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Effects of vacancies on phonon entropy of B2 FeAl
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The phonon density of states (DOS) and phonon entropy of B2 FeAl were determined as functions of the Fe
site vacancy concentration using several scattering techniques and were computed from first principles. Mea-
surements at elevated temperature and pressure were performed to explore volume effects, test the usefulness
of the quasiharmonic (QH) approximation, and provide comparison for the first-principles calculations. The
average temperature and pressure dependencies of phonons were consistent with the QH model. The decrease
in specific volume associated with the introduction of vacancies causes a stiffening of the DOS that was
captured well with the experimentally determined Griineisen parameter. Features associated with vacancies in
the DOS are not well explained by this model, however, especially in the gap between the acoustic and optic
branches. First-principles calculations indicated that these modes are primarily associated with vibrations of Al
atoms in the first-nearest-neighbor shell of the vacancy, with some vibration amplitude also involving the
second-nearest-neighbor Fe atoms. At the vacancy concentrations of study, the phonon entropy of vacancy
formation was found to be approximately —1.7kg/atom, about half as large and of opposite sign as the

configurational entropy of vacancy formation.
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I. INTRODUCTION

Ordered intermetallic (B2) FeAl alloys are of
technological interest as high-temperature structural materi-
als due to their high resistance to corrosion, low density, and
high strength. Unfortunately, the brittleness of these alloys at
ambient temperatures hinders their use. An important char-
acteristic of B2 FeAl is its propensity to develop an abnor-
mally high equilibrium vacancy concentration at high tem-
perature, particularly at  off-stoichiometric =~ Al-rich
concentrations where the predominant defect is the vacancy
on the Fe site (V,).!"”> These large vacancy concentrations x,
can be retained at ambient temperature by quenching.

The concentrations of the different possible types of de-
fects in FeAl depend strongly on both composition and tem-
perature. Thermodynamic measurements and models have
been used to rationalize the high vacancy concentrations in
B2 FeAl3'0 Vacancies increase the configurational entropy
S, causing them to be favored at higher temperatures by
lowering the Gibbs free energy, G=H—-TS. The contribution
of phonon entropy, S, to the vacancy formation free energy
is often ignored, although S, has been estimated to be
large.!! Direct measurements allow for a better assessment of
this important thermodynamic quantity.

Within the quasiharmonic (QH) model, fractional changes
in the phonon energies depend linearly on the fractional
change in volume in proportion to the Griineisen parameter
v. The volume of a crystal is determined by the pressure and
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temperature, which were varied in this experiment to explore
effects of specific volume. The introduction of vacancies in
B2 FeAl results in a measurable decrease in the lattice pa-
rameter at ambient temperature.' This decrease in lattice vol-
ume could result in an overall increase in the phonon fre-
quencies, which would lead to a negative phonon entropy of
vacancy formation. However, vacancies are also expected to
locally distort the lattice in ways that should alter some pho-
non modes more than others, especially the high-frequency
modes. The overall effect of vacancies on the phonon en-
tropy is not obvious.

Here, we present results from experimental and computa-
tional studies of the effect of vacancies, temperature, and
pressure on phonons in B2 FeAl. Inelastic neutron scattering
(INS) was used to measure the dependence of the phonon
density of states (DOS) on temperature and vacancy concen-
tration. The >’Fe phonon partial density of states (PDOS)
was determined as a function of vacancy concentration and
pressure up to 23 GPa using nuclear resonant inelastic x-ray
scattering (NRIXS). The unit-cell volume was determined as
a function of pressure up to 35 GPa from energy dispersive
x-ray diffraction (EDXRD) and angle dispersive x-ray dif-
fraction (ADXRD). The phonon DOS was computed from
first principles for the perfect B2 structure, and in the B2
structure with defects. We compare the results obtained with
these different techniques and present a picture of the effect
of vacancies on the phonons and phonon entropy of B2 FeAl.
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I1. INELASTIC NEUTRON SCATTERING
A. Materials preparation and characterization

Large ingots of FeAl were vacuum cast at the Oak Ridge
National Laboratory. The ingots were sliced using electric
discharge machining into 1-mm-thick pieces. They were
sealed in quartz ampoules under high-purity argon and di-
vided into three different batches. Each batch was annealed
at a different temperature to form different equilibrium con-
centrations of vacancies. The samples were quenched into
iced brine from the annealing temperatures (Tg) of 823,
1150, and 1373 K.

