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Thermodynamic stability and contributions to the Gibbs free energy of nanocrystalline Niz;Fe
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The heat capacities of nanocrystalline NizFe and control materials with larger crystallites were measured from
0.4-300 K. The heat capacities were integrated to obtain the enthalpy, entropy, and Gibbs free energy and to
quantify how these thermodynamic functions are altered by nanocrystallinity. From the phonon density of states
(DOS) measured by inelastic neutron scattering, we find that the Gibbs free energy is dominated by phonons
and that the larger heat capacity of the nanomaterial below 100 K is attributable to its enhanced phonon DOS
at low energies. Besides electronic and magnetic contributions, the nanocrystalline material has an additional
contribution at higher temperatures, consistent with phonon anharmonicity. The nanocrystalline material shows
a stronger increase with temperature of both the enthalpy and entropy compared to the bulk sample. Its entropy
exceeds that of the bulk material by 0.4 kg /atom at 300 K. This is insufficient to overcome the enthalpy of grain
boundaries and defects in the nanocrystalline material, making it thermodynamically unstable with respect to the

bulk control material.

DOI: 10.1103/PhysRevMaterials.4.086002

I. INTRODUCTION

The structure and properties of nanomaterials usually differ
significantly from their bulk counterparts, and these differ-
ences can be exploited in devices with novel functionalities.
For example, as engineered devices become smaller, they
become composite nanomaterials with new structures and
properties. The nanoscale is often a bridge between atomistic
behavior and continuum properties. Thermodynamic ques-
tions include how atomic vibrations become heat and how
this affects the Gibbs free energy of a nanomaterial, which de-
termines its thermodynamic stability. How stable or unstable
are nanostructures at modest temperatures? To date the Gibbs
free energy of nanostructured materials is poorly understood,
even though it underlies their stability and their suitability for
service in engineered devices.

Most of the entropy of nanostructured materials is vi-
brational in origin, although there is some configurational
entropy from structural degrees of freedom [1]. Vibrational
spectra of nanoparticles have been studied for some time,
and the large literature on this subject [2-42] is surveyed
in Sec. IIC below. The vibrational entropy is changed by
dynamical degrees of freedom in nanocrystalline structures
and should be of thermodynamic importance to the Gibbs
free energy. The usual trend is for the vibrational spectra
of a nanomaterial to have more low-energy vibrations than
its bulk counterpart, giving larger vibrational amplitudes of
atoms in the nanomaterial and a larger vibrational entropy
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at a given temperature. This lowers the Gibbs free energy
of nanomaterials at finite temperature, but quantifying the
thermodynamic consequences remains a challenge.

Because smaller particles have larger surface-to-volume
ratios and higher internal energy per atom, adding an atom to
a small particle is less favorable than adding it to a large one.
The “Gibbs-Thomson effect” raises the chemical potential
of atoms in small particles (and for nearby atoms in local
equilibrium with them). Grain growth occurs when these
differences in chemical potential cause a diffusive flux from
small particles to large particles. Extra contributions to the en-
thalpy from elastic fields and internal defects are also expected
in many as-synthesized nanomaterials. The excess enthalpy of
nanomaterials can be measured by heating in a calorimeter
to high temperatures, transforming the nanomaterial into a
material with larger crystallites [4-8].

The Fe-Ni phase diagram (see Supplemental Material [43])
is important for steel metallurgy, and the Invar alloy of Fe-
36%Ni was the topic for the 1920 Nobel Prize in Physics. The
Ni-rich alloys are fcc solid solutions at most temperatures. Be-
low 773 K, NizFe can become chemically long-range-ordered
with the L1, structure (where Fe atoms occupy the corners,
and the Ni atoms the faces, of the standard fcc cube) [44]. The
L1, order develops sluggishly by a first-order phase transi-
tion [45,46], requiring for example heat treatments with over
two months of annealing time [44]. An fcc solid solution is
commonplace at ambient conditions, and fcc solid solutions of
NisFe have several advantages for studying the thermodynam-
ics of nanocrystals. Some of the smallest nanocrystal sizes in
metals, 6-7 nm, can be obtained in NisFe prepared by high
energy ball milling [47]. This method can prepare the rela-
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tively large quantities of nanocrystalline powders required for
neutron scattering experiments, and these alloys collect less
oxygen and hydrogen that impair inelastic neutron scattering
measurements. Ball milling produces NisFe with a disordered
fcc structure [48]. Disordered NisFe is ferromagnetic up to
871 K [46]. Nanomaterials have lower Curie temperatures and
the ferromagnetic transition of nanocrystalline Ni3Fe has been
observed between 728 K [49] and 848 K [50].

Here we report new thermodynamic results from cryogenic
calorimetry measurements on a nanocrystalline material and
its bulk counterpart with larger crystallites. The results are
analyzed to obtain the enthalpy, entropy, and Gibbs free ener-
gies, and their difference for the two materials. By combining
inelastic neutron scattering measurements with calorimetry
results, we quantify the change in vibrational entropy with
nanocrystallinity. Neutron scattering experiments measured
the phonon density of states of control and nanocrystalline
materials, showing that the difference in entropy of nanocrys-
talline and bulk NizFe is dominated by vibrational entropy.
We also assess the electronic and magnetic contributions to
the free energy of NizFe and how these are changed by
nanocrystallinity.

