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Abstract

The vibrational and magnetic properties of mechanically attrited nanocrystalline Ni,Fe
powders were studied. The as-milled Ni;Fe powders were annealed to create
nanocrystalline samples with different grain sizes, RMS strains, and grain boundary atomic
structures. The average grain size and RMS strain of the samples were measured using x-
ray diffractometry and transmission electron microscopy. From inelastic neutron scattering
experiments, the phonon density of states (DOS) of various as-milled and annealed Ni,Fe
nanocrystalline powders were determined. At low energies (<15 meV), nanocrystalline
samples compared to bulk Ni;Fe showed an enhancement in the phonon DOS that was
proportional to the density of grain boundaries in the powders. A broadening of features in
the phonon DOS was also observed for the smallest nanocrystals. The room temperature
phonon DOS of nanocrystals with an average grain size of 6 nm and a large grain boundary
volume fraction of 20%, was different from the phonon DOS of the same powder after it
had been exposed to 10 K. It is believed that upon exposure to 10 K the grain boundary
local atomic structure changed affecting the vibrational properties of the sample.

The magnetic properties of nanocrystalline Ni,Fe were studied using Mossbauer
spectroscopy, M-H magnetization curves, complex permeability measurements using
microwave cavity perturbation technique, and small angle neutron scattering. M-H
magnetization curves and cavity perturbation measurements showed that the coercivity and
magnetic saturation are related to nanocrystal grain size and RMS strain while the complex
permeability is intricately related to grain size and frequency. Both Moéssbauer
spectroscopy and small angle neutron scattering showed that the grain boundary magnetic
moment density of as-milled Ni;Fe nancrystalline powder was smaller than that of powder
annealed at low temperature. This indicates that local atomic structure in the grain

boundary affects the magnetic moment density.
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Chapter 1

Introduction

1.1 Nanocrystalline Materials

In the past decade there has been widespread interest in “nanostructured materials,”
defined here as materials having internal structures with spatial scales on the order of 20 nm
or less. Research is active in nanostructured polymers, metals, and semiconductors.
Examples include control of structures in diblock copolymers!:2, magnetic properties of
nanocrystalline ferromagnets34, and optical properties of GaAs quantum dots>. Some of
the interest arises from the challenge of controlling material structures on a small spatial
scale, and characterizing their microstructures with new methods of microscopy,
diffraction, and spectroscopy.

A more durable interest in nanostructured materials originates with their unconventional
properties. Broadly speaking, there are two classes of microstructure-properties
relationships unique to nanocrystalline materials, “confinement effects” and “interface
effects.” An example of a confinement effect is the shift in frequency of optical absorption
that occurs in semiconductors when the crystallite size is comparable to the size of the
electron-hole excitation®. An alleged example of an interface effect has been reported in
nanocrystalline TiO,. At low temperatures, this ceramic material has a surprisingly high
ductility, which is attributed to atom movements in its copious grain boundaries’.

There are many ways to synthesize nanostructured materials, including methods of wet
chemistry, sol-gel reactions, physical vapor deposition, self-assembly in polymer blends,

and highly controlled methods, such as molecular beam epitaxy. In the present work, the



nanocrystals studied were prepared by mechanical attrition. In mechanical attrition
processing metal powders are sealed in a hardened steel vial with several steel balls, and
shaken violently for several hours by a mechanical device similar to a paint shaker. The
mechanism by which nanocrystals are generated by mechanical attrition is not fully
understood, but it involves the generation of crystalline defects, and the coalescence of
defects into structures that provide misorientation between different crystallites. In
nanocrystalline materials prepared by high-energy ball milling, the shapes of the crystallites
are irregular, and have a broad size distribution. The advantages of mechanical attrition
versus other methods are that processing is simple and inexpensive, and large amounts of
powder can be produced in a reasonable time.

The powder resulting from mechanical attrition typically contains large micron sized
particles composed of a three-dimensional mosaic of irregularly shaped nanocrystals. The
grain boundaries between the nanocrystals are relatively disordered in that they contain a
variety of interatomic spacings. This unique combination of a large density of disordered
interfaces and crystals with long-range translational order is what gives rise to the “interface
effects” associated with nanocrystals. Early studies of consolidated gas-condensed
nanocrystals claimed that the grain boundaries were highly disordered and “gas-like” in
structure8. Later, more precise diffraction experiments disproved this theory®10. The
properties of nanocrystals’ grain boundaries are not fully understood, however, and

probably vary depending upon the method of nanocrystal synthesis.

1.2 Motivation for the Present Research

Nanocrystalline materials are generally expected to be unstable thermodynamically,

owing to the energy cost of their numerous internal interfaces. This thermodynamic



instability can be mitigated by various kinetic or thermodynamic phenomena!!-20. One
suggestion was that a high entropy of the nanocrystalline microstructure could help stabilize
it at finite temperatures!l.13.14. A large vibrational entropy of nanocrystalline
microstructure was suggested by measurements of heat capacity!!, although contamination
by interstitial He atoms may have impaired these measurements?!. Measurements of
Debye-Waller factors and Lamb-Mossbauer factors showed large mean-squared atomic
displacements in nanocrystalline materials, suggesting that these materials may have large

vibration entropies?2-26,

Neutron inelastic scattering spectra have recently been measured on nanocrystalline
materials. In a study of nanocrystalline Ta (10-nm crystallite size) prepared by mechanical
attrition?’, the authors reported a smoothing of features in the density of states of the
nanocrystalline material, but no overall softening of the vibrational spectrum. On the other
hand, in recent inelastic neutron scattering studies of nanocrystalline NizAl (7-nm crystallite
size)?8, in nanophase Ni prepared by gas condensation (10-nm crystallite size)29, and in
nanophase Fe prepared by high-energy ball milling (12-nm crystallite size)30, a large
enhancement of the vibrational DOS at low energies was reported. Although the report on
the nanophase Ni study suggested that quasielastic scattering by hydrogen in the material
could be important at these low energies, no interstitial hydrogen was detected in the
studies on nanophase Ni3Al or Fe30. It was suggested that the enhancement of the
vibrational DOS at low energies involved movements of the nanocrystallites with respect to
each other30. The effects of nanocrystals on the phonon DOS are not well understood, and
this motivated the present, more extensive, inelastic neutron scattering study on
nanocrystalline NisFe. The alloy Ni3Fe was chosen because it is possible to prepare it in
nanocrystalline form in sufficient quantity for inelastic neutron scattering measurements.
The thermal neutron scattering cross sections of Ni and Fe are large, and the lattice

dynamics are known for single crystals of fcc NizFe. Furthermore, preliminary



measurements on this material showed large differences in the phonon DOS of
nanocrystalline NisFe and a control sample having larger crystals3!.

Ni,Fe is also an advantageous alloy to study because it is ferromagnetic. Magnetic
properties of nanostructured metallic alloys are topics of much ongoing fundamental and
applied research. Research in nanostructured magnetic materials with especially low
coercive fields has been stimulated by the commercial product “Finemet,” which comprises
bee Fe-Si nanocrystallites within an amorphous matrix34. Its extremely soft magnetic
properties have been explained by the “random anisotropy model32, which basically states
that when the crystal’s grain size is smaller than the width of a magnetic domain wall, there
will be little tendency for the crystalline orientations to affect the energy of magnetic
orientation in the material. Although this argument is partially valid, internal stresses and
the amorphous interfaces between the Fe-Si crystallites also affect the material response to

magnetic fields.
Internal stresses also affect the magnetic permeability and coercive field of

nanocrystalline ferromagnets33. In previous work, a number of nanocrystalline materials
with soft magnetic properties were made by mechanical attrition; however, high internal
stresses caused the as-milled materials to have modest coercive fields. Annealing the as-
milled powders at low temperatures provided the needed stress relief, and a reduction of
coercive field. Thus, the magnetic properties of mechanically attrited nanocrystalline
materials are a complicated combination of effects from many factors, such as crystal size
and internal stress.

By studying the magnetic properties of mechanically attrited Ni,Fe nanocrystals, I
hoped to obtain a better understanding of how these factors affect the magnetic properties
of the nanocrystalline powder. Furthermore, because the augmentation at low energy of
the phonon density of states is probably an “interface effect,” studies of the magnetic
properties of the grain boundary were made in hopes of finding a relationship between

grain boundary characteristics and the vibrational properties of the nanocrystals.



Chapter 2

Synthesis and Physcial Characterization of Ni,Fe
Nanocrystals

Ni,Fe nanocrystals, with various average grain sizes, were made by mechanical
attrition. The mechanically attrited, as-milled powders were annealed at different
temperatures to produce samples with different average grain sizes and different internal
strain. X-ray diffraction patterns were used to evaluate the average size and internal strain
of the various samples. X-ray diffraction patterns were also used to evaluate the amount of
Fe bcc impurity crystallites present in the Ni,Fe samples. TEM micrographs showed that

the nanocrystals were densely packed in larger particles.

2.1 Nanocrystal Processing

The nanocrystalline Ni,Fe powders were prepared by mechanical attrition. This is a
brute-force method in which nanocrystals are formed by forcefully shaking, for several
hours, the powders in a steel vial with steel balls. The mechanism of nanocrystal formation
by this mechanical attrition method is not fully understood, but it involves the generation of
crystalline defects, and the coalescence of defects into structures that provide misorientation
between different crystallites. The end result is a powder with 10-mm diameter particles,
containing a three-dimensional mosaic of irregularly shaped nanocrystals that are joined
together by disordered grain boundaries (Fig. 2.1). Nanocrystals made by mechanical
attrition typically have residual strain and a broad distribution of grain sizes.

Ni,Fe nanocrystals were made by placing the stoichiometrically correct amounts of

nickel and iron powders into steel vials with three 0.5-inch and three 0.25-inch steel balls



in a SPEX 8000 mixer mill. The ball-to-powder weight ratios used were 2:1, 5:1, or 20:1.

Along with the powder, ethanol was placed in the vial. During mixing, the vials are shaken

in a figure-eight pattern, causing the steel balls to energetically impact the powder, alloying

the powder, and creating nanocrystals.

For producing Ni;Fe nanocrystals, the addition of ethanol was found to result in a

smaller average grain size and a decrease in an impurity bcc iron phase, believed to be from

broken-off pieces of steel ball. These effects most likely result from the ethanol acting as a

lubricant.

For the 2:1 powders, 7.5 ml of ethanol and a processing run time of 12 hr were

used. The 5:1 and the 20:1 powders used respectively 5 ml ethanol with a run time of 6 hr

and 2 ml ethanol with a run time of 18 hr. There was no obvious correlation between the

ball-to-powder weight ratio and the amount of ethanol that yielded the best results. The

appropriate amount of ethanol for each ball-to-powder weight ratio was found through trial

and error.

Figure 2.1.

Nanocrystals made by mechanical attrition are in clusters and are joined

together by disordered grain boundaries.



Contamination of the powders during processing was prevented by sealing the vials in
an inert argon atmosphere and by using special vials with knife edges and a copper gaskets.
The steel vials consisted of four parts: the lid, the cap, the copper gasket, and the vial body
(Fig. 2.2). The lid and vial body were machined with knife edges so that when the lid of
the vial was tightly screwed on, the copper gasket was cut by the knife edges and a seal

impervious to gas molecules was formed.

o ~%— cap

lid
knife
edges D ~&— copper
gasket
~a—vial
body

Figure 2.2. Vial components: cap, lid, copper gasket, and vial body.



Sample

Processing

20:1 as-milled

20:1 ball to powder weight ratio
milled 18 hr with 2 ml ethanol

5:1 as-milled

5:1 ball to powder weight ratio

milled 6 hr with 5 mi ethanol

5:1 265°C annealed

5:1 as-milled powder

annealed at 265°C for 1.5 hr

5:1 425°C annealed

5:1 as-milled powder

annealed at 425°C for 1.5 hr

5:1 600°C annealed

5:1 as-milled powder

annealed at 600°C for 1.5 hr

2:1 as-milled

2:1 ball to powder weight ratio
milled 12 br with 7.5 ml ethanol

2:1 265°C annealed

2:1 as-milled powder

annealed at 265°C for 1.5 hr

2:1 425°C annealed

2:1 as-milled powder
annealed at 425°C for 1.5 hr

2:1 600°C annealed

2:1 as-milled powder

annealed at 600°C for 1.5 hr

Table 2.1. Samples and how they were processed.




Chemical analysis was performed on 5:1 Ni,Fe powder. A few grams of powder were
heated to 400°C and analyzed for evolved hydrogen, oxygen, and nitrogen, using a
Hewlett-Packard 5890 gas chromatograph. Gas chromatography detected no evolution of
hydrogen, within the detection limits of 0.004 wt %. I also measured 0.003 wt %
nitrogen, 0.001 wt% carbon and 0.003 wt % oxygen. Atomic absorption spectrometry by
an independent laboratory, was used to analyze the concentration of Fe and Ni in the final
powders. The Fe concentration was typically enriched by about 1%.

To create nanocrystals with a range of sizes and strains, 2:1 and 5:1 as-milled
nanocrystalline powders were annealed at various temperatures. Before annealing, the
sample was placed in either a Pyrex or quartz ampoule and under vacuum.
As shown in Section 2.3 by annealing at low temperatures (about 200°C), strain is relieved
while grain growth is minimal. At higher temperatures (>600°C), grain growth occurs
rapidly. The amount of grain growth and strain relief was determined by analysis of x-ray
powder diffraction patterns. The samples used in experiments described later in the thesis

and how they were processed are listed in Table 2.1.

2.2 X-ray Diffraction

X-ray diffractometry was performed with an Inel CPS-120 diffractometer using Co Ka

radiation. Fig. 2.3 presents x-ray diffraction patterns from the as-milled powder and from
the same powder after annealing. Grain sizes and distributions of internal strains were
obtained by the method of Williamson and Hall34 after correcting the peak shapes for the
characteristic broadening of the x-ray diffractometer.

The observed diffracted peak profile, O(k), is a convolution of the instrument function

and the sample function,
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Figure 2.3. X-ray diffraction patterns of various as-milled and annealed Ni,Fe samples.
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0(k) = I(k)*S(k) 2.1)

25in(8)

where k= . The observed, instrument, and sample functions can be represented as

Voigt functions, which are convolutions of a Gaussian and Lorentzian function:

Go(k)*Lo(k) = Gy(k)*Ly(k)* Gy(k)*Ly(k)

The Gaussian and Lorentzian components are obtained separately from a Voigt function fit.

Since convolutions are associative:

Go(K)*Lo(k) = [Gk)* G(k)1*[ Ly(k)* Ly(k)]

SO:

Gok ) = G(k)* Gy(k) » c, = 1/6‘17' + cg

Lo(k) = Lyk)* *Ly(k) »  Yo=NtYs

where G is the standard deviation of the Gaussian function and v is the characteristic half-

width of the Lorentzian:
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Y 1
Lk) = - —
&) Tyl + kK

So, by fitting both the observed peak profile and the instrument function to Voigt
functions, the Lorentzian and Gaussian breadth components of the sample function can be

determined. Afier the instrument contribution to the diffraction peak width has been

subtracted, strain and crystal size are determined by the relation:34

&k = %43 + 1.18ky(g2) (2.2)

where &k is the HWHM of a predominately Lorentzian-shaped diffraction peak, L is the
length of the crystal, k is the position of the peak in k space, and ¢ is the strain.