The Fe vacancy concentrations were estimated to be
0.5%, 1.8%, and 3.1% for Ty of 823, 1150, and 1373 K,
respectively, as follows. The density p of each sample was
measured by gravimetric analysis using ethanol as the flota-
tion medium. Approximately 22 pieces from each sample
were measured to obtain p in Table I. X-ray diffraction pat-
terns from all samples were acquired using an Inel CPS-120
diffractometer with Co K« radiation and a position-sensitive
detector. A B2 crystal structure was confirmed, and lattice
parameters were obtained from the XRD data. The densities
and lattice parameters were used to determine the vacancy
concentrations, following the method of Simmons and
Balluffi'? (adapted for density p rather than length L),
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Equation (1) gives the vacancy concentration difference be-
tween two samples. Measurements indicate that x,~0.5% at
823 K.! Table I presents the absolute vacancy concentrations,
X, =Ax,+0.5%.

Six pieces were taken from the ingot for electron micro-
probe measurements. From 22 measurements of local chemi-
cal composition, the average alloy concentration was
50.3+0.2 at. % Fe and 49.7*+0.2 at. % Al. Trace amounts
of Ni were also detected. We found the samples to have good
composition homogeneity.
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B. Neutron-scattering experimental procedure

Inelastic neutron-scattering measurements were per-
formed with the low-resolution medium energy chopper
spectrometer at the Intense Pulsed Neutron Source of the
Argonne National Laboratory. Samples were mounted in
thin-wall aluminum cans of area 7 X 10 cm?. The flat sample
packages were tilted at a 45° angle off the direction of the
incident beam to minimize self-shielding. In this arrange-
ment, the 1-mm-thick pieces scattered on average 10% of the
incident neutrons. All measurements were performed with an
incident beam of monochromatic neutrons with a nominal
energy of 60 meV. Data were collected at temperatures from
10 to 773 K, using a closed-cycle He refrigerator for cooling
and a custom low-background furnace for heating. Measure-
ments were performed on the empty sample container at all
temperatures under the same conditions.

The raw data of intensity versus time of flight in the dif-
ferent detector tubes were processed into intensity versus en-
ergy, and then converted into a “neutron-weighted” phonon
density of states. The raw data were corrected for detector
efficiency using a white beam spectrum from a vanadium
plate and were normalized by the integrated incident flux on
the sample. An average of the counts at the longest times of
flight was taken as an estimate of the time-of-flight-
independent background and subtracted from all data. The
scattering from the empty holder and sample environment
equipment was then subtracted from the data from the
samples. The low-angle data (angles less than approximately
20°) were neglected to minimize possible contributions from
magnetic scattering. After the removal of an elastic peak cen-
tered about 0 meV, the data below 8 meV were truncated and
approximated by a straight line, as expected in the con-
tinuum limit. Corrections were then made for thermal factors
and multiphonon scattering (two- through five-phonon pro-
cesses), using an iterative procedure in the incoherent ap-
proximation, with some accounting for multiple scattering.'3

This procedure produces a neutron-weighted phonon
DOS, because the cross sections for the scattering of thermal
neutrons by Fe and Al nuclei are different. The scattering

TABLE 1. Measured properties of quenched FeAl alloys at 300 K.