We show an excess entropy of the nanocrystalline NizFe
that lowers its Gibbs free energy, but this entropic stabilization
is opposed by the excess enthalpy from grain boundaries and
defects. Altogether, the nanocrystalline material has a larger
Gibbs free energy than the bulk control material at 300 K,
making the nanocrystalline material thermodynamically un-
stable at ambient conditions.

II. THERMODYNAMICS OF NANOPARTICLES

A. Heat capacity and free energy

Equilibrium in a material at a temperature 7 and ambient
pressure p is found at the minimum of its Gibbs free energy:

G(T) = Hy(T) — TS,(T) . 1

The enthalpy H,, and the entropy S, have opposite effects on
the value of G and therefore opposite effects on the stability.
Both can be determined from the heat capacity C, with the
relationships:

T
H,(T) = Hy +/ C,(T"dT’, 2)
0
T ’
S,(T) =S +/ ST 4, A3)
o I

The thermodynamic stability of a nanomaterial with respect
to a bulk control material is determined by the difference
AG"™¢ (a positive AG"™° makes the nanomaterial unstable
with respect to the control material):

AG(T) = GN(T) — G(T)
= AH)(T) — TASY™(T), )

T
AHY(T) = AH}™ + /0 ACYS(T)dT', (5

n—c n—c ’ AC;_C(T/) I
ASY(T) = AS} +/ —r _— ar’, (©)

0 T’

where a notation such as AC,™° denotes the difference in
heat capacity of the nanocrystalline material and the control
bulk material at constant pressure. The larger Hy of the
nanocrystalline material originates from grain boundaries,
internal stresses, and defects.

The metastable nanomaterial cannot access all its degener-
ate configurational microstates at low temperatures, since it is
kinetically trapped in its own metabasin. At O K the material is
in one microstate, corresponding to a specific nanocrystalline
configuration [51-53]. According to Boltzmann’s definition
of entropy, S = kg In 2, where kg is the Boltzmann constant
and 2 is the number of accessible microstates, the resulting
residual entropy at 0 K is zero because 2 = 1. Therefore
AS;™° =0, in agreement with the Third Law. An alternative
viewpoint of a finite residual configurational entropy at 0 K is
presented in Sec. IV A.

B. Internal energy and entropy of nanocrystals

Grain boundaries force atoms into irregular local coordina-
tions, increasing their internal energies. Metals with stronger
bonding and higher melting temperatures are generally ex-
pected to have grain boundaries with higher energies. From
work on a number of grain boundary structures in fcc metals,
the grain boundary energy varies from approximately 0.4 to
1.2 J/m? in the sequence Au, Ag, Al, Pd, Cu, Co, Ni, Pt
[54,55]. For fcc Ni metal, however, grain boundaries between
crystals with various orientations have energies that span
much of this entire range [56].

High energy ball milling produces nonequilibrium nano-
materials by severe plastic deformation. This process creates
microstructural features that contribute to the internal energy
and consequently increase the enthalpy of nanomaterials.
Point defects such as vacancies are likely, although they
have not been reported. Impurities such as interstitial atoms
are introduced during ball milling, and line defects such as
dislocations are responsible for some of the low-angle bound-
aries between crystallites, although their density within the
crystals may be low [4-7]. Twin boundaries are also possible
[6,8]. Microstructural features give a distribution of internal
energies to the different crystallites of both bcc and fcc phases
of Ni-Fe alloys [9]. These microstructural sources of internal
energy contribute to H of Eq. (2).

Entropy counteracts the enthalpy to lower the Gibbs free
energy, and has configurational, magnetic, electronic, and
vibrational contributions. During the cryogenic calorimetric
measurements, atom mobilities are suppressed, and there are
no changes in the atomic configurations. We therefore do not
measure differences in the configurational entropy between
the nanostructured material and the control samples. The
magnetic Curie temperature is at 871 K, so only a small
amount of magnetic entropy is expected around 300 K, as
discussed below. The heat goes primarily into atom vibrations.

C. Prior work on vibrations in nanomaterials

From prior work, we know that the phonon DOS, g(¢), of
a nanocrystalline material differs from that of bulk materials
in three ways. These three features have been found for
isolated nanoparticles and for consolidated nanoparticles with
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FIG. 1. (a) Phonon DOS from a polycrystalline powder of an fcc
Ni-Fe alloy [3]. Compared to the DOS from the material with the
larger 20 nm crystallite size, the 6 nm DOS shows three features:
(1) enhancement of the intensity below 15 meV, (2) broadening of
all features, (3) a tail of spectral weight above 36 meV. (b) Rep-
resentative librational or vibrational modes of the nanocrystalline
microstructure, with energies of order 1 meV and wavelengths of
10 nm. (c) Continuum behavior at long wavelengths.

grain boundaries between them. They are found in metals,
semiconductors, and insulators, and all three are seen in
Fig. 1(a). They are:

(1) An enhancement of g(¢) at low energies [e.g., below
15 meV in Fig. 1(a)].

(2) A general broadening of sharp features in g(¢) (e.g., at
24 and 33 meV).

(3) A tail in g(¢) that extends to high energies above the
usual cutoff frequency of longitudinal phonon modes (e.g.,
36 meV).