A polycrystalline Si powder and the 600°C annealed Ni;Fe nanocrystalline samples
were used as standards for determining the instrument function. The crystals of the Si and
Ni,Fe samples were oriented randomly and were large enough to suppress size broadening.

The standard’s diffraction peaks were fitted to Voigt functions. Using the derived widths

of the Gaussian, c,, and Lorentzian, y;, components of the Voigt function, the instrument

function was calculated as a function of angle. The observed diffraction peaks of the

nanocrystalline sample diffraction peaks were also fitted to a Voigt with Gaussian, c,, and
Lorentzian, v, widths. The sample function was then plotted as a Voigt function with a
Gaussian component G, = /G- + 5 and a Lorentzian component Y5 =y, - ;. The breadth

of this peak, 8k, was then measured and plotted as a function of peak position in k space.

Because different crystallographic directions can have different average crystal sizes and

different amounts of strain, there was scatter in the plots and the points did not fall neatly
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on a line. For this reason, the data was linearly fitted to the (111) family for analysis of the
strain and crystal size.

Fig. 2.4 shows a plot of g as a function of k for Ni,Fe powders annealed at various
temperatures. Note that if a linear fit of the points were applied to Eq. 2.2, the average

crystal size would be

-3
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Fig. 2.4. Peak breadths in k-space versus diffraction vector for x-ray diffraction peaks
from nanocrystalline Ni,Fe samples. Data are from as-milled samples and 5:1 powders
annealed at various temperatures for 1.5 hours. The slope and offset of the curves show
how low temerature annealing results in small grain growth and strain relief while
annealing at high temerature further relieves strain and creates large grained samples.
Treands seen in this graph were used to choose the annealing temperatures of the samples

studied
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3 0.443
(Sk intercept)

Unfortunately, there are some cases of negative intercepts, implying that some of the
samples have negative crystal sizes. This is clearly not correct. Instead, the average crystal
size was derived from the breadth of the 111 peak, the lowest order peak in the Ni,Fe

diffraction pattern

L = _ 0443 (2.3)
Ok(111 peak)

This procedure cannot be justified a priori, but we found good agreement was between L
obtained with Eq. 2.3 and the grain sizes from TEM dark field images. The RMS strain is

still derived from a linear fit of the points and application of Eq. 2.2

_ slope of line between data points for (111) and (222) peaks
1.18

()’

When the as-milled and 100°C annealed samples are compared in Fig. 2.4, there is little
difference in the positions of the points, showing that there is no relaxation of internal
stress. Starting at 200°C, there is a large change in the relative positions of the points and
the scatter of the points is less, indicating a reduction in mean-squared strain. As the
annealing temperature is raised further, the slope of the points becomes less steep and the
8k of the (111) peak decreases, indicating a further reduction in strain and faster rate of
grain growth. Results of size and strain analysis are summarized in Table 2.1. This
process of minor change in the nanocrystals followed by strain relief, then increased grain

growth with increasing annealing temperatures, has been seen before in work done by J.
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Eckert et al35:36. In his work, the process was monitored by differential scanning
calorimetry.

Because of the observed process of strain relief and grain growth, nanocrystals were
annealed at < 300°C to reduce strain while causing little grain growth. Annealing at 425°C
was done to relieve strain and cause a small amount of grain growth. Annealing at 600°C

produced a large-grained polycrystalline material, which was used as a bulk control

sample.

sample crystal size (nm) RMS strain (%)
20:1 as-milled 6.0 0.01

5:1 as-milled 12 0.45

5:1 265°C annealed 16 0.31

5:1 425°C annealed 27 0.26

5:1 600°C annealed ~100 0.06

2:1 as-milled 15 0.78

2:1 265°C annealed 20 0.45

2:1 600°C annealed ~100 ~0

Table 2.2. Average crystal sizes and RMS strains of Ni,Fe powders studied.

2.3 BCC Impurity Phase

We believe that the bee impurities are Fe-rich, and unavoidably comes from pieces of

the steel balls breaking off during the attrition process. The impurity bcc phase was
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detected in some x-ray diffraction patterns. X-ray diffraction patterns also show that the Fe
impurities dissolve after annealing. I believe that the Fe impurity comes from the steel
balls. Strong circumstantial evidence for this is that the balls are visibly damaged after the
mechanical attrition process, and because the amount of impurity was reduced by using
new balls with each processing of powder. The amount of ethanol used also affects the
amount of impurity. As stated earlier, it is believed the ethanol might act as a lubricant and
reduce the abrasive effects of the powder on the steel balls and vials.

From x-ray diffraction patterns, the areas of the Fe bee (310) peak and the Ni,Fe (220)

peak were measured. The relationship between the peak areas is

Ay (realative intensity of 310 Fe peak)(scattering intensity from Fe)x

ASSFC (realative intensity of 220 Ni,Fe peak )(scattering intensity from Ni,Fe)(1 — x)

where x is the fraction on bec Fe impurity. The results are presented in Table 2.3.

Sample Volume Fraction
20:1 as-milled 0.04
5:1, as-milled 0.05

5:1,265°C annealed 1.5 hr 0.02

5:1,425°C annealed 1.5 hr 0

5:1, 600°C annealed 1.5 hr 0

2:1, as-milled 0.05

2:1, 265°C annealed 1.5 hr 0.04

2:1, 600°C annealed 1.5 hr 0

Table 2.3. Volume fraction of bee Fe impurity phase
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2.4 Transmission Electron Microscopy

Both as-milled and annealed materials were studied by transmission electron
microscopy (TEM) with a Philips Em 420 microscope operated at 120 keV. Samples were
prepared either by embedding some of the powder in epoxy and microtoming thin sections
from the epoxy block or by sprinkling some of the powders on holey carbon grids. Sizes
of the nanocrystals were determined by dark field imaging, which reveals a two-
dimensional projection of the outer boundaries of the crystallites. Chemical analysis with an
x-ray fluorescence spectrometer attached to the microscope showed little variation in the
chemical composition within the powder particles. There was good agreement between the
spectral intensities from these samples and the intensities from samples of Ni - 25 at. % Fe
prepared as an ingot by arc melting.

Dark field TEM images showed that the micron and submicron powder particles were
dense and without internal porosity. The nanocrystals can be described as forming a three-
dimensional mosaic tiling of the larger powder particles. Some dark field TEM images are
presented in Figs. 2.5 and 2.6 These dark field images show a distribution in the crystallite
(grain) sizes in the as-milled and annealed samples. Some extremely small crystallites are
evident in the material as-milled with a ball-to-powder weight ratio of 20:1. Typical grain
sizes of the powders milled with the 5:1 ratio were 6 to 10 nm, whereas the samples
annealed at 600°C had grain sizes of 50 nm and larger. This estimate of a 50-nm grain size
from TEM should be more accurate than is the x-ray diffraction because the x-ray
linewidths from the samples annealed at 600°C were comparable to the instrumental
broadening. It is also important to note that the TEM dark field images show the two-
dimensional projection of diffracting crystallites, whereas lineshapes in x-ray

diffractometry are a volume average over all diffracting columns of crystallites.
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Figure 2.5. Dark field TEM images of Ni,Fe powders obtained with the (111) fcc

diffraction. a) 20:1 as-milled, b) 5:1 as-milled, ¢) 5:1 265°C annealed, d) 5:1 600°C

annealed.
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Chapter 3

Neutron Inelastic Scattering

Inelastic neutron scattering spectra were measured to obtain the phonon density of
states (DOS) of nanocrystalline fcc Ni Fe. The materials were prepared by mechanical
alloying, and were also subjected to heat treatments to alter their crystallite sizes and
internal strains. In comparison to material with large crystallites, the nanocrystalline
material shows two distinct differences in its phonon DOS. First, the nanocrystalline DOS
was more than twice as large at energies below 15 meV. This increase was approximately
proportional to the density of grain boundaries in the material. Second, features in the
nanocrystalline DOS are broadened substantially. This broadening did not depend in a
simple way on the crystallite size of the sample, suggesting that it has a different physical
origin than does the enhancement in phonon DOS at energies below 15 meV. A damped

harmonic oscillator model for the phonons provides a quality factor, Qu, as low as 7 for

phonons in the nanocrystalline material. The difference in vibrational entropy of the bulk

and nanocrystalline Ni3Fe was small, owing to competing changes in the nanocrystalline

phonon DOS at low and high energies.

3.1 Introduction

Ni,Fe samples were prepared as disordered fcc solid solutions by high-energy ball

milling, which was performed under two conditions to synthesize nanocrystallites of
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different sizes. Some of the powders were annealed to relieve internal stresses, or to cause
growth of their crystallites. Inelastic neutron scattering measurements were performed at

10 K and 300 K to test for anharmonic effects in the phonon DOS.

To a first approximation, we found that the distortions of the phonon DOS were larger
for materials with smaller crystallites. In particular, the enhancement of phonon DOS at
low energies increased with the inverse of the crystallite size. This corresponds to a
distortion of the phonon DOS that increases in proportion to the density of grain boundaries
in the material. However, the broadening in energy of features of the phonon DOS could
be altered by thermal treatments that had little effect on the crystallite size. We suggest that
the broadening of the phonon DOS is a phenomenon with a different physical origin than

the enhancement of the phonon DOS at low energies.

The surface modes of adjacent crystallites will inevitably interact with each other
because propagation of vibrational energy between the crystallites is expected to occur
through grain boundaries and interiors. The simplest picture would be for an inter-

crystalline transmission of rigid body displacements and rotations of the crystallites. There

are, however, relatively few such rigid body modes when the crystallites contain 104
atoms. We do expect, however, that the grain boundaries will serve to propagate surface
mode vibrations between the crystallites. If the grain boundaries served as springs with
weak spring constants, the intra-crystalline vibrations would differ in phase between
neighboring crystallites. Thus, grain boundaries play a vital role in the vibrational

properties of mechanically attrited nanocrystals.
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3.2 Experiment

The neutron inelastic scattering spectra were taken using the HB3 triple axis
spectrometer at the High Flux Isotope Reactor at the Oak Ridge National Laboratory. The
spectrometer was operated in constant-Q mode with the fixed final energy, Eg, of 14.8
meV. The energy-loss spectra were made by scanning the incident energy from 14.8 to
64.8 meV. The neutron flux from the monochromator was monitored with a fission
detector, which was used to control the counting time for each data point. The incident
beam on the pyrolytic graphite monochromator crystal had a collimation of 120°, and 40’

Soller slits were used between the monochromator and the sample. Pyrolytic graphite

filters placed after the sample were used to attenuate the A/2 and A/3 contamination. The

filtered beam passed through 40’ slits before the pyrolytic graphite analyzer crystal.

Following the analyzer, 80° Soller slits were used before the 3He detector (Fig. 3.1). With
this arrangement, the energy resolution varied between 0.9 and 2 meV, depending on the
energy transfer and the slope of the phonon dispersion surface. The elastic peak was found

to have a full-width at half-maximum of 1.2 meV. Spectra from each specimen were
obtained at two values of Q, 3.54 and 4.60 A-! and at two different temperatures, 300 K

and 10 K. The first value of Q, 3.54 A-l, was chosen because it includes the (200)

reciprocal lattice vector, and, therefore, provides good sensitivity to low-energy acoustic

phonons. The second value of Q, 4.60 A-1, was chosen because it was nearly the highest
value of Q accessible with our configuration of the HB3 spectrometer.

Samples of the as-milled and the annealed powders, each about 25 g, were placed in
thin-walled aluminum cans and mounted on the goniometer of the HB3. Grain sizes and

distributions of internal strains of the powders were obtained by the method of Williamson

and Hall34 after correcting the x-ray peak shapes for the characteristic broadening of the x-

ray diffractometer. Mean crystallite sizes were 6 nm for 20:1 as-milled samples, and 10 nm
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for 5:1 as-milled sample. After annealing the 5:1 as-milled (crystallite) sizes were 12 nm
after 26500C for 1.5 h, 15 nm after 425:0C for 1.5 h, and at least 25 nm after 600cC for
1.5 h. From the slopes of the Williamson-Hall plots, the mean-squared strains were 0.4%
in the 5:1 as-milled material, and 0.1% in the annealed powders. The 20:1 as-milled
material had a mean-squared strain of less than 0.1%.

Although the as-milled and annealed samples were run under identical conditions, the
packing densities of the samples were different. Three methods were used to normalize the
intensities of the inelastic scattering spectra. We found that the intensity in the zero-loss
peak was 1.33 times greater for the nanocrystalline powder than that for the annealed
powder, the mass ratio was 1.25, and an approximate vibrational DOS obtained by
correcting for background and one-phonon scattering provided a ratio of 1.24. To make a
conservative estimate of the differences in the nanocrystalline and annealed powders, we

used the normalization factor of 1.33.

3.3 Inelastic Neutron Scattering

Typical inelastic neutron scattering data are presented in Fig. 3.2. The analysis of the
inelastic neutron scattering data was helped considerably by results from previous coherent

inelastic neutron scattering studies on single crystals of Ni3Fe by Hallman and
Brockhouse3?. The lattice dynamics of fcc NisFe is similar to that of fcc Ni, even when

the Ni3Fe has L1, chemical order. Using the published force constants37, the dynamical

matrix D(K)38 was diagonalized for approximately 106 values of k distributed uniformly
over the first fcc Brillouin zone. Histogram binning of the resulting eigenfrequencies

provided the phonon DOS, presented in Fig. 3.4.
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The dynamical structure factor intensity for incoherent scattering by phonons of energy,

g, |Ginc(€,Q)I2, was obtained from the Born-von Kdrman model as the following sum39:

Ginc& QR = 2 01;",’[:(“‘2 2. 1Qui@ Poe—e@) BNER)

rg Y q

The dynamical structure factor intensity for incoherent scattering, |Ginc(¢,Q)[?, involves the

projection of the momentum transfer Q on the polarization vector u,Yk(q) for the atom of
mass My, at the position ry in the unit cell of the phonon with wavevector q in the branch
v. Hallman and Brockhouse interpreted their data by assuming the lattice dynamics of an

fce alloy, so the atomic mass for all atoms was the average of that for 75% Ni and 25% Fe,

i.e., 58.0 g/mol. For each atom, branch, and q, the crystallographic average of Eq. 3.1

over the various directions of Q is Ginc,ry Q2 Iu;fk(q) lz /3My,.. This contribution to

|Gine(&,Q)|? was binned during the phonon DOS calculation.

