samples on fused gquartz and pyrex, the only
parameter that has a significant systematic depehdence on the
expansion coefficients of the substrates is the Verwey tran-
sition teﬁperature (thé expansion coefficient and Ty for bulk
Fe,0, are also included in Fig. 2 for comparison). A com-
parison of the results on fused quartz, thermally oxidized
silicon and AT-cut quartz--three different forms of Sioz—-shows
no obvious dependence on ' the chemical composition
of the substrates.
According to Samara, hydrostatic pressure reduces the

transition temperature by about 0.5°K/kbar.(4)

Since the
transition on Corning 0211 glass is elevated by about 3°K,
applying Samara's value'gives an estimated tensile stress of

about 6 kbar. The tensile stress on the sample can also be

very crudely estimated by assuming that the films are un-
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stressed at the processing temperature of about 400%.
Taking B as temperature independent, the difference in the
total thermal expansion between magnetite and Corning 0211

3

glass at T, is about 4 x 10 ~°. Assuming a Young's modulus

\'

ofvinfihity for the.substrate and choosing 2 x 1012 dynes/cin2
as a likely value for the magnetite film, the tensile stress
produced by the mismatch is about 8 kbar. This agreement,
which need not have been better than within a factor of ten,
supports the validity of our interpretation.

When the mismatch is sufficienﬁiy large, as in the
cases of fused qﬁartz and pyfex substrates, there is apparently
no conductivity transition. The”reversibility of the mea-
surements implies that this is not due to any detachment of
-the‘film from the substrate. However, the mismatch may be
laxge enough to separate the grains of the polycrystalline
films, reduciﬁg the conduction paths to small bridges betweén
the grains. The resistancé would then be dominated by the
resistance_of these bridges and the localized heating caused
by the increased current aensities would then inhibit the
Verwey transition in the magnétite in these connecting links.

The effect of the sample thickness was investigated
by varying the thickness of the magnetite films on Corning 0211
glass substrates. The results shown in Fig. 3 are also shown
in Fig. 4 as the thickness dependence of the Verwey transition
temperature, the change in the resistance at the transition,
and the activation energies of the two phases. .The activation

energy of the cubic phase and the Verwey transition temperature
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are both apéroximately~independent of the film thickness
while the resistance change at the transitioh and the
activation energy of the low temperature phase both increase
with the thickness of the film. The 7008 film shows no
evidence of undergoing a conductivity transition down to
below 115°K.

The thickness dependence of the resistance change
and -the low temperature activation energy can be explained
on the basis of a model that assumes that part of the film
remains in the cubic, high-conductivity phase at all temp-
eraiures. If a film of thickness D has a sublayer of thick-

ness 4 that always remains in the high—conductivity phase,

the resistance above the transition temperature will be

Ra=%‘-.r%:;)- for T > Ty
. ‘ ~
where Rpg is the resistance and oy is the conduétivity of
the high temperature phase. When the thickness D is greater
than the sublayer thickness 4, a layer of thickness (D-d)
.goes into the low-copductivity phase at low temperatures while

the sublayer remains in the high-conductivity phase. The

total resistance will then be

(Area)

R = for T < T
¢ (D-4) gg t d %n v
where o is the conductivity of the low temperature phase.

o]
The ratio of the measured resistances F is
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d,~1
> — + D) .
When the majority of the current in the low temperature state
is in the éublayer, i.e., for Gu/qb >> D/d, this resistance

ratio can be approximated by

Xo
Rey

ajo

F =

When the thickness D is smaller than d, all of the film will
stay in the high-conductivity phase and the ratio F will be
unity, as observed in the 7008 sample.

The best fit of this ﬁodel to the present data is
shown as the solid line drawn in.the top parf of Fig. 4. 1If
the model is correct, the results indicate that the thickness
of the untransformed sublayer is about 600 - 1200R. Aé shown
in Fig. 2, for a fixed film thickness, F is apparently in-
dependent of the constraint imposed on the film by the sub-
strate.  This suggests that the sublayer is probably at the
£free surface of the gample. Although this smodel agrees with
the present results, there exists no other evidence for its
validity.

| The samples used in this study had been exposed'to
the atmosphere at room temperature for periods ranging from
a few hours to over a year. There is no apparent correlation
between the exposure time and the measured value of F, implying

that oxidation of the samples probably does not contribute to
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the forhation of this sublayer, In addition, Rutherford
backscattering yields no evidence of any Fezo3 formation on
magnetite films of any agé. Thus, it is not very probable'
that the untransformed layer consists of y-Fe,0;, which is
electrically, magnetically and crystallographically similar
to cubic Fe304. X-ray diffraétometry was used to eliminate
the possibility of other phases such as FeO or any of the other
forms of Fe203 as the‘maierial in this untransformed sublayer.