Feature 1 is understood best. An enhancement of g(e)
at low energies is expected from the degrees of freedom
in a nanostructure, as depicted in Fig. 1(b). Modes of the
nanostructure may originate with the vibrations of nanocrys-
tals against each other, mutual rotations, or with the partial
confinement of vibrational waves to boundary regions, similar
to Rayleigh waves at surfaces with elastic discontinuities. This
enhancement disappears at very low energies when the wave-
lengths are longer than the nanostructural features [Fig. 1(c)],
so the material behaves as a continuum with altered elastic
constants [57-63].

Both calculations and measurements on either isolated
nanocrystals or nanocrystals with rigid constraints showed
an enhancement of modes at low energies [13—42]. This
low-energy regime sometimes indicates a change in the di-
mensionality of the vibrational modes. Fitting the low-energy
part of g(e) to &" has given n < 2, i.e., smaller than for
three-dimensional vibrations [23,25,39]. This exponent n can
be close to 1.0 as expected for two-dimensional vibrations
[22,32,64]. This is not a universal result, however, and often
n =~ 2 in consolidated nanocrystals [3,29]. Nevertheless, more
modes are found at low energies, sometimes by a factor of five
or so [3,18,20,21,24,29,32,35,36,38,39]. As discussed below,
transferring phonon spectral weight from higher energies to
lower energies causes an increase in the vibrational entropy as

calculated by Eq. (7), because the Planck factor n, 7 is largest
at low .

Feature 2, the broadening of features in the g(¢) of nanoma-
terials, is less understood. This broadening has been attributed
to the shortening of phonon lifetimes, which could explain
both features 2 and 3 [21]. In a crystal smaller than 10 nm,
a phonon propagates only tens of atomic distances before it
encounters a surface or grain boundary. If the phonon is scat-
tered at the interface by effects of disorder or anharmonicity,
its lifetime may be only tens of vibrational periods or less.
The spectral shape of a damped harmonic oscillator function
has an asymmetrical broadening about the central frequency
that can often account for the broadened phonon DOS of
nanostructured materials [2,3,21,31-35,40,41,65].

Feature 3 may be attributable to the same phonon lifetime
broadening, but other explanations have been proposed. Some
prior work indicated that these tails in g(¢) originate from har-
monic modes at high frequencies caused by surface oxides or
impurities [26,32,36,38,42]. High energy tails of the phonon
DOS have also been reported in a number of molecular
dynamics simulations on pure materials [19,23,27,30,38] and
have been attributed to higher frequency harmonic vibrations
of atoms at surfaces of nanoparticles.

III. EXPERIMENTAL METHODS AND RESULTS
A. Materials

Inelastic neutron scattering measurements of phonon den-
sities of states typically require several grams of material.
High energy ball milling has proved practical for preparing
relatively large amounts of material with small crystals. These
crystals are consolidated into larger particles of powder. The
relatively low surface areas of the powders make them less
prone to adsorption of gases and water, which would impede
neutron scattering measurements.

To prepare the nanocrystalline NizFe samples, powders
of Ni (75 atomic%) and Fe (25 atomic%) were mixed with
5 wt.% stearic acid or ethanol and sealed in a steel vial.
Ball milling was performed with a Fritsch Planetary Mono
Mill for 20 h at 650 rpm using steel ball-to-powder weight
ratios between 20:1 and 40:1. After milling, the material
was sonicated in isopropyl alcohol and centrifuged to remove
the stearic acid. We call the nanomaterials prepared by high
energy ball milling “as-milled” samples. Control samples
of bulk material with larger crystallites can be prepared by
milling the powder for shorter times, by milling with a lower
ball-to-powder ratio, or by annealing the as-milled material in
sealed quartz ampoules under vacuum.

In previous work, nanocrystalline NisFe samples prepared
by a similar method were well characterized by inelastic
neutron scattering, small-angle neutron scattering, transmis-
sion electron microscopy, x-ray diffractometry, Mossbauer
spectrometry, and magnetization [2—4].

Transmission electron microscopy (TEM) images of the
nanocrystalline sample, shown in Figs. 2(a) and 2(b) are direct
evidence of their nanocrystallinity. The TEM analysis from
previous work [Fig. 2(c)] determined a mean crystallite size
of 6 nm [3].
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FIG. 2. Transmission electron microscopy images of the as-
milled Ni;Fe. The dark-field (DF) and bright-field (BF) images were
obtained with the (111) fcc diffraction. (a) DF and (b) BF images of
the as-milled sample, compared to (¢) DF image from previous work,
with crystallites of 6 nm [3]. (d) Electron diffraction pattern.

X-ray diffraction (XRD) measurements using Cu K,, radia-
tion were performed on all materials. Figure 3 shows the XRD
patterns obtained from a sample in the as-milled state and
from the same sample after annealing at 873 K for 1 h. The
diffraction data show main peaks from an fcc solid solution.
There is evidence for some L1, chemical order in a few of
the annealed control samples, seen as superlattice peaks in
the XRD pattern. This, however, should not alter the phonon
DOS significantly [44,66,67]. Other control samples did not
show this L1, chemical order and all control samples gave
very similar curves of C,(T') as shown below in Fig. 4.