The dynamical structure factor intensity for coherent scattering, |Geon(e,Q)|?, was

calculated as39:

Gean® QP = 2. -er—lzz 2 2 b Qui(@) @ 5e-e(q) HQ-a-) (32

rx Y T q
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where T is a reciprocal lattice vector and by, is the coherent scattering length. The

crystallographic average of the coherent inelastic scattering required an evaluation of the
dynamical structure factor intensity at explicit values of Q with respect to the

crystallographic axes. For a given value of Q, the directions of Q were chosen with an

isotropic probability distribution by using a Monte Carlo sampling procedure28.
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Figure 3.2. Neutron energy loss spectra obtained with Q = 3.54 and 4.60 A-1.

Top: powder 5:1 600°C annealed (average crystallite size of 60 nm).

Bottom: powder 20:1 as-milled (average crystallite size of 6 nm).
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The conventional multiphonon expansion3440 was used to calculate the contributions to
the inelastic scattering at 300 K. The calculation included the thermal occupancy factor, the

Debye-Waller factor (assumed the same for Ni and Fe atoms), and the four dynamical

structure factor intensities for the incoherent and coherent scattering at 3.54 and 4.6 A-l.
The results showed that, at the relatively low values of Q and temperature of the present
experiments, the inelastic scattering is strongly dominated by one-phonon processes.
Results from these calculations are presented in Fig. 3.3. Fig. 3.3 shows that the

incoherent inelastic scattering is skewed to higher energies owing to the thermal occupancy
factor, and is stronger for Q = 4.6 A1 than it is for 3.54 A—l. The coherent inelastic
scattering, |Geonh(E,Q)?, is also shown in Fig. 3.3. Although the coherent inelastic
scattering at higher E is stronger for Q = 4.6 Al than it is for 3.54 A—l, the intensity at
lower E is much larger for 3.54 A-1. The Q at 3.54 A-! includes the (200) reciprocal

lattice vector of NisFe, and the factor 8(Q—q—t) in Eq. 3.2 allows a large contribution from

small values of q only when Q is near the reciprocal lattice vector, T. The small values of q
emphasize the phonons of lower energy, whose thermal occupancy factor is large.

Results for the total intensity of inelastic scattering, coherent plus incoherent, were
summed by weighting the coherent contribution by 0.772 and the incoherent contribution
by 0.228 to account for the average coherent and incoherent scattering of Ni3Fe. Finally,
the calculated inelastic scattering intensities for the two values of Q were added together and
convolved with a Gaussian function of FHWM of 2.5 meV to account approximately for
the experimental energy resolution. The result is shown as the dashed curve in Fig. 3.4.

The
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Figure 3.3. Calculated contributions to the inelastic scattering from fcc NisFe at 300 K,

using the force constant data on NizFe provided by Hallman ez al. 37.
a. Coherent inelastic scattering, incoherent inelastic scattering, and their sum, for Q=3.54 A-L
b. Coherent inelastic scattering, incoherent inelastic scattering, and their sum, for Q=4.60 A-l.

c. Sum of coherent and incoherent inelastic scattering for both Q=3.54 and 4.60 A-1.
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Figure 3.4. Points: Experimental phonon DOS obtained for powder annealed at 600°C.

Solid curve: Calculated phonon DOS using the Born-von Kérman model with force
constants of Hallman et al. 37 Dashed curve: Calculated sum of dynamical structure factor

intensities for Q = 3.54 and 4.60 A~1l. Calculated curves were convoluted with a Gaussian

resolution function of 2.5 meV full-width-at-half-maximum.

solid curve is the actual phonon DOS of fcc NisFe, calculated with the Born-von Karman
model using the force constants of Hallman and Brockhouse, again convoluted with a

Gaussian function of FHWM of 2.5 meV.
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To obtain the approximate phonon DOS from the experimental spectra, the spectra
measured with both values of Q = 3.54 and 4.60 A-1 were summed, and a constant

background was then subtracted. The conventional multiphonon expansion40-42 was used
to calculate the contributions to the inelastic scattering at 300 K. The results showed that

the inelastic scattering is strongly dominated by one-phonon processes. Assuming that the

inelastic scattering, I(¢), is all one-phonon scattering, the phonon DOS, g(g), can be

obtained from the inelastic spectrum as:

g(e) = € [1 —exp(—e/kT)] I(e) (3.3)

The experimental phonon DOS curve obtained for the large-grained annealed sample is
presented in Fig. 3.4 for comparison with the calculated DOS and the calculated sum of the
dynamical structure factor intensities (which should provide a more accurate estimate of the

experimentally derived spectrum).

3.4 Results and Discussion

3.4.1 General Features of the Phonon DOS

The experimental phonon DOS curves for most of the samples are presented in Fig.
3.5. We anticipated that the nanocrystalline materials would show an anharmonic softening

of their phonon DOS curves, but we found no significant differences between the phonon
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Figure 3.5. Low-energy part of the phonon DOS curves of Fig. 3.6, graphed versus the

square of energy.

DOS curves measured at 10 K and at 300 K. (An irreversible change in the broadening of
the phonon DOS curves of as-milled alloys after cryogenic exposure is described in Section
3.4.3, however.) In comparison to the 5:1 600°C annealed sample, which had large
crystals, the phonon DOS curves from the nanocrystalline material show two distinct
differences. There is an increased intensity of the phonon DOS at energies below 15 meV.
This excess intensity diminishes after the nanocrystalline materials are annealed at higher
temperatures. The second difference is that the features of the phonon DOS are broadened

in the nanocrystalline materials. Both of these effects are also evident in raw data such as

the data shown in Fig. 3.2. Although these two effects had been reported previously,28-
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31,43 the more systematic results of the present study allow for more detailed

interpretations.

3.4.2 Features at Low Energies

Fig. 3.5 shows the low energy part of the phonon DOS curves, g(¢), presented in Fig.

3.6, with the data plotted against the square of the phonon energy. A quadratic dependence

of the form
g(e) = a g2 (3.4)

is expected when the vibrational excitations in three-dimensions have a constant group

velocity, h~1 9e/dq. The function of Eq. 3.4 was fit to the data of Fig. 3.5 for the energy
ranges 0 - 12, 0 - 13, and 0 - 14 meV, and the results averaged to obtain a value for a.

This average o was plotted against the root-mean-squared strains in the crystallites and

against the grain size of the crystallites. The correlation with the RMS strain was poor
(Fig. 3.7), but the correlation against grain size was more monotonic (Fig. 3.8). Provided
that the grain size distribution has the same functional form, but merely changes spatial

scale with grain growth, the surface area of grain boundaries will depend on grain size, d,

as d-1. In other words, the density of grain boundaries per unit volume may be expected to

be proportional to the inverse of the grain size. This motivated us to plot in Fig. 3.8 the

coefficient a of Eq. 3.4 against the inverse of the grain size. The linearity of this plot

suggests that the enhancement of the phonon DOS at low energies is a phenomenon related
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to the surfaces of the crystallites, such as surface modes. Tamura, et al.44:45, calculated

the torsional and spheroidal vibrational modes of small spherical particles with relaxed

surface zones. Model molecular dynamics calculations by this group*® showed an
enhanced phonon density of states at low energies, with general appearance similar to the
DOS for the nanocrystalline material shown in Fig. 3.6. These surface modes will be

altered when the particle is embedded in a matrix, but with an elastic discontinuity at the
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Figure 3.6. Phonon DOS curves extracted from experimental data from Ni3Fe powders
milled with ball-to-powder weight ratios of 20:1 and 5:1, and after annealing the 5:1
powder at the indicated temperatures. Crystallite sizes were (top to bottom) 50, 15, 12, 10,

and 6 nm.
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particle interfaces, the concept of surface modes remains viable. The plot of Fig. 3.8
includes results from all measurements on as-milled and annealed materials. Although the
linearity is suggestive of a quantitative relationship, our measurements may not justify such
a relationship in detail. In particular, the frequency spectrum of surface modes should
depend on the nature of the contacts between crystallites, and these contacts probably
change during annealing. It is also likely that the effective elastic constants of grain
boundaries are different in the annealed materials. Such effects are not possible to estimate

reliably.

The straight line relationship in Fig. 3.5 suggests that the 20:1 nanocrystalline material
may have a velocity of sound that is a factor of 3 smaller than that in the annealed material.
The straight-line relationship may be misleading, however, and could originate from two
different vibrational phenomena that add their densities of states in a way that appears
quadratic. We attempted to perform ultrasonic pulse-echo measurements of sound

velocities in compacted powders of 5:1 as-milled and 5:1 750°C annealed NizFe, but
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ultrasonic absorption in the samples was too large. Ultrasonic transmission was probably

impeded by the porosity in our samples. The densities of the compacted powders were 6.6
g/cm3 for the annealed powder and 5.9 g/cm3 for as-milled powder; owing to porosity,

both of these densities are considerably lower than the expected density of 8.8 g/cm3. It
may be interesting to look for evidence of dispersion curves in inelastic neutron scattering

experiments at small angles.
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Figure 3.8. Slopes of the lines shown in Fig. 3.5 (a of 3. 4) versus the inverse of the

crystallite size.

We had previously suggested that some enhancement of the vibrational DOS at low

energies could originate from inter-crystallite vibrations of the nanocrystalline

microstructure30. The idea was that there may be a lattice dynamics associated with the
vibrations of the crystallites themselves, coupled by weak springs comprising the grain

boundary atoms. The inelastic scattering data from the present experiment on fcc NisFe
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showed much larger effects than did the previous data with bec Fe, however, and some
quantitative predictions are now possible. From the curves in Fig. 3.5, we estimate that the
enhancement in the vibrational DOS below 20 meV in the 5:1 as-milled nanocrystalline
material accounts for nearly 5% of all vibrational modes. One test for the plausibility of a
microstructural dynamics is to check whether the enhancement of the density of states of
Fig. 3.5 is consistent with the number of degrees of freedom of the microstructure as
deduced from x-ray diffraction patterns and TEM micrographs (Fig. 2.5). In particular, if
the crystallites are too large, there will be too few microstructural degrees of freedom to
provide a microstructural density of states that can compete with the density of states from
the atomic lattice of fcc NisFe. For the 5:1 as-milled material, the x-ray diffraction
lineshapes indicate a mean crystallite size of 11 nm. This seems consistent with the dark
field transmission electron micrographs, which show many crystallites with long
dimensions in the 6- to 10-nm range. The smallest characteristic size of abundant
crystallites that we could find is 5 nm. The packing of these crystallites is not clear from
the TEM micrographs. For an approximate estimate, we assume fcc packing of the
crystallites, so the "lattice parameter” of the nanocrystalline microstructure is a factor of 20

times larger than that of the atomic lattice of fcc NizFe.

The number of degrees of freedom in the nanocrystalline microstructure is, therefore,

reduced by a factor of 203 = 8,000 compared to the fcc atomic lattice. We can add torsional
modes of vibration to the nanocrystalline microstructure to reduce this number somewhat,
and we could associate the microstructural modes with the smallest crystallites in the
microstructure. Nevertheless, it seems that only part of the observed enhancement of the
vibrational DOS at low energies can be explained by the mesoscopic vibrational dynamics
of the nanocrystalline NizFe microstructure. As another check, we note that the
characteristic frequency for vibration of the microstructure should be 1/20 that of the fcc

NisFe, assuming comparable velocities of sound in the nanocrystalline and annealed
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materials. (This fraction will be even smaller if the velocity of sound of the nanocrystalline
powder is lower than that of the annealed powder.) Fig. 3.6 provides an approximate
characteristic energy for the annealed powder of 35 meV, so the comparable energy for the
nanocrystalline microstructure is 1.75 meV. From Fig. 3.6, this energy seems too low by

a factor of 4 or so.

Modeling the vibrational dynamics of the nanocrystalline microstructure as a set of
featureless, rigid, crystallite masses connected by weak grain boundary springs seems too
simple; neither the characteristic frequencies nor the number of modes seems able to
account for the large effects observed experimentally. The irregular, asymmetric shapes of
the crystallites may provide additional degrees of freedom for vibrations, especially if it is
possible for the crystallites to distort in shape. We expect that it is inapproprnate to consider
the crystallites as rigid, so the low frequency vibrational modes will also involve some
distortions within the crystallites. The detailed coupling between the motions of the
microstructure and the internal motions of the crystallites and grain boundaries is not a

problem that lends itself to a simple estimate.

A different viewpoint has been provided for understanding the vibrational spectrum of
amorphous materials#7-50. Local regions having low-frequency vibrations may interact by

absorbing and rescattering vibrational waves from the surrounding matrix30. Perhaps
some of the heterogeneities in our nanocrystalline materials could act as low frequency
resonators. A model of scattering of matrix phonons by local regions with low resonant

frequencies seems unlikely to provide the linear slopes of Fig. 3.5, as this model tends to

show a "Boson peak" when g(g) €2 is plotted against .
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3.4.3 Features at Higher Energies

Fig. 3.9 compares the experimental phonon DOS for our nanocrystalline material with
the smallest crystallite size to the DOS for the annealed material with the largest crystallite
size. In addition to the enhanced intensity at low energies (discussed in the previous
section), there is a broadening in energy of the nanocrystalline phonon DOS. In particular,
a tail extends to high energies. As a possible interpretation of this broadening, we
calculated the phonon DOS for the nanocrystalline material with the assumption that each

phonon was broadened in energy as a damped harmonic oscillator. Damped harmonic

oscillator functions for phonons at 10 and 35 meV with oscillator quality factors3! Q, = 7

are shown in the middle of Fig. 3.9. To obtain the solid curve at the bottom of Fig. 3.9,

each intensity at the energy €' of the experimental DOS curve of the annealed material was

convoluted with the characteristic spectrum of a damped harmonic oscillator:

(3.5)

The only free parameter in fitting the phonon DOS from the nanocrystalline material
was Qy, which was assumed to be the same for all phonons. The solid curve at the bottom
of Fig. 3.9 was obtained with a value of Q, = 7. Many features of the phonon DOS of the
nanocrystalline material are represented well by this assumption of a damped harmonic
oscillator. The shape of the high energy tail above the longitudinal peak is modeled
particularly well, as is the suppressed dip between the transverse and longitudinal bands of

states. The enhanced low energy part of the phonon DOS of the nanocrystalline matenal
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Figure 3.9. The characteristic shape of the damped harmonic oscillator function is shown in
the center of the figure for resonances at 10 and 35 meV having the quality factor Q, = 7.

Solid curve at bottom is the convolution of the damped harmonic oscillator function for Q,
= 7 with the experimental DOS from the 5:1 600°C annealed sample (points at top). Points

at bottom are experimental DOS curve from 6-nm 20:1 as-milled powder.
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Figure 3.10. Inverse of the quality factor, Qy, versus the inverse of crystallite size. Labels

indicate additional treatments given to the samples.

(discussed in the previous section) evidently does not originate from phonon damping of

this type.