TQ P Col Xy Sph <E> Sph,Fe <E>Fe
Pressure  (K)  (g/cm?) (A) (%)  (kg/atom) (meV) [kg/(Fe atom)]  (meV)
INS
Ambient 823 5.57*0.03 2.9168 +0.0005 0.5 3.055*0.013 29.6*+0.2
Ambient 1150 5.5*=0.03 2.9161+0.0005 1.8 3.006=0.013 30.2*0.2
Ambient 1373 5.48=*0.01 2.9079+0.0005 3.1 3.010*x0.013 30.2*0.2
NRIXS
Ambient 773 2.9130£0.0005 3.681+0.016 23.2%0.1
Ambient 1273 2.9037 £0.0005 3.640*+0.014 23.7%0.1
NRIXS
23.0 GPa 773 2.813+0.006 2.926+0.028 30.37*+0.1
23.0 GPa 1273 2.812+0.006 2.875+0.025 30.83*+0.1
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FIG. 1. (Color online) Phonon DOS of FeAl quenched from
different temperatures, corrected for the neutron weighting, mea-
sured at 10 and 300 K.

weight ratio Fe:Al of 3.74:1 is quite large, requiring a
neutron-weight correction. Fortunately, a neutron-weight
correction is possible because B2 FeAl is ordered with a
two-atom basis. This system has both acoustic and optical
modes, and the total number of modes is divided equally
between the optical and acoustic branches. For B2 FeAl the
acoustic and optical branches are well separated.'* It is there-
fore straightforward to correct the data such that there are
equal numbers of acoustic and optical modes in the DOS.
The boundary between the acoustic and optic modes was
chosen as the minimum observed around 30 meV in the pho-
non DOS, guided by our first-principles calculations (Sec.
V).

C. Neutron-scattering results

Figure 1 presents the phonon DOS of FeAl quenched
from different temperatures, measured at 10 and 300 K. The
phonon DOS is composed of two parts in all cases: the
acoustic phonons contribute broad spectral intensity extend-
ing up to about 31 meV, while the optical phonons contribute
two sharper peaks centered at 36 and 42 meV. The phonon
cutoff is sharp and located at about 48 meV. The curves in
Fig. 1 show that the introduction of a few percent of vacan-
cies by quenching has a small effect on the phonon DOS of
B2 FeAl; however, we do observe suppression of the number
of modes in the lower optic peak, around 36 meV, and a
concurrent slight stiffening (increase in energy) in the posi-
tion of the phonon cutoff of ~1 meV. Also, we observe
higher shoulders on either side of the acoustic-optic gap in
the samples with more vacancies. These features are high-
lighted by the upward arrows on the energy axis for both the
10 and 300 K plots. In the 10 K measurement, a peak can be
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FIG. 2. (Color online) Phonon DOS of FeAl with low vacancy
concentration (sample quenched from 823 K) measured by INS at
different temperatures (dashed lines and markers). Phonon DOS
curves representing the effect of the change in volume from 10 to
300 K and 773 K were calculated from the measured 10 K DOS,
using a quasiharmonic analysis [Eq. (2)] (see text). These calculated
curves (solid lines) are designated “QH.”

seen at 34 meV in the sample with more vacancies. A
broader peak is also seen around 30 meV. Although the va-
cancies themselves do not contribute to the phonon DOS,
they can affect the vibrations of neighboring atoms, and we
explain below how the peaks developing on either side of the
gap can be related to the vibrations of first-nearest-neighbor
(INN) Al atoms around vacancies on the Fe sublattice.

The phonon DOS of FeAl with low vacancy concentration
was measured at 773 K. At this temperature there is a ther-
mal equilibrium concentration of vacancies similar to the
material quenched from 823 K. Results for the phonon DOS
(corrected for neutron weighting as described above) are
shown in Fig. 2. The phonon DOS shows a definite softening
with increasing temperature. The softening affects the whole
phonon DOS and appears approximately proportional to the
phonon energy. This behavior is expected as the dilation of
the crystal lattice at elevated temperatures leads to a weak-
ening of interatomic force constants.