To determine the grain sizes of our materials, the broad-
ening of the diffraction peaks caused by the small crystallites

1.5 T T T T . ;
el '
<
E Control
Zosl— JLJL ]
=

Nano

0 o N —?™N

30 40 50 60 70 80 90 100
20 (deg)

FIG. 3. X-ray diffraction patterns of the as-milled material and
of the bulk control sample after annealing at 873 K for 1 h.

was separated from strain broadening using the Williamson-
Hall method [68]. We modified the Williamson-Hall method
to include anisotropic strains [69], based on anisotropic elastic
constants of Ni3Fe reported in [70]. The grain sizes were de-
termined by comparing the grain size broadening of our sam-
ples with those from previous work with crystallites of 6 nm
using the Scherrer equation [69]. Our nanomaterials and bulk
control samples have grain sizes of 67 nm and 25-35 nm,
respectively. The detailed calculations can be found in the
Supplemental Material [43], together with the dependence of
the grain sizes and strains on the annealing temperature.

The lattice parameters depend inversely on the grain sizes
of the samples. They were computed from the the XRD
patterns using the Nelson-Riley method [69]. The as-milled
samples have lattice parameters between 3.587-3.604 A,
in good agreement with values reported for ball-milled
NizFe (3.600 A [71] and 3.590 A [48]). The annealed con-
trol samples have a lattice parameter of 3.5599 A, slightly
larger than the lattice parameter of 3.5533 A reported for
a NizFe single crystal [70]. The grain size dependence of
the lattice parameter is also presented with the Supplemental
Material [43].

B. Heat capacity

Specific heat measurements were made by relaxation mi-
crocalorimetry using a commercial instrument, a physical
property measurement system (PPMS, from Quantum Design,
San Diego). Measurements were conducted in the temperature
range between 0.4 and 300 K over which accuracy, with
due care, can be within 1% from 5 K to 300 K, and 5%
from 0.4 K to 5 K [72]. Measurements were taken in two
modes: “He cooling for the 2-300 K temperature interval and
3He cooling for the interval from 0.5-10 K. To enhance the
thermal contact between the sample and the microcalorimeter,
a thin layer of Apiezon N grease was applied to the sample
stage and its contribution to the specific heat is accounted
for during addendum measurements prior to each sample
measurement. All measurements were conducted under high
vacuum (107> Torr) to minimize convective heat losses.

For the relaxation calorimetry measurements, the as-
milled powder samples were consolidated into pellets using
a 0.28 cm diameter die. An appropriate amount of powder
was added to the die and hydraulically pressed with a force
of 2700 N, resulting in a pressure of approximately 0.45 GPa.
The consolidated samples had better thermal contact and
heat transfer and allowed for more accurate mass determina-
tions owing to ease of handling without sample loss during
transfers. The mass of each pellet was measured (Sartorius
semimicro balance), and the pellet was transferred onto the
sample stage and lightly pressed into the grease film. The
sample masses ranged from 10 to 27 mg.

Several heat capacity measurements were performed on
nanocrystalline (as-milled) and control samples (less milled
or annealed). The results are shown in Fig. 4. There are some
variations between samples of each type, but in all cases the
heat capacity curves for the nanocrystalline material exceeded
the heat capacity of the control samples. This difference was
most evident at low temperatures, as expected owing to the
enhanced phonon DOS at low energies.
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FIG. 4. Heat capacity of NizFe measured by calorimetry for
the as-milled materials (4) and large-grained control samples (e),
normalized by the number of moles of atoms. Different colors
represent results from different samples. (a) Full data sets. The
solid black curve is from the annealed control material (see text).
(b) Low-temperature data.

The heat capacity of the as-milled nanocrystalline material
was also enhanced at temperatures above 200 K. We were
concerned that this could be from interstitial impurities, car-
bon and oxygen, that were introduced into the material by
milling. This motivated the preparation of control samples by
annealing the as-milled material at 873 K to increase the crys-
tallite size and eliminate defects, resulting in a bulk control
sample with the same interstitial atoms as the nanomaterial.
The concentration of impurities in both the as-milled and
annealed samples were indeed the same as measured by an in-
strumental gas analysis performed by a commercial laboratory
(the results are included in the Supplemental Material [43]).
The heat capacity of this annealed control sample, shown in
Fig. 4 as a solid line, is similar to that of the other samples
of NisFe with large crystals, however, indicating that the
enhanced heat capacity above 200 K does not originate from
interstitial impurities.

Figure 5 compares our heat capacities with those found
in the literature. Our measured heat capacity for the con-
trol sample is similar to the heat capacity measured on fcc
Ni [73] and in good agreement with the heat capacity of

30 T T T T T
fee Ni [73]
25k Control e )
—_ Nano =
M 20 F - Ni,Fe [44] ]
v—g .
= 15} 0.03 * ]
S10F 0.02 IR
0.01 ”:;::' )
5t L Nise[74]]
0 . . 0 2 4
0 50 100 150 200 250 300
T (K)

FIG. 5. Mean heat capacities of the as-milled nanomaterial and
control bulk sample compared to literature. The heat capacity of bulk
disordered Ni;Fe reported by Kollie and Brooks [44] is shown at
300 K (4). Data compiled by Desai for fcc Ni are shown as small
markers and the recommended curve as a thin solid line [73]. The
inset compares our low temperature data (<5 K) with the fit reported
by Kollie et al. [74].

25.5 J/(mol K) measured for NizFe at 300 K [44]. Low
temperature measurements on disordered NizFe [74] are in
excellent agreement with the heat capacity of our control
sample.