The amount of damping, parameterized as Qy~!, is presented in Fig. 3.10 versus the
inverse crystallite size. The systematics are not so consistent as for the enhanced phonon
DOS at low energies (Fig. 3.8). This difference indicates that the damping has a different
origin. In particular, the damping can be changed significantly by thermal treatments of the
sample that have no effect on the grain size, such as low-temperature annealings and
exposure to cryogenic temperatures. An unexpected effect of cryogenic exposure is shown
in Fig. 3.11 with experimental DOS curves of the 20:1 as-milled powder (6-nm
crystallites). It should be noted that the longitudinal peak in the phonon DOS of the as-
milled nanocrystalline material is sharpened significantly after the sample was exposed to
cryogenic temperature. Some sharpening of the transverse band of states may also occur.

On the other hand, the enhanced phonon DOS at low energies is little changed. This
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sharpening of the phonon DOS was irreversible. It was observed when the material was
first cooled to 10 K, and remained after warming to 300 K. The phonon DOS curves
obtained from the spectra measured at 10 K and after warming to 300 K were the same
within experimental error. A similar sharpening of the longitudinal peak of the phonon
DOS was observed after the 5:1 as-milled sample was annealed at 350 K for 8 hr, and this
sharpening became more pronounced after this 5:1 material was exposed to a temperature

of I0K.

To study further this effect of cryogenic exposure on the phonon damping, we
compared x-ray diffraction patterns of as-milled powders before and after immersion in
liquid nitrogen at 77 K and liquid helium at 4 K for 45 mi. The diffraction patterns were
identical within experimental error, indicating that changes in crystallite size or residual
stress in the material are probably not responsible for the change in the phonon damping
after cryogenic exposure. On the other hand, low-temperature annealings or cryogenic
exposures could cause changes in local atomic structures of grain boundaries by causing
the reconfiguration of those atoms in energetically unfavorable local environments. Such
changes would not be evident in our x-ray diffraction patterns, but these changes would be
expected to affect the anharmonic character of the vibrations of grain boundary atoms. A
large anharmonicity in as-milled materials would intermix phonons of different energies,
and this would be evident as damping. If cryogenic exposure or low-temperature annealing
were to reduce the local atomic distortions in grain boundaries and thereby reduce the

anharmonic nature of the interatomic potential, the phonon damping would be diminished.
We note that a recent study of vibrations in nanocrystalline 37Fe that has a large amount of

free surface also showed evidence for large phonon damping43.
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Figure 3.11. Effect of cryogenic exposure on the experimental phonon DOS curve at 300

K of the 6-nm 20:1 as-milled samples.

An alternative explanation for vibrational modes at high energies was suggested by D.

Wolf, et al52. Their molecular dynamics simulations showed that nanocrystalline materials
had low-energy modes associated with grain boundaries, approximately consistent with our
results of Fig. 3.6. The molecular dynamics simulations also showed modes at energies
above those of the crystallites. These high-energy modes were attributed to local atomic
environments in grain boundaries with reduced interatomic separations. This explanation
seems consistent with our observations, assuming again that cryogenic exposure or low

temperature annealing were to reduce the local atomic distortions within grain boundaries.

3.4.4 Vibrational Entropy



42

Vibrational entropy has been proposed as a reason for the thermal stability of

nanocrystalline materials at moderate temperatures! 13,14, We define ASy;p = S0 — SPIK

as the difference in vibrational entropy of nanocrystalline and annealed NizFe. At high

temperatures, this difference in vibrational entropy depends in a straightforward way on the

difference in the vibrational DOS of the two phases, ghan(g) — gblk(g)28,30:

(e 0]

ASvio=-3kg J ( gnan(e) — gblk(e)) In(e) de (3.6)
0

where the difference avoids problems with the dimensions of the argument of the
logarithm. Using the DOS curves of Fig. 3.6, for high temperature we find that the
vibrational entropy of the 20:1 as-milled alloys is larger by about 0.10 kp/atom than it is

for the 5:1 600°C annealed sample. On the other hand, the vibrational entropy of the 5:1

material is essentially the same as that of the 5:1 600°C annealed sample. Subsequent

annealings at 265 and 425°C caused little change in the vibrational entropy of the 5:1

powder. Studies of other nanocrystalline materials reported vibrational entropies up to 0.2

kp/atom larger than their bulk counterparts28:30.31, These other nanocrystalline materials
also had significant enhancements of their phonon DOS at low energies. In the present
nanocrystalline alloys, surprisingly, the large lifetime broadening of the DOS to high
energies largely cancels the effects from the enhancement of the phonon DOS at low
energies. On the other hand, by annealing at low temperature or by cryogenic exposure, it
was possible to soften the high-energy part of the phonon DOS in the as-milled materials
without affecting the phonon DOS at low energy. The softening of the high-energy part of
the DOS after the 10 K quench or after annealing at 350 K caused the vibrational entropy of
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the 5:1 alloy to increase by about 0.11 kp/atom. The 10 K quench caused the vibrational
entropy of the 20:1 alloy to increase by about 0.05 kp/atom. Vibrational entropy should
have only a modest effect on the thermodynamic stability of our nanocrystalline NizFe.
For comparison, at 400 K a difference in vibrational entropy of 0.1 kp/atom contributes
approximately 300 J/mol to the free energy difference, which is several times smaller than

the grain boundary enthalpy.

3.5 Conclusions

Inelastic neutron scattering spectra were measured from nanocrystalline Ni Fe prepared

by mechanical alloying, and from these materials after thermal treatments. The spectra
measured at constant Q were converted into approximate phonon DOS curves. Compared
to the same alloy having large crystallites, the nanocrystalline materials had (1) an
enhancement of their phonon DOS at low energies, and (2) a broadening of their phonon
DOS, most notably at high energies. The enhancement of the phonon DOS at low energies

was especially large in samples with the smallest average crystallite size, but this

enhancement decreased with crystallite size, d, as d~1. There was no distinct structure in

this low-energy part of the phonon DOS, and the intensity increased with phonon energy,

g, approximately as €2. The broadening of the phonon DOS did not show a simple

dependence on crystallite size. This broadening could be modeled successfully as a
damping of the vibrational modes. Large reductions in this broadening were obtained with
mild thermal treatments of the sample — annealing at 350 K or exposure to 10 K. We
suggest that the broadening of the phonon DOS originates with anharmonic interatomic

potentials in unrelaxed grain boundaries. We did not observe other anharmonic effects,
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however, such as a softening of the phonon DOS between 10 K and 300 K. Finally, we
note that the effects on the vibrational entropy from these two features of the phonon DOS

of the nanocrystalline material tend to cancel each other.
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Chapter 4

Study of the Magnetic Properties of Mechanically Attrited
Ni;Fe Nanocrystals Using Mdssbauer Spectrometry

Room temperature Mossbauer spectra were taken of various nanocrystalline and bulk
Ni,Fe samples. Using the Le Caér method, the hyperfine field distribution (HFD) was
obtained from the spectra. From the HFD, the grain boundary volume fractions and
effective magnetic moments were calculated. The component of the HFD that originates
from the grain boundaries indicated that the magnetic moments at the grain boundaries
change upon annealing. A Mossbauer spectrum at 77 K was taken of Ni,Fe nanocrystals
with a characteristic grain size of 6 nm. This spectrum, when compared to the room

temperature spectrum, showed that the grain boundaries are only slightly paramagnetic.

4.1 Mossbauer Overview

Mossbauer spectroscopy measures transitions between states of nuclei for specific
isotopes. For the present measurements, the isotope was *’Fe, which occurs naturally in
the Ni,Fe alloy. In our experimental setup the Mossbauer effect is obtained with a
radioactive ¥’Co source that can be absorbed by *'Fe in the sample. The excited *’Fe nuclei
then admits a gamma ray which is reabsorbed by another *’Fe nuclei. The Mdossbauer

effect itself is the process permitting this resonant absorption by having a negligible recoil

energy transferred to internal excitations of the lattice. When the y-rays are of an energy at

which the Mdssbauer effect occurs, there is a decrease in the amount of transmitted y-ray
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beam at the detector. These dips in the y-ray transmission through the sample generate the

Mossbauer spectra. By vibrating the Co source and Doppler shifting the emitted y-rays, it

is possible to measure the Mossbauer spectrum over a range of energies.
In the presence of a magnetic field, the nuclear angular momentum states are separated

in energy (nuclear Zeeman effect) by

AE=1+B

The nuclear excited and nuclear ground states split into 4 and 2 sub-levels, corresponding
to the various orientations of I along the direction of B. In a magnetic material in which
there is no external applied field, B originates from the magnetic moments of the atoms
surrounding the nucleus. Because the nuclear states of an atom are sensitive to the
magnetic moments in the atoms immediate environments, the nuclear emission and
absorption energies are slightly changed by the local atomic configuration in the solid.
Thus, it is possible to extract from the Mossbauer spectra information about the magnetic

moments present in the grain boundaries of the nanocrystalline Ni;Fe samples.

4.2 Experiment

Mossbauer spectra were obtained with a constant acceleration spectrometer in a

transmission configuration. The *’Co in the Rh source is oscillated over a velocity range of

~+8 mm/s, creating a spread in energy, AE = 3.8 x 107 eV, around the unshifted,

E =14.41 keV, gamma irradiation. At room temperature, Mossbauer spectra were taken of

various Ni,Fe samples: 20:1 as-milled, 2:1 as-milled, and 2:1 annealed at 265°C and
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600°C. A Mossbauer spectrum at 72 K was also taken for the 20:1 as-milled sample by
placing the sample in a liquid nitrogen cooled cryostat. The 77 K spectrum was taken by
placing the samples in a He atmosphere in the sample region of a cryostat that was filled

with liquid nitrogen. For the room temperature and 77 K spectra, Fe calibration spectra

were taken. From the Fe spectra, the velocity shift of the transmitted y-rays was calibrated

and the source linewidth measured.

The HMF distributions were obtained from the spectra by using a program based on the

method of Le Caér and Dubois®3. This method extracts hyperfine magnetic field
distributions from raw experimental data by curve-fitting with many known spectra.
Variables inputted into the program were the source linewidth and the ratio between the
second and first peaks of the Mdssbauer sextet. By comparing the fitted with the raw

spectra, it was confirmed that the proper variables had been inputted into the program.

4.3 Effects of Reduced Temperature

The set of room temperature and 77 K Mossbauer spectra were collected for 20:1 as-
milled Ni,Fe to determine if the reduced hyperfine magnetic fields in this material originated
from some of the material having Curie temperatures below room temperature. Because
bulk Ni,Fe is ferromagnetic, we can assume that any paramagnetism originates from the
grain boundaries. Following this reasoning, the 20:1 as-milled powder was studied
because it had the largest grain boundary volume fraction. Paramagnetism in the grain
boundaries would result in magnetic moments whose alignments undergo thermal
fluctuations. Thus, magnetic moments with paramagnetic characteristics would be in a
magnetically isotropic surrounding and would not undergo nuclear energy level splitting.

This would result in the growth of a paramagnetic peak at zero velocity with an increase in
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temperature>4. Thus room temperature and 77K Mossbauer spectra of the 20:1 as-milled

were compared to see if there was evidence of a paramagnetic peak in the room temperature

spectra.
1
0
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Figure 4.1. Mossbauer spectra of 20:1 as-milled powder acquired at and room
temperature. The room temperature spectra was convoluted with a Gaussian. The

difference between the two spectra is shown at the top.

The room temperature and 77K Mossbauer spectra are shown in Fig. 4.1. Because the
evaporation of the liquid nitrogen in the cryostat causes vibrations, the line width of the 77
K spectra is larger than that of the room temperature spectra. Thus, the room temperature

and 77 K spectra are not directly comparable. A Gaussian function was used to model the
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effects of vibration. The Gaussian was convoluted with the room temperature spectrum.
The half width of the Gaussian was so chosen that the resulting convolution matched well
the outer peaks of the 77 K spectrum. Comparing the convoluted room temperature
spectrum to the 77 K spectrum, we see that there is a paramagnetic component to the grain
boundaries (Fig. 4.1). However, the paramagnetic contribution is only minor, showing
that there is no significant paramagnetic component in the mechanically attrited Ni,Fe

samples.

4.4 Hyperfine Magnetic Field Distributions

Hyperfine field distributions derived from the room temperature spectra were used to
calculate the grain boundary volume fractions and magnetic moments in various NiFe
powders. Fig. 4.2 shows the Mdssbauer spectra of 20:1 as-milled, 2:1 as-milled, and 2:1
annealed at 265°C and 600°C Ni,;Fe powders. Also indicated in Fig. 4.2 are the peaks
coming from the Fe impurities present in the samples. These Fe impurities are from
unincorporated ball fragments (Chapter 2), which chip off the ball during the milling
process. These Fe-rich particles should contribute strongly to the spectrum. The
disappearance of the Fe peaks with the increase in annealing temperature is caused by the
bee Fe being dissolved into the fce NijFe.

To gain information about the grain boundaries from the HFD of the Ni,Fe powders, it
was first necessary to subtract the 330 kOe Fe peaks and then normalize the data. The
resulting HFD’s are shown in Fig. 4.3. The prominent peak for both the 2:1 600°C
annealed and 5:1 600°C annealed samples is centered around 287 kOe. Because these are
the control bulk samples, it is assumed that the 287 kOe peak present in all the HFD result
from magnetic moments in the nanocrystals, whereas, the HFD below 242 kOe is

associated with the grain boundaries. By calculating the area under the HFD curves
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between 0 and 242 kOe, the grain boundary volume fractions were estimated for the
various Ni;Fe powders. These results are presented in Table 4.1. These evaluated volume
fractions compare well to those assuming a hard sphere model of the nanocrystal with a

grain boundary shell. If the nanocrystals have a radius of R and'a grain boundary width of
dr (0.5 nm for fcc materials)’s, then the grain boundary volume fraction is T

From the HFD curves below 242 kOe, it is also possible to observe changes in the

magnetic moments of the grain boundaries. Fig. 4.3 shows that, upon low temperature
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Figure 4.2. Room temperature Mossbauer spectra of Ni,Fe samples with Fe peaks

indicated.
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annealing, there is a shift toward higher fields in both the 2:1 and 5:1 Ni,Fe powders. This

indicates an increase in the magnetic moments of the grain boundaries. By evaluating the
weighted average of the hyperfine field in the grain boundaries, (Hgb>, it is possible to
estimate the grain boundaries’ magnetic moment, since we know that the 287 peak

corresponds to the magnetic moment of bulk disordered Ni,Fe, 1.2 p;. Thus,

1.2{H
Hominboundary = —% Hg

(4.1)
The resulting Wi, poungary ar€ shown in Table 4.1.
The calculated P, pomaary ar€ likely too large because the hyperfine magnetic field is

not linearly related to the magnetic moment. Evidence of this can be seen through an
attempt to calibrate the hyperfine magnetic field using known mean hyperfine fields and
average magnetic moments as function of atomic % Fe in Ni. For fcc Ni, Fe,, where 0< x

< 0.45, it has been shown that the mean hyperfine field, at room temperature, follows the

linear relation36

(H) =261 kOe +x*112 kOe
while the magnetic moment is>’

p=0.6pg +x*2.22

implying
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renormalized.