Measurements of the magnetic properties of some
other magnetite films 460 - 75008 thick were performed on a .
60 Hz, 2.5 kOe peak field hysteresis loop tracer at room temp4
erature. The results clearly indicate that the saturation
magnetization is independent of the film thickness. This
suggests that if there is an anomalous sublayer, it ié Fe304\
or y-Fe,0,. The saturation magnetizations of these two
oxides differ by less than 20%, so it.is difficult to exclude
the presence of Y-Fe203 by means of magnetometry..

Figures 2 and 4 show that the films have a slight
thermal hysteresis in the Verwey transition of abdut 0.5%K.
The measurements were made in steps of gbout 0.6°K and the
temperatures were regulated to better than O.l?K. Thé thermal
hysteresis was present even after stablizing the sample temp-
erature'for up to ten minutes.

We have reported the first example of a Verwey
transition at temperatures above the 119.4% reported for bulk
mégnetite. The results show that the Verwey transition temp-

erature is raised by the tensile stress produced by the
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differences in the thermal expansion coefficients of the
substrate and the magnetife film. The mefhod used to raise
the transition temperature provides further confirmation
tha£ the Verwey transitioﬁ is of the Mott-Wigner type. The
present measuremeénts also show that the change in the sheet
resistivity at the Verwey transition increases with the sample
thickness, with no conductivity transition observed in a non-
magnetic 7008 thiék magnetite film. On this basis albﬂe, we
postulate the existence of a 660 - 12603 layer that remains
in the high-conductivity phase below the Verwey transition
temperature. The substrate-independence of the resistance
ratio suggests that if this anomalous high-conductivity layer
exists, it is aﬁ the free surface of the sample.

We wish to thank C.H. Bajorek, IBM, Watson Research

Center, for performing the hysteresis loop tracer measurements.



-241-

REFERENCES
1. L.R; Bickford, Rev. Mod. Phys. 25, 75 (1953).
2. E.J.W. Verwey, P.W. Haaijman and F.C. Romeijn, J.
' Chem. Phys. 15, 181 (1947).
3. J.H. Epstein, thesis, MIT (1954). »
‘4. G.A. Samara, Phys. Rev. Lett. 21, 795 (1968).
5. J.S.-Y. Feng, C.H. Bajorek and M-A. Nicolet, IEEE Trans.
Magnetics MAG-8, 277 (1972). '
6. H.R. Bilger and M-A. Nicolet, Rev. Sci. Inst. 41,
346 (1970).
7. L.J. van der Pauw, Philips Res. Repts. 13, 1 (1958).
8. L. Néel, J. Phys. Radium 12, 258 (1951).
9. J.M. Lavine, Phys. Rev. 114, 482 (1959).
1l0.

B.A. Calhoun, Phys. Rev. 94, 1577 (1954).



-242-

FIGURE CAPTIONS

Fig. 1

Fig. 2

Sheet resistivity versus temperature for 47008

Ee304.on various substrates. The procedure used to
determine the transition temperature (Tv), the pro-
jected resistance ratio at the transition (F), and
the activation energies (EA) are illustrated for the
sample on MgO. The transition temperatures aie
indicated by the vertical dashed lines, with the

bulk Tv included for comparison. A thermal hysteresis

of 0.5 - 1.0°K is present in all samples in which the

Verwey transistion was observed. No evidence of
either a Verwey transition or thermal hysteresis was
observed on fused quartz or pyrex substratés.
Substrate effects. The projeéted resistance ratio
(F), (see Fig. 1), the activation energies (EA) of
the cubic (high temperature) and orthorhombic (low
temperature) phéses and the Verwey transition temp~
erature have been plotted as a function of the
estimated substrate expansion coefficient, with the
estimated errors shown on the measurements made on
the MgO substrate. The»expansion coefficient and TV
for bulk magnetite are also shown for comparison.

The lines drawn for EA and F are linear least-squares
fits, with the data from the pyrex and fused quartzA

substrates excluded from the calculation. These

dependences are not statistically significant. The



Fig. 3

Fig.
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linear fit to Ty is estimated.

Thickness effects. The procedure for determining
Ty F and E, are shown for the 56608 sample on _
Corning 0211 glass (see the caption for Fig. 1).
The vertical dashed lines indicate the transition
temperature of the sample. No evidence 6f a Verwey
transition was observed in a 7258 film.

Thickness dependence. F, EA and Ty are shown as a
function of the film thickness, with the estimated

errors shown of the results from the 5660R% sample.