A complete L1, ordering transition in this material would
reduce the heat capacity by approximately 0.1 kg/atom
(0.8 J/mol K) at 300 K [44], with most of this from phonons
[67]. However, the L1, ordering in NiszFe is very sluggish. It
is a first-order transition, so with partial order, the change in
heat capacity would be reduced proportionately. We therefore
neglect the effects of partial chemical ordering on the heat
capacity of our samples.

C. Defect recovery and grain growth

Differential scanning calorimetry (DSC) was performed
using a Perkin Elmer DSC 7 to quantify the internal enthalpy
difference AH; ¢ of Eq. (5), associated with defects and grain
boundaries. The as-milled nanomaterial with grain sizes of
7 nm was placed in the DSC sample holder inside alumina
crucibles using a N, purge gas flowing at 20-30 ml/min.
The differential heat flow to the sample was measured while
heating it from 320 K to 800 K at 20 K/min. The heat
evolution of the nanomaterial measured by DSC is shown in
Fig. 6.

The defect recovery and grain growth are exothermic and
irreversible processes, so subsequent DSC runs on the same
sample lack the exothermic peak between 580-750 K, in-
dicating that the entire defect recovery occurred during the
first run. To quantify the enthalpy resulting from defects and
grain growth, a linear baseline was used to calculate the area
of the highlighted exothermic peak. The resulting enthalpy is
Hj™° = 2.3 kJ/mol. This is in very good agreement with the
re-crystallization enthalpy of 2.2 kJ/mol of ball-milled NizFe
reported in [75].
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FIG. 6. Heat flow measured by DSC while heating the nanocrys-
talline sample at 20 K/min. Positive values correspond to endother-
mic heat flows. The release of internal energy from defects and grain
growth is highlighted (green) and its enthalpy of Hj = 2.3 kJ/mol
was calculated using a linear baseline (dashed line). The labeled
grain sizes were determined from measured XRD patterns presented
in the Supplemental Material [43].

The Curie transition of nanocrystalline Nig;Fey3 was re-
ported to occur at 728 K [49]. Even though we did not mea-
sure the thermal evolution of the magnetism in our samples,
some endothermic signal around 720 K could correspond
to the ferromagnetic transition. The Curie temperature of
nanocrystalline materials, however, is sensitive to the exact
grain size [76], and it might be different in our materials.
If the highlighted signal of Fig. 6 includes the magnetic
transition, the calculation of Hj ° would be affected. To
estimate this possible error, we calculated the enthalpy of the
magnetic transition using the heat capacity measurement of
NisFe by Kollie et al. [44]. The resulting magnetic enthalpy is
0.12 kJ/mol, which corresponds to 5% of H, ~°.

We showed that the highlighted exothermic peak of Fig. 6
corresponds indeed to grain growth of the nanocrystalline
material by heating the as-milled material to different temper-
atures and acquiring XRD patterns after cooling. The nano-
material was heated in vacuum at 20 K/min, the same heat-
ing rate used for the DSC measurement. The XRD patterns
showed sharpening of the diffraction peaks with increasing
annealing temperatures. The grain size broadening of the
XRD peaks were separated from the strain broadening using
a Williamson-Hall method modified for anisotropic strain
fields (these calculations and the measured XRD patterns
are included in the Supplemental Material [43]). The result-
ing grain sizes, included in Fig. 6, reveal that most of the
grain growth during heating occurs indeed between 580 and
800 K.

D. Phonon density of states

Inelastic neutron scattering (INS) measurements were per-
formed on powder samples with the time-of-flight wide
angular-range chopper spectrometer, ARCS, at the Spalla-
tion Neutron Source at Oak Ridge National Laboratory. An
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FIG. 7. (a) Phonon DOS curves measured by inelastic neutron
scattering at 300 K. Solid curves correspond to the new measure-
ments performed at ARCS, while the markers are measurements
from previous work [3]. The solid light curve (Calc), also from
previous work, was calculated with a Born-von Kdrmén model using
force constants from [66] and broadened by instrument resolution.
(b) Phonon entropies calculated with the curves of panel a, using
Eq. (7).

incident energy of 70 meV was used. The powder sample
was placed in an aluminum can with a cylindrical insert to
create an annulus of sample 1 mm in thickness, with 30
mm of outer diameter and 50 mm of height. Measurements
were performed in a low-background closed cycle refrigerator
(CCR 16) between 190 K and 300 K. Data reduction was
performed with DGS reduction in Mantid [77]. The data were
normalized by the proton current on target. Bad detector pixels
were identified and masked, and the data were corrected for
detector efficiency using a measurement from vanadium. The
phonon density of states (DOS) curves were obtained after
subtraction of the empty aluminum can and corrections for
multiphonon and multiple scattering using the Multiphonon
package [78].

The measured phonon DOS are presented in Fig. 7(a) as
solid curves together with DOS from prior work as markers
and a gray solid curve calculated with a Born-von Kdrmén
model [3]. The phonon spectra from prior work were obtained
by INS measured only at two values of momentum transfer.
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This resulted in an underestimation of the DOS at low en-
ergies especially for the large grained materials, due to the
sharper features in their spectra. Both spectra obtained for
the nanocrystalline material (‘nano’ and ‘6 nm’) are in good
agreement.