D. Quasiharmonic model

The temperature dependence of the softening can be in-
terpreted with the quasiharmonic model, according to which
the fractional changes in the phonon energy levels depends
linearly on the fractional change in volume,

AE AV
—=—y, (2

E Vv
where the thermodynamic Griineisen parameter (average
over all phonon modes) is given by

_ 3aVBS

c, 3)

Y
with « is the linear coefficient of thermal expansion, V is the
specific volume, By is the isentropic bulk modulus, and Cp is
the constant-pressure heat capacity.'” Using values from the
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literature for Cp,'® a,'” and By (148 GPa),'®!° and our ex-
perimental value for V (24.8 A3 per unit cell) we obtain a
Griineisen parameter y=2.0 at 300 K. The high-pressure
measurements presented in Sec. III C give yg.=1.73 £0.04,
which is confirmed by the calculations presented in Sec.
IV C.

Using the experimentally determined Griineisen param-
eter (y=1.73) we shifted the 10 K DOS to the 300 and 773 K
volumes following Eq. (2) (for the 823 K quench). This is
shown in Fig. 2 as solid lines. For the high-temperature mea-
surements (300 and 773 K) we used the lattice volume from
the results of neutron-diffraction measurements presented by
Kogachi et al.? (asyy x=2.910 A and a;7; x=2.937 A). The
10 K lattice parameter (a;y x=2.902 A) was determined
from thermal expansion data taken from 120 to 300 K and
Cy data taken down to 10 K (Ref. 20) by scaling Cy to « at
120 K. The similarity between the DOS measured at 300 and
773 K and the DOS calculated using the quasiharmonic
analysis shows that phonons are quasiharmonic at tempera-
tures up to 773 K for B2 FeAl.

E. Phonon entropy of vacancy formation

The phonon entropy S, is obtained from the phonon DOS
g(E) as*!

Sph = 3ka dE g(E)[(n+ 1)In(n+1) —n In n], (4)

where n={exp[E/(kgT)]-1}"". Results are listed in Table I.

The phonon entropies in Table I for different vacancy
concentrations can be used to determine the phonon entropy
of vacancy formation AS;/lfe by appropriate conversion,

N,
VFe — _—rat
ASpe=ASyoo. (5)

v

The ratio AN, /N, gives the relative change in the number of
vacancies per number of atoms,

Nat - -xv,2 _ -xv,l ! (6)
AN\, 1 —)Cv’z 1 —Xy.1 ’

where x,; and x,, are the vacancy concentrations for two
different samples In the dilute limit (1-x,;)=(1-x,,)=1,
so that AS;=Ax, ASVFe and the slope of a plot of AS,; versus
X, gives AS fe A llnear least-squares fit gives a phonon en-
tropy per Vacancy of —(1.7=0.7)kg/vacancy.

The temperature dependence of the DOS shows that FeAl
is well described by the QH model. The phonon entropy of
vacancy formation was calculated using the QH model as
follows. The 823 K quench data (¢=2.9168 A) shown in
Fig. 1 measured at 300 K was shifted in energy according to
Eq. (2) (y=1.73) to the volume of the 1373 K quench sample
(a=2.9079 A). This vyields a phonon entropy of
3.013kg/atom, similar to the measured Sph for the 1373 K
quench sample of 3.010kg/atom. This application of the QH
model to the phonon DOS gives AS§§9=—1.6kB/ vacancy,
within the error bars of our measurement.

From our neutron-scattering measurements, the phonon
entropy of vacancy formation on the Fe sublattice appears
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similar in magnitude to its configurational counterpart ASFe.
Assuming that energetics constrain the vacancies to the Fe
sublattice, and there are no correlations between vacancies,
the configurational entropy from the number of ways the
vacancies can be distributed on the Fe sublattice is

SYFe(x )——[2x In 2x, + (1 = 2x)In(1 - 2x,)], (7)

where the factor of 1/2 converts the units from [kg/Fe atom]
to [kg/atom]. Taking the discrete difference in the configu-
rational entropy between the samples with 0.5% and 3.1%
vacancies and converting using Eq. (6) gives a value of
AS Fe=3.392kg/vacancy, making the magnitude of phonon
entropy of vacancy formation about half of the configura-
tional entropy of vacancy formation.