(H) - 261kOe
112 kOe

p o= 0.06p, + 2.22u,

This relation is only valid for a small range of (H) (261< (H) < 311), but it spans a large

range in p ( 0.6y, <m < 1.6 p). Clearly the relation between p and (H) cannot be linear

and the values of p calculated using Eq. 4.1 are too large. This means that there is even a

greater difference between the magnetic moments of the grain boundaries and nanocrystals,
along with a larger change in the average grain boundary magnetic moments upon

annealing.
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Sample Volume v. = 39 | Average Magnetic Moment (uy)
Fract] * 2R
raction
Using Eqg. 4.1
20:1 as-milled 0.28 0.25 0.6
2:1 as-milled 0.08 0.1 0.6
2:1,265°C annealed | 0.08 0.08 0.8

Table 4.1. Grain boundary volume fraction (the values of R were taken from Table 2.2)

and average magnetic moment derived from Mdssbauer spectra.

4.5 Conclusions

Mébssbauer spectra were used to study the magnetic moments of and paramagnetism in
the grain boundaries of mechanically attrited Ni,Fe nanocrystals. By comparing spectra of
20:1 as-milled powder taken at room temperature and at 77 K, it was seen that there was
some of paramagnetism at room temperature. Spectra of various nanocrystalline powders
taken at room temperature showed that the average magnetic moments of the grain
boundaries were smaller than those for atoms in the nanocrystals. The average magnetic
moments of the *’Fe atoms at the grain boundaries increased upon annealing, indicating that
the grain boundary magnetic moments are responsive to disorder and defects present in the
grain boundaries. Because the grain boundaries are 10 - 20 vol.% of the Ni,Fe powder
volume, the magnetic characteristics and changes of the grain boundaries should affect the

bulk magnetic properties of the powder.
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Chapter 5

Magnetization Curves of Ni;Fe Nanocrystals

Magnetization curves were measured for Ni,Fe nanocrystals with various grain sizes
and internal strains. Measurements were performed on samples prepared of both as loose
powder and as compressed pellets. From the M-H magnetization curves, the coercivity,
the maximum permeability, and the saturation magnetization were all derived. Differences
in these quantities between samples were related to changes in grain size, internal strain,

and electrical resistivity, which was measured on samples prepared as pellets.

5.1 Introduction

A common technique for characterizing ferromagnetic materials is to observe how the
material behaves in a magnetic field. To do this, the material is moved in a magnetic field
and the induced voltage in an adjacent coil is plotted against the magnetizing field, H.
From the resulting magnetization curve, magnetic properties of the material can be derived.

Fig. 5.1 shows a typical magnetization curve.

Initially, with an unmagnetized sample, the curve will start at the origin of M,

magnetization, versus H33:57.58. For a bulk magnetic material consisting of domains and
domain walls, the initial upwardly concave part of the virgin magnetization curve consists
of reversible displacements of domain walls. The next stage of magnetization, which
happens over the steepest section of the virgin magnetization curve, involves the

irreversible displacement of domain walls. Because this is an irreversible process, if the
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Figure 5.1. Typical magnetization curve showing H., My, and p_,, (after a figure by
Bozorth37) .

magnetizing field is lowered after entering this stage of magnetization, the curve does not

retrace itself. Instead, the magnetization decreases at a slower rate with a remanence, M,

remaining at H = 0. Similarly, as the magnetizing field is reduced further, the
magnetization curve crosses the M = 0 axis at H = H_ (H_ is known as the coercive field or
The third stage of

coercivity). Thus, the M-H magnetization curve has hysteresis.

magnetization is a reversible process involving the rotation of atomic spins until saturation

magnetization, M, is attained. Other magnetic quantities that can be derived from the
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magnetization curve are the maximum susceptibility, ¥, = (M/H)_,, , and the maximum
permeability, p. = 1+ % ...

The magnetization process described above is not applicable to individual NiFe
nanocrystals studied because they cannot contain domain walls. As the domain walls in the
bulk material are on the order of 50 nm, it is not physically possible for the Ni,Fe

nanocrystals, which range from 5 to 20 nm, to contain domain walls. The “random

anisotropy model”32 explains, at least in part, the magnetic properties of nanocrystals.
This model predicts that the exchange interaction, A, will dominate the magnetocrystalline
anisotropy, K,, for materials having grain sizes smaller than L, = (A/K,)"?, the
ferromagnetic exchange length (typically tens of nanometers). In essence, when a
polycrystalline grain size is smaller than the width of a magnetic domain wall, there will be
little tendency for crystalline orientations to affect the energy of magnetic orientation in the

material. One result of this model is that the coercive field, H,, will be small.

5.2 Electrical Resistivity Measurements

Electrical resistivity measurements were made on pellets pressed from the NiFe
powders. It is impractical to measure the resistance of loose powders. The measured
resistivities therefore do not correspond directly to resistivities of samples in powder form.
Nevertheless, we do expect the resistivities of nanocrystalline samples with different grain
sizes to correspond comparatively whether in powder or pellet form. Pellets 0.25-in. in

diameter and weighing 0.2 g were formed in a hardened steel die and compressed to
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Harrison Laboratories Inc.
Model 865B Power Supply
Constant Voltage/Constant Current

used in constant current mode

'

spring-loaded Qeithley
contact probes 160 Digital Multimeter

\voltage measured

L | =g sample

Figure 5.2. Schematic diagram of resistivity instrumentation.

40,000 Ib/in>. The powders were compacted in their as-prepared state and were given no
subsequent annealing.

Fig. 5.2 shows the system used to measure the resistivity. Spring-loaded contact
probes were used to make electrical contact with the sample. Using the outer two probes, a

constant current (~0.4 A) was sent through the sample. The voltage drop across the two

mner contacts was then measured. The resistivity, p, was calculated using

where V is the voltage drop across the two inner contacts, A is the cross-sectional area
through which the current travels, I is the current, and ¢ is the distance between the inner

probes, 1.3 mm. A is determined by the sample contact connection (Fig. 5.3) and equals
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the width of the probe, 0.5 mm, times the height of the sample. The results of the
resistivity measurements are presented in Table 5.1. Fig. 5.4 shows that there is a linear
relationship between resistivity and inverse grain size. This indicates that the resistivity of

the nanocrystalline samples is related to the grain boundary volume fractions.

ik S/ -

0.5
mm

Figure 5.3. Spring-loaded contact probe and sample connection with the area, A, cross

hatched.

Sample Resistivity (€ cm) x10™
20:1 as-milled 11.29

5:1 as-milled 6.44

5:1 annealed at 265°C 4.81

5:1 annealed at 425°C 2.14

5:1 annealed at 600°C 1.73

Table 5.1. Resistivity of nanocrystalline Ni;Fe pellet samples.
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Figure 5.4. Resistance versus inverse grain size along with a linear fit of the data.

5.3 Magnetic Characteristics

The nanocrystalline Ni,Fe samples studied were 20:1 as-milled, 5:1 as-milled, and 5:1
powder annealed at 265°C, 425°C, and 600°C. Measurements were made on both the
loose powders and powders that were pressed into 0.25-in. diameter pellets. The
magnetization curves were measured by R. D. Shull at the National Institute of Standards
and Technology, using a vibration sample magnetometer. In this technique, the sample is
vibrated up and down between two sets of coils on the magnet pole pieces. The moving
sample is like a moving magnetic field which then induces an oscillating potential i the
coils. The magnitude of this oscillating potential, which is in phase with the oscillating
sample, is proportional to the magnetization of the sample. The magnetization hysteresis

loop was then measured as the externally applied field was varied in a cycle. Full
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hysteresis loops for all the samples were measured at room temperature and analyzed for

the coercivity, maximum permeability, and magnetic saturation.

Fig. 5.5 shows the magnetization curve of the 20:1 powder sample. Its basic shape is
typical of all the Ni,Fe samples. It has a saturation magnetization about 900 emu/cm’ and
is essentially saturated at an applied field of 5 kOe. Its hysteresis loop is very thin,
implying a low coercivity. The hysteresis loop is so thin that the presence of the hysteresis
is not observable until the loop is magnified considerably about H = 0 (Fig. 5.6). From
Fig. 5.6, it is evident from the slopes of the hysteresis loops and their intersection with the
axes that the processing of the powder into pellets affects the magnetic properties. This

could be caused by the introduction of strain during the pellet-making process. From the

hysteresis loops, it was possible to derive H, p,,, and M. The results as a function of

grain size are shown in Fig. 5.7. During data analysis, H, and p,,, were also plotted as a

function of RMS strain (Fig. 5.8); however, no trends could be discerned from these plots.

This is probably because the H, and p,,, are related to a complex combination of effects

from strain, grain size, and resistivity effects.
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Figure 5.5. Magnetization curve of 20:1 as-milled Ni,Fe powder.
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Figure 5.6. Expanded low-field region of hysteresis loops of (a) pellet and (b) powder

samples.
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Fig. 5.7 shows that the p_, depends inversely on grain size. The figure also shows an

enhancement of p_, for the pellet sample. The enhancement appears to be almost a

constant offset of 30 emu/cm®Oe. Internal stress is known to affect the magnetic

permeability and coercivity of materials33. Thus, the enhancement of i, probably

originates from the introduction of internal stresses when the powders were compressed
into pellets. This enhancement would be expected to be largest for the large-grained
material annealed at 600°C because it is the material most likely to develop dislocations
within its crystallites. This is because the smaller grained nanocrystalline powder has

crystals too small to contain dislocations. In summary, the graph implies that smaller grain

sizes and larger strains lead to an increase in p,,,. Fig. 5.8, which has a plot of p_,, versus
RMS strain, shows no obvious correlation between p,, and strain. The contradiction
about the effects of strain on p_, between the two figures can be resolved by recognizing

the p__is probably affected by other characteristics of the nanocrystalline samples.

From Fig. 5.7, it is shown that H_ is also inversely affected by grain size. This trend is

most evident in the powder curve, but can also be seen in the pellet curve. The curves do

not, however, show the obvious correlation between strain and H, that was seen in the p

curves (Figs. 5.7 and 5.8). The first two points in both the powder and pellet curves
represent the coercivity for the 20:1 and 5:1 as-milled samples, respectively. The 20:1
powder sample has essentially no internal strain whereas the compressed pellet has an RMS
strain of 0.0035, which was determined by analyzing x-ray diffraction patterns. For all the
samples, this is the largest RMS strain increase between the powder and pellet form. H,

for the 20:1 as-milled pellet and powder samples are equivalent. Similarly, the H, for the
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Figure 5.7. u_., H, and M, versus grain size for pellet and powder samples.
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5:1 as-milled samples changes little upon compression into a pellet. At the very least, this
implies that internal strain has a negligible effect on the coercivity of small grain, 6- to 12-
nm, nanocrystals. Because it is known that strain can affect the coercivity of materials, it is
still possible that the coercivity of the larger grained samples is affected by the increased
strain.

The M, versus grain size curves for the powder and pellet samples are essentially the
same (Fig. 5.7), implying that the M, is not affected strongly by strain (Fig. 5.8)
incorporated during pellet pressing. There appears to be some correlation between grain
size and M. For the 5:1 as-milled and annealed samples, M; increases with grain size.
This trend does not, however, include the 20:1 as-milled sample (the left most point in Fig.
5.7), which has both the largest M and the smallest grain size. The erratic behavior of M
indicates the distribution of magnetic moments’ magnitudes (M, is proportional to the
average magnetic moment) in the mechanically attrited nanocrystalline powder is
complicated.

Méssbauer spectra of the powders (Chapter 4) showed that the grain boundaries of the
nanocrystalline samples had magnetic moments that were less than the nanocrystals. The
spectra also showed that the grain boundary magnetic moments increased upon annealing at
265°C, indicating that they were affected strongly by the internal structures of the grain
boundaries. Because the grain boundary magnetic moments increase upon annealing, it is
expected that M would increase with grain size for the 5:1 powders that were annealed.
Apart from changes in grain boundary magnetic moments, we would also expect M; to
increase with grain size since the grain boundary volume fraction is reducing and the
magnetic moments of the grain boundaries are less than those of the nanocrystals.

I believe that 20:1 as-milled powder behaves differently magnetically because it is so
different physically from the other samples. X-ray diffraction patterns (Chapter 2) showed
that it had a grain size of 6 nm (much smaller than the 10-nm 5:1 as-milled powder) and no

measurable strain. Due to thier size difference the 20:1 as-milled nanocrystals have a grain
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boundary volume fraction 2 times larger than the 5:1 as-milled sample (the grain boudnary
volume fractions can be calculated as discribed in Section 4.4). In summary, the 20:1 as-
milled powder has a large grain boundary volume fraction, negligible strain, and a different
magnetic moment in its crystals, all of which are likely to effect the magnetic saturation of
the sample. It may not be reasonable to expect the trends of the 5:1 as-milled and annealed

samples to be revelent to the 20:1 as-milled sample.
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Figure 5.9. a) H_ vs. resistivity, b) p.. vs. resistivity for pellet samples.
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Resistivity is another quantity that could correlate to the magnetic properties of
nanocrystals. Fig. 5.9 displays both H_ and p . as a function of resistivity for the pellet
samples. (The resistivity of the loose powders was not measured.) For the nanocrystalline

pellet samples, the resistivity correlates well to both H, and p_,,. The 600°C annealed

sample does not follow this trend. This is evidence that nanocrystals have intrinsically
different magnetic behavior than do bulk crystals, perhaps due to the generation of

dislocations in these materials during compression into pellets.

5.4 Conclusions

Magnetic properties of Ni,Fe nanocrystals are affected by grain size, strain, and
resisitivity. For both the powder and pellet nanocrystalline samples, H, and ., decrease
with grain size, whereas they generally increase directly with electrical resistivity. The

maximum permeability p__correlates weakly with RMS strain, but such a correlation is

not found for the H, for the sample studied. The strong correlation between H_ and p,,, on

the resistivity and strain also implies that the interconnections between nanocrystals, and
their ability to interact with each other, significantly affect their macroscopic properties.
Barriers to nanocrystal interaction could come from internal strain, disordered grain
boundaries, or other crystal defects. The magnetic saturation was shown to be complex

and in need of more study before its behavior can be predicted.



68

Chapter 6

Cavity Perturbation Measurements

The phonon density of states of nanocrystalline Ni,Fe showed an enhancement at low
energies, <10 meV, compared to bulk Ni;Fe (Chapter 3). This enhancement in vibrational
modes may cause the nanocrystalline Ni,Fe to be more absorptive than is bulk Ni,Fe to
high frequency electromagnetic waves. If the material is more absorptive at GHz
frequencies, evidence of this would be seen in its magnetic permeability or electrical
permitivity. A rough generalization is that the imaginary component of the permeability or
permitivity relates to a material’s tendency to absorb electromagnetic waves.