The vibrational contribution to the entropy Sy, and heat
capacity C,, yip, can be determined from the phonon DOS, g(¢),
as [1,10-12]

Svin(T) = 3kB/ 8@l +ne ) In(l + ne 1)
0
—Ne,T In I”ls’T] d8, (7)

o0 e 2 eE/kgT
Cpvin(T) = 3N kB/O g(e) (kB_T> (/T — )2 de,

®)

where ¢ is the phonon energy and n, r = (exp(e/ksgT) — D!
the Planck distribution of phonon occupancy. The phonon
DOS, g(¢), is normalized to 1, and N is the number of atoms
in the sample.

Figure 7(b) shows the resulting vibrational entropies,
which as expected, are enhanced with increasing nanocrys-
tallinity. The entropy obtained for the control sample is larger
than that from previous work (‘50 nm’). The previous under-
estimation of the DOS at low energies causes a reduction of
the vibrational entropy as calculated by Eq. (7), because the
Planck factor n, r is largest at low ¢.

IV. DISCUSSION
A. Residual entropy at 0 K

The nanocrystalline material is at a metastable equilibrium.
Its configurational degrees of freedom are not equilibrated
and are unchanged between 0 K and approximately 580 K,
when the heat evolution from defect annihilation and grain
growth is observed. This heat evolution shown in Fig. 6 can
be integrated to give 0.4 kg/atom, which could be used as
a residual entropy at 0 K. However, the configuration of
the nanocrystalline material is frozen below 580 K, so this
residual entropy does not contribute to the free energy because
it has no ability to do work. Furthermore, all of the heat
capacity below 300 K is accounted for by phonons, electrons,
and magnetism (as discussed in the next sections), and an
additional 0.4 kg /atom is well outside the experimental errors.

A residual entropy calculated by integrating the heat ca-
pacity as AS = [ C,/TdT assumes an equilibrated system,
which is not the case for the configurational degrees of
freedom. Even though many possible configurations are ther-
modynamically allowed, corresponding to a high degree of
degeneracy, the nanomaterial is kinetically trapped. It can
access only its own metastable basin, which at 0 K consists
of a single microstate [51-53]. Boltzmann’s entropy defini-
tion, S = kg In 2, which is consistent with the second law
of thermodynamics for nonequilibrated systems [79] gives
Sp = 0 for the configurational degrees of freedom of our
nanocrystalline material when 2 = 1 at 0 K.

><10'3

16
U 14
g 12
= 10
~
g 8

Control
4
0 50 100 150 200
TZ(KZ)

FIG. 8. Low temperature heat capacities of the nanocrystalline
and control materials plotted as C,/T vs T2. Solid curves are fits to
the data using Eq. (9).

B. Contributions to the heat capacity at low temperatures

Phonons, electrons, and magnetism all contribute to
the heat capacity in the low temperature region between
0.4-10 K as

Cp(T) = C[,’el + Cp,mag + Cp,ph
= yT +aT* + BT3. 9)

Fits of Eq. (9) to the data are shown in Fig. 8 for the
nanocrystalline and control materials, plotted as C,/T vs T?.
Figure 8 shows a vertical offset from conduction electrons,
with a linear behavior from phonons (yT + BT3). The
contribution from magnons becomes pronounced only at very
low temperatures around 1 K [74]. Nevertheless, including
the spin wave term 732 in fits with Eq. (9) reduces the
overall RMS errors of the fits by 20% for the bulk material
and 15% for the nanocrystalline material. Both fits, with and
without the magnon term, their fitting parameters and RMS
errors can be found in the Supplemental Material [43].

Our control sample has an electronic contribution

of y =3.96mlJ/(mol K?), in good agreement with
the y =4.05 mJ/(mol K?) reported in [74] and
y = 3.90 mJ/(mol K?) [80]. The electronic heat

capacity of the nanocrystalline material is larger, with
y = 5.55 mJ/(mol K?).

The phonon contribution gives B =251 x
1072 mJ/(mol K*) for the control sample, corresponding
to a Debye temperature of 6p = 426 K. Kollie et al. [74]
reported Debye temperatures between 430 K and 488 K, and
Gupta [81] reported 0p = 425 K. The enhanced degrees of
freedom of the nanomaterial at low vibrational energies
are manifested in a larger Debye fitting parameter of
B =4.81 x 1072 mJ/(mol K*), corresponding to a 6p =
327 K. These Debye temperatures can be used to estimate a
vibrational entropy difference at high temperatures as

90
AS"¢ =3 kg 1n(9—§> = 0.8 kg/atom ,
D

(10)
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FIG. 9. Heat capacities of nanomaterial (4) and control samples
(o) from calorimetry shown in Fig. 5, superposed with phonon heat
capacities calculated from the phonon DOS using Eq. (8) (solid lines)
and with vibrational plus electronic heat capacities (dashed lines).

but this is unrealistically large compared to what we obtain
by considering the full phonon spectra of the two materials.

The spin wave contribution found by fitting our data
gave « = 0.16 mJ/(mol K3/?) for the control, and o =
0.27 mJ/(mol K*?) for the nanocrystalline material. The
value for the control material is a little larger than reported
by Kollie [74] [ = 0.10 mJ/(mol K5/2)] and Dixon [80]
[@ = 0.12 mJ/(mol K3/?)]. The lowest temperatures achieved
in their experiments were 1.2 K and 1.4 K, respectively.
Since the magnon contribution is most evident at very low
temperatures, their fits might have underestimated the magnon
contribution.