I11. HIGH-PRESSURE MEASUREMENTS
A. Sample preparation and characterization

For the diamond anvil cell (DAC) measurements a single
ingot of B2 ordered 57FeAl, with an excess of Al, was pre-
pared by arc melting >’Fe of 95.38% isotopic enrichment and
natural aluminum of 99.98% purity under an argon atmo-
sphere. The sample was annealed at 1373 K for 12 h under
vacuum to ensure homogeneity and then sectioned with a
diamond saw. A mass loss of approximately 1% was detected
and attributed to Al loss, and electron microprobe measure-
ments established a final composition of >'Fe 49,Al( s0s. The
samples were pulverized in preparation for loading into a
DAC, with particle sizes ranging from 10 to 200 wm. The
powders were annealed under vacuum at 773 and 1273 K for
7 days and 1 h, respectively, followed by a quench into iced
brine. The vacancy concentration x, for the samples with
different quench temperatures can be estimated from the
literature'?> to be x,(1273 K)=3-4 % and x,(773 K)
=1%. The difference in the lattice parameter between the
773 and 1273 K quench NRIXS samples reported in Table I
is similar to the difference between the corresponding
quench temperatures of the neutron-scattering samples.
Therefore, the difference in the vacancy concentrations be-
tween the two NRIXS samples is assumed to be the same as
for the neutron-scattering samples (Ax,=2.6%).

B. Elastic x-ray scattering

High-pressure ADXRD and EDXRD were performed on
samples from both quench temperatures at the National Syn-
chrotron Light Source at the Brookhaven National Labora-
tory on beamline X-17C. The samples were loaded into a
Merill-Bassett-type DAC (Ref. 22) with diamonds having
500 wm culets, silicon oil as the pressure medium, and 301
stainless steel as a gasket material. The pressure was cali-
brated with the ruby fluorescence technique.?? The x-ray en-
ergy range for EDXRD was 5-100 keV with a beam dimen-
sion of 0.01X0.01 mm? and the detector set at 26=24°.
The angle and energy were calibrated prior to the experi-
ment. For the ADXRD experiment a charge-coupled device
detector was placed off center to the incident beam at a dis-
tance of 196 mm from the sample. The incident wavelength
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FIG. 3. (Color online) Pressure versus volume data determined
from angle (solid triangles) and energy (open squares) dispersive
x-ray diffraction. The solid black line shows the fit to the data, and
the shaded regions give the error on the fit.

was 0.4066 A, with a beam dimension of 0.02X0.02 mm>.
The angle of tilt of the detector, distance from sample to
detector, and the incident wavelength were calibrated prior to
the experiment. The angular window of the DAC allowed for
a minimum d spacing of ~1.5 A. No structural phase tran-
sition was found over the pressure range of the experiment.

The pressure versus volume data from both EDXRD and
ADXRD for the two different quench temperatures are
shown in Fig. 3. The lattice volume determined from the data
can be used to find the ambient pressure bulk modulus B,
using the Murnaghan equation of state,

{ P }—1/3(’)
V(P)=Vy| 1+By— s (8)
By
where V) is the ambient pressure volume and By is the pres-
sure derivative of the bulk modulus. The value of B|) is set to
4 (typical of cubic systems), so that V|, and B are the fitting
parameters. The fits yield values of BZ)73 K-157+15 GPa,
B}f” K=165+17 GPa, V] *=2497+020 A3  and
V273 ¥=24.8320.20 A3. These values indicate that within
experimental error there is no measurable difference in the
bulk modulus between the two quench temperatures. Ex-
trapolation of sound velocity measurements for iron-
aluminum alloy single crystals in the composition range
from 4 to 40 at. % aluminum at 300 K gives a value of B,
=148 GPa,'®!” which is within the error bars of our result.
The values of V|, from the measurements are in good agree-
ment with the values in the literature!? and in Table I.