The magnetic permeability at 8.9 GHz of Ni;Fe nanocrystalline powders was

determined using cavity perturbation3%:60. This technique involves measuring the resonant
frequencies and quality factors of a cavity with and without the test sample inside the
cavity. To determine the quality factor and resonance frequency, the power coupled to the
cavity is swept over a range of frequencies so that an isolated resonance mode is centered in
the frequency range. The transmitted power is then fitted to a Lorentzian function, from
which the quality factor and resonance frequency are calculated. The quality factors and
resonance frequencies are then used with perturbation calculations specific to the cavity,
resonance mode, sample position, and sample shape to determine the complex permeability

of the sample.
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6.1 Application of Perturbation Theory

The proper selection of a resonance mode is crucial for the application of perturbation
theory to determine the permeability,. For permeability measurements, it is necessary that
the E field at the samples be zero and that both the E and H fields change slowly in the
region of the sample. Another constraint is that a nondegenerate mode needs to be excited.
This is typically done by selecting a low order mode, because at lower frequencies the
modes are better separated (Fig. 6.1). In the present experiment, degeneracy was avoided

by the positioning of the excitation and transmission antennae.
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Figure 6.1. Resonant mode chart for a right circular cylindrical cavity.6!
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For the experiment, the sample was placed in the center of a circular cylindrical cavity.
The lowest order mode that satisfied the H and E field requirements was TEO11. For an

empty cylindrical cavity, the field equations for the TEO11 mode are

EOZ = Eop = O
E,=i \Elg(k,p)sin(kﬂ)
H,=0 (6.1)

H, = % 1, (k,p)sin(k,z)

0oz

H =

op

1:(k,p)cos(k4z)

<8 |3r

3

where: p, 0, and z are the coordinates inside the cavity, p, is the permeability of free

space, ¢, is the permitivity of free space, J, is a zero order Bessel function, and k|, k;, and -

k are related to the cavity size and modes. The k values, along with the electric and

magnetic fields, are derived by using Maxwell’s equations. The formula describing the

modes for rectangular and cylindrical cavities can be found in Waldron52. For the

cylindrical cavity used, k, = 1.63086, k, = 0.916183, and k = 1.87059.

From Eq. 6.1, it was easily determined that the E field was zero at the center of the
cavity. Using Mathematica to graph the H and E fields, it was determined that the H and E
fields at the cavity center changed slowly. Thus, the requirements on E and H were

satisfied with the TEO11 mode.
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The TEO11 mode is degenerate with the TM111 mode (Fig. 6.1). Excitation of the
TM111 mode is avoided by the positioning of the antennae. The antennae consist of wire
loops that couple to the magnetic field of the mode. The excitation antenna couples to a
mode when an oscillating current at the resonance frequency is sent through the antenna’s
loop creating a magnetic field perpendicular to the loop. To excite the TEO11 mode, the
antenna is coupled to the H, field by positioning the antenna loop so that it is parallel to the
bottom of the cavity. This prevents the excitation of the TM111 mode because it has no H,
field. Similarly, the transmission antenna is placed parallel to the cavity bottom so that it is

coupled only to the TEO11 mode.

The perturbation calculation used the assumption that the sample in the cavity only
perturbs the fields inside the cavity by a small amount compared to the field in an empty
cavity, or equivalently that the sample changes the resonant frequency of the cavity by a

small amount. Specifically for disks, the formula is only valid if the disk is thin relative to

its diameter. The derivation of the perturbation formula is shown in detail in Waldron60:62,
The derivation involves relating the energy density in the empty cavity and the amount that
the sample perturbs this energy density to changes in the resonance frequency and quality

factor of the cavity upon insertion of the sample:

o0 Vjs[(E1 -D,-E,-D,)-(H,-B, - H, -B))]dV; W,
®, [IE, D, -H, -B,JdV W,

v,

[

(6.2)

where: E, B, D, and H, are the electric field, the magnetic induction, the electric
displacement and the magnetic field in the empty cavity while E,, B,, D,, and H, are the

perturbed fields in the sample loaded cavity, and Q and Q are respectively the complex

resonance frEquencies of the unperturbed and perturbed cavity, so that
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i
Q= co(l +%j (6.3)

Respectively, @, and ware the resonance frequency, and Q, and Q are the quality factor of

the unperturbed and perturbed cavity. In the unperturbed state, the electric and magnetic

field in the cavity are

H = He'*' (6.4)
The perturbed fields caused by the addition of the sample are

Hy = (H, + H)e™"

Es = (E, + E))e' (6.5)

For the TEO11 cylindrical cavity mode, the empty cavity electric and magnetic fields are
those given in Eq. 6.1.

First we will evaluate W, for which the energy density is evaluated over the volume of
the sample. Because the sample is positioned at the center of the cavity, all electric and

magnetic fields except H, equal zero, reducing Wy to

W= __[[Hzl ‘B,, —H,, ’le}ivs (6.6)

Vs
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Assuming that the sample is magnetically isotropic,

B, = H[p(H, + Hg) - H,]
where p=p'—ip”. Combining Egs. 6.5 and 6.7,
B, = w[pQH, + H,) - H,]

z1

From boundary conditions

i.e., B, is not changed by the sample. Inside the sample
B, = KH

Z0

Combining Egs. 6.6, 6.8, and 6.10,

WS = J,[Hzo ' ]:_Izo(:z"‘lol"L —H, )PVS

Vs

(@, —co)+i(oo(-2-16— 2(12 ] uo(zp—l)meZdVS

S

o, " [[E,-D, - H,-B,Jdv

VO

(6.7)

(6.8)

(6.9)

(6.10)

(6.11)
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This equation was then integrated using Mathematica and constants derived from the cavity
dimensions. Using Mathematica, p' and p” were solved for in terms of ®, ®, Q_, and

Q, and L, the sample height.

86.94(0.005751LQ,Qw, — Q,Q(® — ®,) + 0.00628Q Qw, sin(0.91618L))
Q,Qu, (L + 1.09148458 sin(0.91618L))

_ 86.94(-0.5Q,0, + 0.5Qw,)
Q,Qu,(L + 1.09148458 sin(0.91618L))

"

" (6.12)

6.2 Experiment

A schematic diagram of the instrumentation is shown in Fig. 6.2. The frequency
sweep from the sweep generator is amplified and then used to excite the cavity via the
excitation antenna. The transmission antenna responds to the cavity’s change in power as a
function of frequency and the diode connected to it converts the power into a voltage. The
signal from the diode is connected to an oscilloscope which is triggered by the signal from
the sweep generator. Displayed on the oscilloscope is the Lorentzian shaped voltage curve
as a function of frequency. The oscilloscope image is then captured, converted from
voltage to power, and fit to a Lorentzian function.

To convert the voltage signal into power, it is necessary to calibrate the diode. A

schematic diagram of the apparatus for diode calibration is shown in Fig. 6.3. An

amplified constant frequency (o = 8.9 GHz) is divided in half by a power splitter. One
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half of the power is measured by a power meter while the other half goes to the diode and
then is measured by a voltmeter. The resulting power versus voltage curve is then fit to a
quadratic equation that is used to convert the captured voltage curves into frequency (Fig.

6.4).

HP Synthesized Sweeper
83751A 2-20 GHz
sweep signal

output output power swept
over a frequency band
HP 8349B
Scope image Microwave Amplifier
gathered 2-20 GHz

by computer

A Cavity

power to volts diode
MIDISCO MDC
1101-S

J HP Oscilloscope
y 54601A

Ch&inel 1 Channel 2
|

sweep signal used to voltage signal
trigger oscilloscope into oscilloscope

Figure 6.2. Schematic diagram of instrumentation to microwave cavity perturbation

measurements.
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Figure 6.3. Schematic diagram of calibration instrumentation.
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Both the quality factor, Q, and the resonance frequency, ®, , are related to the measured

Lorentzian shaped power curve as a function of frequency, P(®), by

Plw)=A +Bo +

CEE I

where A + Bo is the contribution of a linear background and C is the amplitude of the

Lorentzian.

The circular cylindrical cavity was made from two pieces of copper. The bottom and
cylindrical sides were made from one piece and the top was separated and attached with
screws. By constructing the cavity body from one piece instead of two, the losses
resulting from the current flow between the cavity walls and bottom plate were minimized
because there was no gap in the metallic interface. To increase the contact between the
sides and top of the cavity, a tapered wall leading to a 0.060-in narrow flat surface was
machined at the top of the body (Fig. 6.5). The cavity was 3.4 cm in length and 4.7 cm in
diameter. The excitation frequency, which is related to the cavity dimension, for the TEO11
mode was f = 8.9 GHz. The copper cavity was electroplated with 24K gold in order to
avoid the degradation of the Q cavity over time from oxidation. Holes exist at the center of
the top and bottom of the cavity. Samples are loaded into the cavity through the top hole.
In the cavity walls there are six holes; the antennae are placed in two holes, the strings for
the sample holder pass through two holes, and the loading of the sample is viewed through
the final two holes. Inside the cavity is a sample holder consisting of a pair of quartz

strings tautly stretched across the cavity, halfway up from the bottom (Fig. 6.6).
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Figure 6.5. Cavity showing detail of narrow flat surface that makes contact with lid.
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Figure 6.6. Inner view of microwave cavity.
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A sample is loaded by placing it at the end of a thin aluminum rod. It is held in place by
a vacuum pulled at the other end of the rod. The rod is then used to lower the sample into
the chamber until it is just above the sample holder. The vacuum is then removed, the
sample drops onto the strings, and the rod is removed from the chamber. Because the
samples were made with tape, an electrostatic charge tended to build up on the samples,
causing them to remain attached to the rod even after the vacuum was removed. To remedy
this, a static gun and a radioactive source deionizing strip were used to make the samples
electrostatically neutral.

The samples for the cavity perturbation measurements were thin disks of Ni,Fe
nanocrystalline powder sandwiched between two pieces of tape. Various Ni,Fe powders
were measured: as-milled 20:1, as-milled 5:1, and 5:1 annealed at 265°C and 600°C. The
powders were sprinkled over two pieces of 3M 336 polyethylene tape, using sieves with a
mesh of 0.038 mm. The sieves were used to remove large particles from the powder and
to facilitate an even application of powder on the tape. The 3M 336 polyethylene tape was
used because it was lightweight, thus less likely to affect the sample measurements. The
two pieces of tape were then pressed together so that the powder was between them. For
each Ni,Fe powder type, a few tape and powder sandwiches were made. Tape sandwiches
without any powder were also made.

From the various sandwiches, 0.25-in. diameter disks were made, using a hole punch.
Each disk was separately labeled. Using an archaic yet elegant Magni-Grad FHM #42453
microbalance, the masses of the disks (~0.5 mg powder) were measured. If disks
originating from one tape sandwich had a weight spread greater than 20%, all of those
disks were discarded. The powder weight in each disk was then equated to the disk sample
weight minus the average weight of the powderless disks.

Before and after the insertion of a sample, a voltage curve was taken for the empty

cavity. The sample was then placed into the chamber (experiencing an applied field of ~20
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Figure 6.7. Typical voltage curve for an empty cavity.

Oe), and a voltage curve was collected. Fig. 6.7 shows a typical voltage curve for an empty

cavity. For each voltage curve the Q and the resonance frequency were evaluated by fitting

to a lorezntzian function. The empty cavity values of Q (~16000) and o, associated with

each sample were taken as the average of the Q and o, of the voltage curves taken before

and after insertion of the sample. The height of the sample, L, was assumed to be
proportional to the sample weight because it was not possible to measure the powder
thickness inside the tape sandwiches. Thus, the evaluated permeabilities are not absolute,
but the relative permeabilites of the sample, with respect to each other, are valid. The

evaluated permeabilities of samples from the same powder were then averaged together.

6.3 Results and Discussion
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The real and imaginary permeability components for the various Ni,Fe powders were
plotted versus inverse grain size and RMS strain.  Similarly to the DOS measurements,
the real permeability seems to be more correlated to the grain size than it is to the RMS
strain of the Ni;Fe samples (Figs. 6.8 and 6.9). This suggests that grain size has a much
larger effect on the real permeability than does the strain. This is contradictory to M-H loop
measurements taken of the nanocrystalline samples and discussed in Chapter 5. These

measurements indicated that strain strongly effects the real permeability.
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Figure 6.8. Real and imaginary components of permeability at 8.9 GHz versus inverse

grain size.

I believe the source of this contradiction comes from the fact that the measurements
were taken at one discrete frequency. The real and imaginary components of the frequency
dependent permeability are not monotonic, but have a few maxima and minima, seen in
frequency spectra like the one shown in Fig. 6.10. It is likely that the position of the

maxima and minima would be affected by both the inverse grain size and the strain in the
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nanocrystalline sample. Thus, if we measured over a range of frequencies, the
permeability of one sample might be overall larger than that of a second sample. It is still
possible that at a random frequency the first sample’s permeability would be lower than the
second’s. I believe that the contradiction between the effects of strain and grain size,
between the M-H loop measurements and the cavity perturbation measurements, most

likely results from the measurements being taken at the discrete frequency of 8.9 GHz.
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Figure 6.9. Real and imaginary components of the permeability versus RMS strain.

Using the real component of the permeability, p’°, and resistivity, p (Chapter 4) , it is

possible to calculate the skin thickness, s, at 8.9 GHz.

2n \Vplf
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where fis the frequency. This results in a skin thickness that is about 50 pm. From SEM

images it was measured that the average powder particle size for 5:1 as-milled and 5:1

265°C annealed powders were 10 um while the average size for the 5:1 600°C annealed

samples was 160 um. Because very little powder was place between the tape sandwiches,

we can assume that the powder particles are isolated. Thus the magnetic field in the cavity
will completely penetrate the powder particles in the 20:1 as-milled, 5:1 as-milled, and 5:1
265°C annealed samples. The powder particles of the 5:1 600°C annealed samples, which
 have large sized particles, will not be completely penetrated. This will add an error to the

microwave permeability measurements of the 5:1 600°C annealed sample.
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Figure 6.10. An example of a permeability frequency spectrum showing maxima and

minima.63
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Phonon DOS curves measured on the Ni,Fe samples, discussed in Chapter 2, showed
a strong relation between the grain size and the number of vibrational modes at energies
<10 meV. Because the number of modes increased with a decrease in grain size, we

believed that the smaller grain materials would be more absorptive to electromagnetic waves

at microwave frequencies: however, Fig. 6.8 shows that y,, which is related to dissipative

processes in material’s lossyness, is little affected by the grain size. This limited effect of

grain size might also be an artifact of making measurements at a discrete frequency.