C. Contributions to the heat capacity at higher temperatures

The phonon contribution to the heat capacity was calcu-
lated from the phonon DOS measured by inelastic neutron
scattering using Eq. (8). The resulting vibrational heat capaci-
ties for the nanocrystalline and control samples are compared
in Fig. 9 to the total heat capacities measured by calorime-
try. For the control material approximately 90% of the heat
capacity originates from phonons (80% for the nanomaterial).
The increase of heat capacity above the classical limit of 3
kg /atom at high temperatures requires more than harmonic or
quasiharmonic phonons calculated by Eq. (8), as discussed in
the next section.

In what follows, we show that adding the contributions
from electrons and spins to the phonon contribution brings
the heat capacity of our materials into much better agreement
with results from calorimetry. The electronic contribution
to the heat capacity is estimated by extrapolating the low
temperature electronic contribution (Cpe = yT) to higher
temperatures. The results for both the nanocrystalline and con-
trol materials are included in Fig. 9. At 300 K, the electronic
heat capacities for the nanocrystalline and control samples are
0.20 kg /atom and 0.14 kg /atom, respectively.

Estimating the magnetic contribution at 300 K is not so
easy, since the contribution from spin waves, Cp, mag = aT3?,

is not applicable at elevated temperatures. The heat released
by disordering the spins below the Curie transition is reflected
in the temperature dependence of the magnetization. Most of
the change in magnetization occurs near the Curie temper-
ature, so the magnetic thermal disorder is small at 300 K.
The ferromagnetic transition of disordered bulk NisFe occurs
at 871 K [46]. Experimental measurements show a decrease
of only 5% in the spontaneous magnetization of bulk NiszFe
between 0 K and 300 K [82].

The structural disorder in nanocrystalline materials is re-
sponsible for some decrease in lattice magnetization and
Curie temperatures with respect to bulk materials. Curie tem-
peratures between 728 K [49] and 848 K [50] have been
reported for nanocrystalline NisFe. Previous measurements
on our nanocrystalline samples at 300 K showed that the
magnetization is 7% lower than that of the control samples [4].
In other work, at 4 K the magnetization of a nanocrystalline
sample (12.5 nm) was found to be 2% lower than that of a
sample with larger grain sizes [50].

The total entropy of magnetic disordering was computed
by integrating the magnetic heat capacity of bulk Nis;Fe re-
ported in [83] up to 1400 K, giving Syag ot = 0.61 kp/atom.
We estimate the fraction of this magnetic entropy in our
materials below 300 K with the mean field approximation,
using the mean field entropy Si¢ = kg In €2, where €2 is the
number of equivalent spin configurations. For a fully mag-
netized material at 0 K (M = 1), all the spins are aligned,
so =1 and S, = 0. Above the Curie transition M = 0,
with half of the spins in each direction. The entropy is then
Smf = NkgIn2, where N is the total number of atoms. For
partial magnetization:

M= (+DxN+ (-1)N(1 —x)
= ¥ =
where x denotes the fraction of atoms with spin up. The mean
field entropy can be written as a function of M (T ):
Smf(M) = —Nkg[xInx + (1 — x)In(1 — x)]

Nk M+ 1 |- M
=—TB[(M+1)ln e 0 —M)h }

2x—1, (11

12)

The fraction of the total magnetic entropy is the ratio
Sme(M)/Smt(0), so the magnetic entropy of our materials can
be computed as:

St (M) S
Nkg In2~ ™10

For bulk NisFe, we used experimental data for M (T") [82] with
Eq. (13) to obtain the entropy from 0-300 K. At 300 K it is
Shag = 0.09 kg /atom. Magnetization data were available for
the nanomaterial at 4 K [50] and 300 K [4]. The small decrease
in magnetization from 4 to 300 K of the nanomaterial was
used with Eq. (13) to obtain the entropy at 300 K of ST, =
0.15 kg/atom.

The magnetic heat capacity of our control sample was com-
puted between 0-300 K from ST, (T'). It is presented with the
other contributions in Fig. 10(a). Our magnetic contribution at
300 K (0.12 kg /atom) is in good agreement with the magnetic
heat capacity of NizFe reported by Kollie (0.14 kg/atom)

Smag(M) = (13)
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FIG. 10. Individual contributions to the heat capacity of (a) the
control and (b) nanocrystalline samples. The residual is the differ-
ence between the sum of the labeled contributions and the total heat
capacity measured by calorimetry.

[83] and the magnetic contribution calculated by Kormann
et al. for Ni (0.11 kg/atom) [84]. As seen from the small
residual of Fig. 10(a), the sum of magnetic, electronic, and
phononic contributions agrees well with the total heat capacity
measured by calorimetry.

For the nanocrystalline material, the magnetic entropy was
calculated only at 4 K and 300 K. By assuming that it follows
the same temperature dependence as the control material, we
estimated its magnetic heat capacity between 0-300 K. The
individual contributions to the heat capacity of the nanoma-
terial can be seen in Fig. 10(b). As suggested by the larger
residual heat capacity at 300 K, the nanocrystalline material
has additional contributions, besides the electronic, magnetic,
and vibrational heat capacities. This residual heat capacity is
0.22 kg /atom at 300 K, corresponding to a residual entropy of
0.14 kg /atom. Its origin is discussed in the next section.