C. Nuclear resonant inelastic x-ray scattering

High-pressure NRIXS (Refs. 24-26) was performed at
beamline 16ID-D at the Advanced Photon Source of the Ar-
gonne National Laboratory. The samples quenched from 773
and 1273 K were loaded into separate panoramic piston-
cylinder-type DACs optimized for the use in NRIXS
experiments.”’ Beryllium was used as a gasket material to

PHYSICAL REVIEW B 80, 214303 (2009)

0.12

—FeAl 773 K Quench
——FeAl 1273 K Quench

0.08

0.06 4

TTT T T T T T[T T T T I TTIIT 71T

0.04

Fe Partial Phonon DOS (1/meV)

0.02

Ambient

T T T T T T[T T T T[T [TTTT

INTARENTI FRTRURRER) ARRRARNRNE AERRARUNRI SRRRURNRNE ARNRARNRTE AOMARNTR]

0 10 20 30 40 50 60 70
Energy (meV)

FIG. 4. (Color online) Y’Fe PDOS curves from NRIXS as a
function of pressure for samples quenched from 773 K (x,=1%)
and 1273 K (x,=3-4 %). The PDOS curves are offset by integer
multiples of 0.02 meV~'.

allow transmission of the NRIXS signal, which was mea-
sured with three avalanche photodiode detectors positioned
90° from the direction of the beam. The incident photon
energy was tuned to 14.413 keV, the nuclear resonance en-
ergy of °’Fe. Data were collected in scans of incident photon
energy from —80 to +80 meV from the resonant energy, with
a monochromator resolution of 2.2 meV. For measurements
at ambient pressure, each sample was placed on Kapton tape
at a grazing angle to the incident photon beam.

The raw scattering data were summed and analyzed using
the program PHOENIX,2® which calculates the *’Fe PDOS,
including the removal of the elastic peak and multiphonon
corrections. The *’Fe PDOS curves for the samples mea-
sured in this experiment are shown in Fig. 4. The ambient
pressure Fe PDOS curves are similar to those obtained using
ab initio calculations (Sec. IV and Ref. 14).

With more vacancies, the Fe PDOS curves at ambient
pressure show a measurable decrease in the number of
modes in the energy range 15-25 meV, and an increase in
modes in the energy range 28-32 meV. The sample with
more vacancies also shows a slight increase in the phonon
cutoff energy. This trend is consistent with the results of
neutron scattering presented in Fig. 1. The shift of the pho-
non frequencies into the gap is larger at 23 GPa than at
ambient pressure.

The phonon entropy for the Fe PDOS is given in Table I
in units of kg/(Fe atom). Accounting for the concentration
of Fe atoms and converting using Eq. (6) we determine the
contribution of the Fe modes to the phonon entropy of va-
cancy formation to be ASlej;e:—(O.W +0.40)kg/vacancy.

The fits to the pressure versus volume data given in Sec.
III B and the first moment of the PDOS curves in Fig. 4
provide the information necessary to determine the thermo-
dynamic Griineisen parameter of Eq. (2) for the Fe modes.
The value obtained from the 773 K quench sample is yg,
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=1.73%+0.04. For the
=1.68£0.05.

The phonon entropy of vacancy formation for the Fe
modes was calculated using the QH model as follows. The
773 K quench data (¢=2.9130 A) shown in Fig. 4 measured
at ambient pressure was shifted in energy according to Eq.
(2) (yge=1.73) to the volume of the 1273 K quench sample
(a=2.9037 A). This yields a phonon entropy of
3.637kg/(Fe atom), similar to the measured Sph,re for the
1273 K quench sample of 3.640kg/atom. This application of
the QH model to the Fe PDOS gives AS:}ECFC
=-0.85kg/vacancy, within the error bars of our measure-
ment.