The thickness dependence of the low-temperature

activation energy and F are believed to be signi—-

ficant. The lines are linear least-squares fits,
with the line for F forced to intersect the origin

(see text).
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4.3 Additional Discussion

In the model for the present measurements, it is suggested that
the resistivity change at the Verwey transition is proportional to the
thickness of the film. Of course, when the film thickness is large
enough to make the sheet resistivity of the Iow-conducfivify layer
comparable to the sheet resistivity of the anomalous surface layer, the
approximations used to predict this linear dependence are no longer
valid, In thick samples, the resistivity ratio should asymptotically
approach the bulk value. We are unable tfo observe this because the
process used for manufacturing the samples is not suiTabie for making
films thicker than | um.

If this anomalous layer does exist, it is not surprising that its
existence has not been previously reported. In almost any measurement
on bulk magnetite, the effect of an anomalous 1000 Z surface layer
would be negligible compared to the changes in the rest of the sampie.
In addition, detection of this anomalous layer by x-ray diffractometry,
neutron diffractometry, nuclear magnetic resonance or M8ssbauer spec-
troscopy would be very difficult because of the Very smal | amount of
samp le material that would be available for these measurements.
Furthermore, this anomalous layer may not really exist. The present
experiment is The only one which has even suggested that the magnetite
surface does not experience the same Verwey transition as the bulk.

Since the mean free path of the conduction elactrons is estimated
to be about 5-10 ;, it is also not very plausible ThaT this apparent
anomalous layer is a fiction of the surface scattering of the conduction

electrons, This short range nature of the conduction electrons also
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implies that, if this anomalous layér does exist, it is probably due to
some macroscopic phenomena that may be associated with its mechanical
properties.

To the best of our knowledge, only one other experimenter has
reported in the open literature of using our manufacturing process
{(Muret, 1974}, Although he did not report In detail on the temperature
dependence of the resistivity(his measurements concentrated on the
optical transmission and absorption properties of the films), he does
suggest that his cursory examination of the resistivity behavior gives
results similar to ours,

The reader is cautioned that some of the results presented here
depend on the judgment of the experimenter in analyzing the data. In
particular, the determination of the activation energy of the low
temperature phase requires estimating a straight line fit to data points
that have a significant systematic curvature, and the criterion selected
for making this estimate is crucial to the absolute value of the
measured activation enargy. However, it is believed that these have
been done in a sufficiently consistent manner to justify the observed
expansijon coefficient dependence in the Verwey fransition ftemperature.
Although there is an apparenf substrate dependence in the activation
energies of the two states, it is not believed That the present data

reveal any statistically significant dependence.
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Chapter 5
SUMMARY

We have reported on a method for manufacturing sub-micron films of
FeBO4 and we have performed detailed investigations into the dc galvano-
magnetic properties of these films. The comparison of the properties of
these films with the reported oulk properties has, in general, confirmed
the identity of these films as magnetife.

The manufacturing process does not have any critical steps in the
procedure and it can be readily modified to produce other ferrites over
a modest composition range. Thes films are of interest because they have
potential applications as high density data storage media and because
the ofher processes that had been previously described almost invariably

produce films with a high o-Fe content, The magnetic properties of

203
these films do not differ significantly from the projections from the
bulk magnetic properties.

The galvanomagnetic measurements probably only add to the confu-
sion in trying to identify the more reliable of the reported measure-
ments. In general, the tempsrature and magnech field dependences
reported by the various investigators do not agree either qualitatively
or quantitatively. In our measurements, the observed qualitative
behavior better approximates the expected behavior than some of those
previously reported. However, the values found in these measurements
sometimes differ significantly from the expected values.

/3

The present measurements revealed, for the first time, 2 o

dependence for the extraordinary Hall coefficient in the cubic phase.
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A careful re—examination of the previously published results confirmed
the existence of this dependence in bulk magnetite and suggests that
this is the asymptotic behavior for other ferrites.

Two unusual results of these measurements were the elevated Verwey
transition temperature in these films and the smaller change in the con-
ductivity at the transition. This motivated a detailed investigation
info the effects of the thin film geometry on the Verwey fransition.
These showed that the elevated transition temperature was due to
stresses on the film produced by the substrate. An interesting, and as
yet unconfirmed, result of these measurements is that there may be a
Thin surface layer in these films that remains in the high-conductivity
phase even below the Verwey transition temperature, If this layer does

exist in our samples, it is probably also present on bulk magnetite.
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[t is sometimes said that brevity is the sou!l of wit.

I+ therefore follows...