D. Contributions from thermal expansion and anharmonicity

It is straightforward to calculate the contribution to the heat
capacity from thermal expansion [1]:

AC®(T) = Cp(T) — C(T) = BupT. (14)

Using a bulk modulus of 179 GPa, molar volume of
6.75 cm?/mol, volume thermal expansion of 3.3 x 107°/K
(values for NizFe at 300 K taken from [70]), gives AC;f =
0.05 kg/atom, about 1% of the total heat capacity at 300 K
and about 20% of the residual heat capacity of the nanoma-
terial. Thermal expansion alone cannot account for the excess
residual heat capacity of Fig. 10(b).

Another possible contribution comes from anharmonic
phonons. Phonons may have reduced lifetimes from anhar-
monic interactions with grain boundaries or other defects
of the nanomaterial, broadening the features of the DOS as
shown in Fig. 7(a). The phonon heat capacities and entropies
calculated with Eqs. (7) and (8) assume a distribution of
harmonic modes and do not account for shortened phonon
lifetimes. Lifetime broadening can be modeled using damped
harmonic oscillators, and the introduction of damping causes
a shift of the spectrum to higher energies, giving an appar-
ent reduction in the entropy when calculated with Eq. (7).

51 @ ()
Nano 30 Nang
/\4 ~
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£ 3 520
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Control
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1
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FIG. 11. (a) Total enthalpy and (b) entropy of nanocrystalline
material and control sample computed from calorimetry measure-
ments of the heat capacity using Egs. (2) and (3). The grain boundary
enthalpy H, is not included.

A correction for this effect, given in Ref. [85], predicts
an increase of the phonon entropy by 0.15 kg/atom for a
damped harmonic oscillator with a damping factor of Q =
6, which is generally consistent with the broadened phonon
DOS of the nanocrystalline material. Shortened phonon life-
times account well for the residual entropy of 0.14 kg/atom
for the nanomaterial at 300 K. An anharmonic contribution
of a fraction of one kg/atom is typical for metals at high
temperatures [86].

E. Gibbs free energy and stability

The Hy term in Eq. (2) is an important contribution to the
enthalpy of the nanocrystalline material. It was measured to
be 2.3 kJ/mol by the heat evolved when the nanocrystalline
material was heated to 800 K, as the grains grew and the
defects were annihilated (Fig. 6). The enthalpy H,(T) was
obtained by integrating the heat capacity as in Eq. (2), and
it is shown in Fig. 11(a). The difference of H,(T) between
the nanocrystalline and control material, AH ;_C(T), increases
with temperature.

The entropy of formation of a grain boundary is positive,
helping to stabilize a consolidated nanomaterial at finite tem-
peratures by Eq. (1). The excess entropy of the nanomaterial
obtained from calorimetry can be seen in Fig. 11(b). At 300 K
it is 0.37 kg/atom (3.0 J/mol K). An early report gave a
larger excess entropy for nanocrystalline Pd [57]. Isolated
iron nanoparticles showed an increase of phonon entropy of
0.5 kg/atom [8]. Our measured excess entropy contributes
to the Gibbs free energy with —7T AS"™ = —0.9 kJ/mol at
300 K. The excess entropy increases with temperature, so its
contribution to the Gibbs free energy should be larger at 600 K
where the grain growth starts.

Figure 12 shows that the excess Gibbs free energy
AG"(T) (labeled “Diff”) is positive at all temperatures.
The nanocrystalline material has a larger entropy, and a
larger enthalpy, than the control sample. The net effect is
to reduce the AG"~¢(T") with temperature somewhat but not
enough to overcome the enthalpy Hj from grain boundaries
and defects in the nanocrystalline material. By extrapolating
the measured Gibbs free energies to 600 K, we predict that
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FIG. 12. Gibbs free energies of as-milled nanocrystalline Niz;Fe
and control sample, using enthalpies and entropies of Fig. 11, and
AH;™¢ = 2.3 kI/mol.

the nanomaterial would still be thermodynamically unstable.
Its larger excess entropy at 600 K would be insufficient to
overcome the enthalpy of its grain boundaries (2.3 kJ/mol).
Since diffusion is thermally activated, the grains start to grow
at 600 K, transforming the metastable nanomaterial into its
stable counterpart with larger crystallites.

V. CONCLUSIONS

The heat capacities of nanocrystalline and large-grained
fcc NizFe alloys were measured between 0.4-300 K. The

heat capacity of the nanocrystalline material was consistently
larger, especially at temperatures below 100 K. This dif-
ference originates from its larger phonon density of states
(DOS) at energies below 15 meV, as shown by old and new
inelastic neutron scattering measurements. Phonons ac-
counted for most of the heat capacities of the NizFe samples
and for most of the difference between the nanocrystalline
and control samples. The remaining heat capacity of the
control sample was accounted for by electronic and magnetic
contributions. Adding all components of the nanocrystalline
material (phonons, electrons, and magnetism) gave a result
that was about 7% lower than the total measured by calorime-
try at 300 K. This difference is attributed to a larger phonon
anharmonicity in the nanocrystalline material, which could
also cause the observed broadening of features in its measured
phonon spectrum. The larger entropy of the nanocrystalline
material with respect to the control sample is counteracted
by its larger enthalpy, so the difference in Gibbs free energy
between the nanocrystalline and control sample decreases
only modestly with temperature. The nanocrystalline material
is thermodynamically unstable at temperatures to 300 K and is
probably unstable to higher temperatures where grain growth
occurs.
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