6.4 Conclusion

The complex magnetic permeability was measured at 8.9 GHz for various nanocrystalline
Ni,Fe powders. The real permeability appeared to be more related to the inverse grain size
than it was to the RMS strain. This contradicts results from B-H loop measurements,
which showed that the strain affects the permeability. = The real component of the
permeability showed a large increase with a decrease in grain size, whereas the imaginary
component remained relatively constant. This contradiction could result from evaluating
the permeability at a single discrete frequency. To gain a more complete understanding of
the effects of grain size and strain on the permeability, it would be better to measure the
electromagntic response over a range in frequencies for the various nanocrystalline Ni,Fe

samples.
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Chapter 7

Small Angle Neutron Scattering of Ni;Fe Nanocrystals

We made small angle neutron scattering (SANS) measurements on nanocrystalline
Ni,Fe samples prepared by mechanical attrition with a 2:1 ball-to-powder weight ratio. The

materials studied were 2:1 as-milled (when the material had a characteristic nanocrystal size
of 15 nm), after annealing at 265°C (which relieved residual stress but caused little grain
growth), and after annealing at 600°C (which promoted significant grain growth). The
SANS measurements were performed with the specimens in applied magnetic fields up to
8 kG in order to separate the nuclear and magnetic scattering. For both the nuclear and
magnetic scattering the 2:1 as-milled and the 2:1 265°C annealed powders had more
scattering intensity than the 2:1 600°C annealed powder. The intensity increase originates
from scattering from the nanocrystals. The 2:1 as-milled and the 2:1 265°C annealed
powders had similar nuclear scattering, but the 2:1 as-milled had more magnetic scattering.
This indicates that the two powders have similar nanocrystalline size distributions and grain
boundary volume fractions, but have different magnetic features. The scattering from the
2:1 as-milled and 2:1 265°C annealed powders were modeled so that the average grain
boundary magnetic moments of the powders could be estimated. The 2:1 as-milled powder
had more magnetic scattering because it had a smaller average grain boundary magnetic
moment. Radial distribution functions for the nuclear and magnetic scattering were
calculated. They verified that the nanocrystals and their grain boundaries caused the
increased scattering intensity for the 2:1 as-milled and the 2:1 265°C annealed samples

compared to the 2:1 600°C annealed samples.
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7.1 Experiment

Nanocrystalline Ni,Fe powders were made by the mechanical attrition of Ni and Fe
powders in a SPEX 8000 mixer mill, using hardened steel vials and balls. The powders

were milled for 12 hr with 7.5 ml of ethanol and a ball-to-powder weight ratio of 2:1. The

resulting powder was made of particles, about 10 um in size, which were composed of a

mosaic of nanocrystals.

nuclear + magnetic

scattering nuclear scattering

/

magnetic
field of 8kG

/ magnetic
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/ magnetic
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Figure 7.1. Scattering contour with direction indicators for the scattering profiles of a) 2:1

as-milled, b) 2:1 265°C annealed, and c) 2:1 600°C annealed powders.
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The SANS measurements were performed using the 30-m Small Angle Neutron
Scattering  instrument (http://neutrons.ornl.gov/Instruments/HFIRInsts. HTML#30-
mSANS) at the Oak Ridge National Laboratory, using a thermal neutron source and a Q
range of 0.075 nm™ to 0.6553 nm™. The powder samples, contained in 1-in. diameter and
0.25-in. thick glass “lollipops,” were placed in an aluminum sample holder with a cadmium
mask. The sample holder was positioned between the poles of a magnet, and fields from 0
to 8 kG were applied perpendicular to the neutron beam. With each new sample, the
magnet was depolarized down to a few gauss. The scattering intensities were acquired
with a two-dimensional area detector. The scattering intensities were corrected for
background then calibrated using Porosil A standard scatterer, so that the data was
converted to an absolute differential cross section per unit volume before analysis.

The 8 kG applied magnetic field allowed separation of the nuclear and magnetic
scattering profiles. When a magnetic field is applied, the nuclear scattering is isotropic but
the magnetic scattering is maximized perpendicular to the field. This is because in the

presence of an applied field the total scattering intensity is

ol L + Imag Sin(a)

where o is the angle between the scattering and magnetization vectors®. I, and I, are

described later in Section 7.4. Thus the magnetic scattering decreases continuously to zero
for directions parallel to the applied field. =~ From two-dimensional intensity scattering
profiles, sector averages (over a =5° range) were taken at various angles. The sector
average with the largest integrated intensity was chosen as representing the nuclear plus
magnetic scattering profile, whereas the sector perpendicular to this was only the nuclear
scattering profile (Fig. 7.1). By subtracting the nuclear scattering profile from the nuclear

plus magnetic scattering profile, the magnetic scattering profile was obtained. Thus when
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L. 18 later modeled in Section 7.4, the sin(a) is dropped since magnetic scattering profile

was extracted when maximized.

Scattering intensities were also acquired for applied fields of 5 to 6000 G. Little change
was seen in the magnetic scattering profiles, even over the 5 to 100 G range of applied
fields in which the material was not yet saturated. There were probably changes in the
magnetic domain structures over this range of applied field, but because of the large size of

the domains and the Q range measured, the magnetic profiles were unaffected.

7.2 Physical Features of the Nanocrystalline Ni,Fe Powders

The nanocrystalline Ni,Fe powders consist of large ~10 um sized particles, which are

composed of a three-dimensional mosaic of nanocrystals separated by grain boundaries.
From the M6ssbauer spectra discussed in Chapter 4, it is known that the volume fraction of
nanocrystals is approximately 0.9, with the remaining volume occupied by the grain

boundaries. From previous work, it is known that the grain boundaries have a width of

about 0.5 nm>5. The density of the grain boundaries is less than that of the nanocrystals.

However, how much less dense are the grain boundaries is still a subject of debate, with

the density ranging from 60% to 90% of the bulk materiall1.65.

TEM dark field micrographs were used to find the size distribution of the nanocrystals.
Fig. 7.2 shows TEM micrographs of 2:1 as-milled, 2:1 265°C annealed, and 2:1 600°C
annealed nanocrystals. To evaluate the size distributions of the nanocrystalline powders,
random lines were drawn through the micrographs of the 2:1 as-milled, 2:1 265°C
annealed, and 2:1 600°C annealed samples. When a line crossed a nanocrystal, the
intersection length was measured. Comparing the micrographs of the 2:1 as-milled and the

2:1 annealed at 265°C powders, we see that there is negligible change in the nanocrystal
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Figure 7.2. TEM of dark field images from (111) fcc diffraction of Ni;Fe powders (a) 2:1
as-milled, (b) 2:1 265°C annealed, (c) 2:1 600°C annealed.
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Figure 7.3. Size distribution of nanocrystals in 2:1 as-milled and 265°C annealed Ni;Fe
powder. Shown are both the size distribution evaluated from TEM micrographs and the

lognormal fit.

size distribution upon annealing at 265°C. This conclusion 1is supported by the x-ray
diffraction results (Chapter 2), which showed little crystal growth, but a reduction in strain
after annealing at such low temperatures. The size distributions of the 2:1 as-milled and 2:1
265°C annealed were assumed to be the same, so the lengths measured from the
micrographs were added together in order to improve the statistics. The measured lengths
were compiled into a distribution of lengths, P(¢), which was then converted into a

distribution of spheres, P(R), with a radius R (Fig. 7.3 and Fig. 7.4) where

P(t) = | P(R)dR (7.1)

7 4R\/R2 A
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Figure 7.4. Size distribution of nanocrystals in 2:1 600°C annealed Ni,Fe powder. Shown

are both the size distribution evaluated from TEM micrographs and the lognormal fit.

This integral relates P( £) to all the possible lengths, £, given a distribution of radii, P(R).
To extract P(R), Eq. 7.1 is converted into a discrete sum from 0 to N, the largest measured

intersecting length.

N 1
P(¢) = __P(R)AR (7.2)
¥ RyR* - £

P(R) can be calculated if it is assumed that particles with the maximum diameter can be
accurately measured (that their centers are in the TEM image) 66. Thus, the R and ¢
coincide at the upper end, N, of the size distribution and P(R=N) = P(£=N). P(R) can
then be calculated from (N-AR) to 0. The resulting P(R)’s were then fit to lognormal

distributions that had a cut-off size of 3 nm. In the fitting procedure, the breadth of the

lognormal distribution was altered until the average size of the distribution matched that
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obtained from P(R) calculated from the TEM micrographs. From the TEM images the
combined average size for the 2:1 as-milled and the 2:1 265°C annealed was 17.4 nm. X-
ray diffraction results gave the average column length for the 2:1 as-milled as 15 nm and
the 2:1 265°C annealed as 20 nm. When these sizes are converted from average column to
average radius lengths of the nanocrystals, it is found that they are larger than those derived
from TEM. This discrepancy is probably from misinterpreting a large crystal as a group of
smaller crystals. X-ray diffraction patterns give averages sizes of 22-nm and 30-nm. TEM

micrographs showed the average crystal size of the 2:1 600°C annealed as 300 nm.

Figure 7.5. SEM image showing the particles of 2:1 as-milled nanocrystalline Ni,Fe

powder on carbon tape.
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Figure 7.6. SEM image showing the particles of the 2:1 600°C annealed Ni,Fe powder on

carbon tape.

The SEM images of the powders were obtained with a Camscan Series |l scanning

electron microscope. From the SEM images (Fig. 7.5 and Fig. 7.6), the size distribution
of particles, P (R), was determined by using the program NIH Image to outline individual
particles and evaluate their enclosed areas. These measured areas were compiled to

determine the particle area distribution, P, (Area). The particles were approximated as

spheres, easily enabling the conversion
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This was then fit to a lognormal distribution (Fig. 7.7 and 7.8). The average particle size

for the 2:1 as-milled and the 2:1 265°C annealed is 8 um and for the 2:1 600°C annealed is

10 pm.

From the SEM images, it can be seen that many particles do not have smooth surfaces.
Instead, the particles have many cracks, and the particles appear “flaky,” as if composed of
joined platelets (Fig. 7.9). These features are found in all of the Ni;Fe powders studied

regardless of temperature treatments. However, it is possible that there are features, 0.1

pm or less in size, which are present in the 2:1 as-milled and 265°C annealed samples but

not in the 600°C sample.
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Figure 7.7. Size distribution of particles in 2:1 as-milled and 265°C annealed Ni,Fe
powder. Shown are both the size distribution evaluated from SEM images and the

lognormal fit.
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Figure 7.8. Size distribution of particles in 2:1 600°C annealed Ni;Fe powder. Shown are

both the size distribution evaluated from SEM images and the lognormal fit.

Figure 7.9. SEM image of Ni,Fe powder particles as-milled with a 2:1 ball-to-powder

weight ration 2:1, showing surface cracks and a “flaky” appearance of the particles.
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7.3 Small Angle Neutron Scattering

Small angle neutron scattering intensity is affected by many characteristics of the
scatterer. A key characteristic is the difference between the nuclear density or magnetic
moment density of the scatterer and its surrounding matrix. For example, the surrounding
matrix of the nanocrystals would be the grain boundaries which are less dense. For the
large powder particles, the surrounding matrix would be a void (air). Important
characteristics are also the number density, size distribution, and shape of the scatterer.
These characteristics are all related to the size of the scatter with the shape of the scattering
also being functionally dependent upon Q. At particular Q values, the combination of these
characteristics will cause some scatterers to either be too large or too small to contribute
significantly to the total scattering intensity. For example, in the Q range measured, the
powder particles were too large and crystal defects were too small to contribute much to the
scattering intensity.

Packing density of the scatterers also affects the scattering intensity. If the scatterers
are too close to each other, there will be interference causing a reduction in the intensity
profile characteristic of each scatterer. To understand the concept, consider an extreme case
where the scatterers are so densely packed that they fill all space. In this scenario there is
no variation in nuclear density or magnetic moment amplitude and hence the intensity
profile from each scatterer would be zero. Somewhere between no scatterers and space
filled with scatters there must be a maximum in intensity profile of the individual scatterer
versus density of scatterers. After the density of scatters exceeds this critical point, the
scatterers interfere causing the intensity to decrease.

It was not possible to model accurately the scattering because there are too many factors
unknown about the nanocrystalline Ni,Fe powders. Unknown factors include the shape
distribution of all the possible scatterers, the size distribution of “crack” features in the

powder particles, and the grain boundary atomic density. From TEM images it was
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possible to gauge the size distributions but not the shape distributions of the crystals in the
powders. SEM images showed that the powder particles had surface cracks and a “flaky”
appearance. These crack features could contribute to the scattering profiles. In fact,
approximate modeling of the crack features as spheres showed that if they were 100 nm in
diameter, they would contribute significantly to the scattering. The most important

unknown factor is the grain boundary density. The density of the grain boundaries is still

in dispute with experiments estimating it from 60% to 90% of the bulk materiall1.63. If the
density of grain boundaries is 60%, the scattering from the nanocrystals will be 16 times
larger than if the density is 90%.

Due to all the difficulties of modeling the scattering, I do not believe it is possible to
give an accurate model of scattering from the powders examined. I used differences in the
scattering profiles of the powders to draw conclusions about the scattering sources and the
grain boundary average magnetic moments. I then used an approximate model of the

scattering profiles to estimate the grain boundary average magnetic moments.

7.4 Nuclear and Magnetic Scattering Profiles

Fig. 7.10 shows the nuclear scattering profiles from the 2:1 as-milled, 2:1 265°C
annealed, and 2:1 600°C annealed Ni,Fe powder samples. The scattering from the 2:1 as-
milled and the 2:1 265°C powders are similar, and both are more intense than the scattering

from the 2:1 600°C annealed sample. The 2:1 600°C powder is different from the other
two in that it has larger powder particles (~10 pm) and larger crystals in the powder
particles (~300 nm). All three powders have “crack” features. The powder particles in all

three samples are too large to contribute significantly to the scattering. Thus, possible

scatterers for the 2:1 600°C annealed powder are the “crack” features and the ~300 nm
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crystals with grain boundaries. For the 2:1 as-milled and 2:1 265°C annealed, they are the
“crack” features and the nanocrystals. The difference in scattering intensity must originate
from the nanocrystals scattering more intensely than the large ~300 nm crystals. The
similarity of the 2:1 as-milled and the 2:1 265°C annealed samples indicates that they have
similar density morphologies, i.e., they have the same nanocrystalline size distributions
and grain boundary volume fractions. Although x-ray diffraction results and Mossbauer
spectra have shown that there is some change in the size distribution and grain boundary

volume fraction upon annealing the 2:1 as-milled powder at 265°C, the changes cause only

the small intensity increase observed at higher Q.
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Figure 7.10. Nuclear scattering profiles for the 2:1 as-milled, 2:1 265°C annealed, and 2:1

600°C annealed Ni,Fe powder samples.
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Figure 7.11. Magnetic scattering profiles for the 2:1 as-milled, 2:1 265°C annealed, and
2:1 600°C annealed Ni,Fe powder samples.

For the magnetic scattering profiles (Fig. 7.11) the scattering intensity of the 2:1 as-
milled powder is greater than that of the 2:1 265°C annealed powder, and the 2:1 600°C
annealed powder has the lowest intensity. Scattering from the nanocrystals caused the
nuclear scattering intensities from the 2:1 as-milled and 2:1 265°C annealed powders to be
larger than the nuclear scattering from the 2:1 600°C annealed powder, and a similar trend
may be expected for the magnetic scattering profiles. However, although the 2:1 as-milled
and the 2:1 265°C annealed samples had similar nuclear scattering intensity profiles and
similar density morphologies, the difference in their magnetic scattering profiles indicates
that the powders have different magnetic morphologies associated with the nanocrystals.
The size distributions and grain boundary volume fractions do not differ enough to cause
this effect. It is most likely that this difference in magnetic scattering originates from the

differences in average grain boundary magnetic moments of the nanocrystalline materials.
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Since the scattering from the 2:1 as-milled powders is larger, it must have a larger
difference in magnetic moment density between the nanocrystals and the grain boundaries.
This means that the average grain boundary magnetic moment of the 2:1 as-milled powder
is smaller than for the 2:1 265°C annealed powder. This could originate from changes in
the local atomic order upon the low temperature annealing. Previous work has shown that

the grain boundaries of nanocrystalline materials have a broad distribution of interatomic

distances with low atomic coordination numbers®’ and that the severe nonequilibrium

displacement of atoms in the grain boundaries results in an increased internal energy in the

grain boundary%8. It is possible that, upon annealing, the atoms in the grain boundaries
make small movements into to a lower energy configurational state, creating some short

range order and causing the increase in magnetic moment amplitude.

7.5 Modeling of Small Angle Neutron Scattering

The nuclear and magnetic scattering from the 2:1 as-milled and 2:1 265°C annealed
powders were modeled in order to estimate the average grain boundary magnetic moments.
Considered as possible scattering sources were the nanocrystals, the large powders
particles, and cracks in the particles. In preliminary calculations, using the size distribution
described in Section 7.2, and assuming the large powder particles were spherical, the
calculated scattering from the powder particles was 3 orders of magnitude lower than the
experimental scattering intensity. Scattering from the powder particles was therefore not
included in the model. Preliminary calculations also showed that scattering from spherical
“crack” features of 100 nm of 0.05 volume fraction had a scattering intensity of the right
magnitude, so scattering from “crack” feature could be contributing to the measured
scattering intensities if their volume fraction were as high as 0.05. It was not possible to

evaluate the size or shape distributions of the crack features.
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Only the scattering from the nanocrystals was modeled. The nanocrystals were
modeled as spheres and were assumed to scatter against the contrasting grain boundary
matrix. The size distributions of the scatterers were derived from TEM images (Section
7.2). The number density was derived by using the calculated size distributions, density
measurements of the powder, and grain boundary volume fractions derived from
Mossbauer spectra (Chapter 4). Interference from the dense packing of scatterers was not
included in the model.

The scattering intensity from a collection of scatterers, with a size distribution,

P(R), is defined by the relation

I = NP(R)Ap’V’F*(QR)

where N is the number density of scatterers, Ap is the difference in either the nuclear or

magnetic scattering amplitude between the scatterer and its matrix, V is the volume of the

particle, and F(QR) is the form factor of the scatterer. For a spherical scatterer,

3 sin(QR)- QR cos(QR)}

E sphere (QR) = { (QR)3

The number densities associated with a scatterer were derived by dividing the volume
fraction that the scatterer occupies by the average volume of the scatterer, which was
calculated from the size distributions. Determined by weighing the powder in a fixed
volume, the density of the powder was 50% that of bulk Ni,Fe. Thus the volume fraction
of the powder particles is 0.5. The volume fraction of the nanocrystals within the powder

is (volume fraction of powder particles = 0.5) * (volume fraction of nanocrystals occurring
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in the powder particles = 0.9). The rest of the volume in the powder particles is occupied
by the grain boundaries. The volume fraction of nanocrystals in the powder particles was

derived from Mossbauer spectroscopy (Chapter 4).

For Ni,Fe, the nuclear scattering length density, py, is 9.2 x 10'° cm™ For the

nanocrystals, p, was assumed to be equal to that of bulk Ni,Fe. Since the grain

boundaries density is not known, I chose 80% that of bulk Ni,Fe because it allowed the
accurate modeling of the data. If interference effects had been included in the model, it

would have been necessary to use a smaller grain boundary density. For scattering

associated with both the grain boundaries and the nanocrystals, Ap, =1.84 x 10 cm™.

The measured nuclear scattering intensities along with the modeled intensity are shown in

Fig. 7.12.
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Figure 7.12. Nuclear scattering profiles and modeled scattering from 2:1 as-milled and 2:1

265°C annealed Ni,Fe powder.



The models for the nuclear scattering were used as a template for the modeling of the

magnetic scattering. The formulas used to model the magnetic scattering are the same as

those used to model the nuclear scattering except that Ap,, the nuclear-scattering length

difference, is replaced by Ap,,, the magnetic scattering length difference. Thus nuclear

scattering from the nanocrystals, as discussed above, merely has to be multiplied by the

ratio Ap,,/Apy to represent the magnetic scattering. The magnetic scattering length is

proportional to the magnetic moment of the material. Thus the Ap,,/Ap, ratios associated

with the powders are different and the average grain boundary magnetic moments for the

103

two powders can be extracted.
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Figure 7.13. Magnetic scattering profiles and modeled scattering from 2:1 as-milled and 2:1
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265°C annealed Ni,Fe powder.
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Fig. 7.13 shows the measured and modeled magnetic scattering for the 2:1 as-milled
and 265°C annealed powders. To model the magnetic scattering intensity, the grain

boundary magnetic moments of the 2:1 as-milled and 265°C annealed powders would have

to be, respectively, 0.7 p, and 0.9 p, compared to the magnetic moment of the

nanocrystal, 1.2 p,. Because interference effects, which would reduce the modeled
intensity, were not included, it is expected that the respective grain boundary magnetic
moments are actually lower than the model indicates. This seems reasonable compared to

the respective magnetic moments of 0.6 p; and 0.8 p, evaluated approximately using

Maogssbauer spectra.

7.6 Radial Distribution Functions

The nuclear and magnetic scattering profiles were converted into radial distribution

functions, RDF, by Fourier transforming the intensity profiles, I(Q):
1 % :
RDE(r) = o= [ Q sin(Qr)1(Q) dQ

It was assumed that the nuclear and magnetic intensity profiles of the 2:1 600°C annealed
sample represented scattering from all non-nanocrystalline scatterers. Therefore, to
evaluate the RDF’s associated with the nanocrystals, the RDF for the 2:1 600°C annealed
samples was subtracted from the RDF’s for the 2:1 as-milled and the 2:1 265°C annealed
samples. The resulting RDF’s are shown in Fig. 14.

The most noticeable feature of Fig. 14 is that the two RDF’s associated with the nuclear

scattering of the 2:1 as-milled and 2:1 265°C annealed samples are similar while their
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corresponding magnetic RDF’s are not. This confirms that the two samples have similar
density characteristics but have different magnetic characteristics. The RDF’s for the two
nuclear scattering profiles and for the magnetic scattering profile of the 2:1 as-milled all go
to zero at ~30 nm. Since this is approximately the largest diameter of the nanocrystals, it
can be concluded that the extra scattering intensity present in the corresponding intensity
profiles originates from the nanocrystals. The RDF of the 2:1 265°C magnetic scattering
profile is close to zero over the entire range of r, indicating that there is little scattering
originating from the nanocrystals. This supports the conclusion that the 2:1 265°C
annealed sample has smaller magnetic moment density variation between the nanocrystals
and grain boundaries than the 2:1 as-milled sample. The oscillations of the RDF’s that

occur after the first zero are end effects associated with the finite range of Q for Fourier

transformation.
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Figure 7.14. Radial distribution functions for the 2:1 as-milled and 2:1 265°C annealed

minus the 2:1 600°C annealed radial distribution function.
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7.7 Conclusions

By comparing the nuclear and magnetic scattering from small angle neutron scattering
of 2:1 as-milled, 2:1 265°C annealed and 2:1 600°C annealed powders, it was shown that
the grain boundary magnetic moment amplitudes changed upon annealing at 265°C. Over
the Q range of 0.075 nm™ to 0.6553 nm™, nuclear scattering in the 2:1 as-milled and 2:1
265°C annealed powders originates from the nanocrystals and possibly from “crack”
features present in the large particles which are composed of the nanocrystals surrounded
by grain boundaries. The magnetic scattering intensity of the 2:1 as-milled was larger than
the 2:1 265°C annealed powder, indicating that the grain boundary magnetic moment
amplitudes were smaller in the 2:1 as-milled than in the 2:1 265°C annealed powder.

Modeling of the magnetic scattering of the 2:1 as-milled and 2:1 265°C annealed powder

indicated that the grain boundary magnetic moment amplitudes were 0.7 p, and 0.9 pg,

respectively. Conversion of the intensity profiles into radial distribution functions
confirmed that scattering originating from nanocrystals was present in the intensity profiles
of the 2:1 as-milled and 2:1 265°C annealed samples. The radial distribution functions also
verified that the grain boundary magnetic moment density of the 2:1 as-milled was smaller

than the 2:1 265°C powder.
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Chapter 8

Conclusions and Future Work

The vibrational and magnetic properties of mechanically attrited Ni;Fe nanocrystals
were studied. Both properties differed between the bulk and nanocrystalline Ni;Fe. In
general, these differences originated from the grain boundaries in the nanocrystalline

materials.

8.1 Conclusions

Vibrational phonon densities of states obtained from inelastic neutron scattering
measurements showed that, at low energies, the amount of scattering scaled with the
volume fraction of grain boundaries. Furthermore, the room temperature phonon DOS of
the 20:1 as-milled powder, which had the highest density of grain boundaries of the
powders studied, was different from the phonon DOS of the same powder after it had been
exposed to 10 K. It is believed that the changes in the phonon DOS upon cryogenic
exposure originate with changes in the local atomic structures of the grain boundaries.

Calculations of the vibrational frequencies of the small particles done by Tamura et

al.44-46 showed that surface modes augmented the frequency spectrum at low frequencies
with smaller particles having a larger fraction of surface modes. This was an effect found
in the derived nanocrystalline phonon DOS.

Evidence for atomic changes in grain boundaries was seen in Mossbauer spectra and

small angle neutron scattering. The Mossbauer spectroscopy showed that, upon annealing
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at 265°C, the magnetic moments of the grain boundaries increased. This is most likely due
to slight rearrangements of grain boundary atoms during the low temperature annealing.
Furthermore, stress relief upon annealing should affect intra-crystal grain boundary
contacts and hence the magnetic properties of the material. Small angle scattering showed
that the magnetic scattering intensity from 2:1 as-milled Ni;Fe was greater than that from
the 2:1 265°C annealed powder also indicating that the magnetic moments of the grain
boundaries were less in the 2:1 as-milled powders than in the 2:1 265°C annealed powder.
Because the phonon DOS of the nanocrystalline Ni,Fe was enhanced at low energies,
we expected that the material would be more absorptive at GHz frequencies than the bulk
material. To test this hypothesis, measurements of the magnetic permeability at 8.9 GHz
were taken, using the microwave cavity perturbation method. We expected the increase in
absorption to manifest itself as an increase in the imaginary component of the permeability.
However, measurements showed that the volume fraction of grain boundaries had very
little effect on the imaginary component of the permeability. Furthermore, the
measurements of the real permeability behaved in a manner contrary to the trend found for
the low frequency permeability measured from M-H magnetization curves. I believe these
contradictions are an anomaly arising from measuring the permeability at the discrete
frequency of 8.9 GHz, and that frequency-dependent measurements of the permeability
would show that the imaginary permeability of the nanocrystalline powder was generally

augmented at GHz frequencies.

8.2 Future Work

Mossbauer spectroscopy and SANS studies of samples which have been thermally
treated to cause changes in the grain boundary structure would show more clearly how

grain boundary structure relates to the grain boundary magnetic moments. Because
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annealing reduces strain and causes grain growth, it would be better to use exposure to
cryogenic temperature rather than annealing to change slightly the grain boundaries.
Therefore, 20:1 as-milled Ni,Fe, which has a high volume fraction of grain boundaries,
would be exposed to liquid nitrogen and liquid helium. Mgossbauer spectra would then be
taken of the two cryogenic temperature exposed samples and a room temperature sample to
see how the exposure affected the magnetic properties of the grain boundaries. SANS
measurments would be taken to confirm observed changes in the grain boundary magnetic
moments.

To gain more insight into whether the augmentation of phonon DOS affects the
microwave absorption of the nanocrystalline Ni,Fe powders, the frequency dependence of
the permeability should be measured. The complex permeability and permitivity of a
sample can be measured over a broad range of frequencies by using a microstrip
transmission-line device loaded with the sample. A rectangular sample is placed on top of
the microstrip, perpendicular to it. A microwave network analyzer is then used to make
frequency-swept S-parameter measurements of the loaded microstrip line. The complex
permitivity and permeability spectra are then derived from the measured S, and S,,
scattering parameters.

Further research into the effects of the structural properties of grain boundaries on the
macroscopic properties of nanocrystals could lead to more applications of nanocrystalline
materials. Currently there is much research and interest in “interface effects” of
nanocrystalline materials however, there is little application of nanocrystalline materials
exhibiting these effects. My research has shown that the grain boundaries high volume
fraction of grain boundaries along with the local atomic structure of the grain boundaries
affect the macroscopic vibrational and magnetic.properties of nanocrystalline materials. A
better understanding of the effects of grain boundary structure could lead to the engineering
of nanocrystalline materials for specific applications that exploit their unique vibrational or

magnetic properties.
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Appendix

Tables of Values

Sample crystal size RMS strain (%) | Volume Low Energy Inelastic
purtty | Section 3.4.1)

20:1 6 0.01 0.04 110

as-milled

5:1 12 0.45 0.05 70

as-milled

5:1 16 0.31 0.02 60

265°C annealed

5:1 27 0.26 0 50

425°C annealed

5:1 ~100 0.06 0 40

600°C annealed

2:1 15 0.78 0.05

as-milled

2:1 20 0.45 0.04

265°C annealed

2:1 ~100 ~0 0

600°C annealed

Table A.1. Reference table of values discussed in thesis.
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Sample

Grain Boundary
Volume Fraction
(Mossbaer)

Grain Boundary
Volume Fraction

3dr
2R

p grain boundary

(us)
(Mossbauer)

ugrain boundary

(Ms)
(SANS)

20:1
as-milled

0.28

0.25

0.6

5:1
as-milled

5:1
265°C annealed

5:1
425°C annealed

5:1
600°C annealed

2:1
as-milled

0.08

0.1

0.6

0.7

2:1
265°C annealed

0.08

0.08

0.8

0.9

2:1
600°C annealed

Table A.2. Reference table of values discussed in thesis.
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Sample Resistivity | Muma H M woo B

(Q cm) x10* g\fr'vfg) (M-H M-H (Cavity ) | (Cavity)
curve) curve)

20:1 11.29 96 29 920 43 7

as-milled

5:1 6.44 68 20 810 15 89

as-milled

5:1 4.81 62 20 820 12 10

265°C annealed

5:1 2.14 51 14 850

425°C annealed

5:1 1.73 70 22 890 11 11

600°C annealed

2:1

as-milled

2:1

265°C annealed

2:1

600°C annealed

Table A.3. Reference table of values discussed in thesis.