1273 K quench sample g,

IV. FIRST-PRINCIPLES SIMULATIONS

Density-functional theory (DFT) calculations of phonons
in FeAl have been performed by Meyer et al.'* and these
authors reported very good agreement with the experimental
phonon dispersion. The computations of Meyer et al.'* were
limited to the case of perfect B2 FeAl with no defects, how-
ever. Here, we report on first-principles calculations of the
structure and lattice dynamics of FeAl for the cases of both
the perfect structure, and for B2 FeAl with vacancies and
antisites on the Fe and Al sublattices.

A. Methods

We used 2 X2 X2 and 3 X 3 X3 supercells of the B2 FeAl
unit cell, containing respectively 16 and 54 atoms. To model
the alloy with Fe vacancies, we used a 3 X3 X3 supercell
with the central Fe atom removed, representing a vacancy
concentration of 1.85%. Similarly, for an Al antisite defect,
the central Fe atom was replaced with an Al atom, and vice
versa for the Fe antisite.

DFT simulations were performed with the software VASP,
using the projector augmented wave formalism.>*=2 All cal-
culations were performed with the Perdew-Burke-Ernzerhof-
1996 generalized gradient approximation as the exchange-
correlation functional.’* The total energy of B2 FeAl was
well converged with a Brillouin-zone sampling grid of 12
X 12X 12 k points, and the energy of the 3 X3 X3 FeAl
supercells was converged with 4 X4 X4 grids. The energy
cutoff was 268 eV, except for volume optimization (and re-
laxation calculation in the case of supercell with defects), for
which a cutoff of 350 eV was used. Calculations were per-
formed as a function of lattice parameter to determine the
bulk modulus B and its pressure derivative B’. For the su-
percell with defects, the positions of the ions were optimized
at each volume. The resulting E(V) curves were fit with a
Birch-Murnaghan equation® to extract B and B'.

We used the direct force method*37 to compute the lat-
tice dynamics of FeAl with and without point defects. The
software PHONON3® generated a set of atomic displacements,
allowing the determination of the interatomic force-constant
tensor. The forces on ions in each configuration were com-
puted with DFT (VASP) with the same settings as above.

The phonons for the perfect structure were calculated with
both 2 X2 X2 and 3 X3 X3 supercells. The phonons for the
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3 X3 X3 supercells with central defects were calculated with
the same method, using the relaxed structures. For supercells
without central defects, only two displacements had to be
calculated, corresponding to the two types of atoms. For the
supercells with central defects, a total of 12 inequivalent dis-
placements had to be calculated for antisite defects and 11
displacements in the case of the Fe vacancy. The displace-
ment amplitudes were set to 0.03 A, in all cases. The calcu-
lated phonon DOS curves for the 2X2X2 and 3X3X3
supercells were very similar, and energies of the optical
modes were in excellent agreement. The acoustic region of
the DOS had a very similar shape in both cases, but a shift in
energy was observed, as expected from the wavelength cut-
off imposed by the smaller 2 X2 X2 supercell. However, the
very good overall agreement indicates that the phonon DOS
is largely converged with a 3 X3 X3 supercell.

B. Structure optimization

The optimized lattice parameters and bulk modulus of the
supercells are listed in Table II. Our result for the equilibrium
lattice parameter of the perfect structure is in good agree-
ment with the low-temperature lattice parameter (Sec. I D),
being only 1.1% smaller than the value of 2.902 A. The
optimized lattice parameter is 1.6% smaller than the experi-
mental value of 2.9168 A (at 300 K). The result of our cal-
culation for bulk modulus is somewhat larger than the ex-
perimental value, which is expected from the smaller
computed equilibrium lattice parameter. The computed val-
ues for the bulk modulus derivative, 4.1 =B’ =4.4, are con-
sistent with the value used in the fits of experimental V(P)
curves. For the perfect B2 structure, using the experimental
value of bulk modulus B=148 GPa (for the low vacancy
concentration), we find that the pressure that would result in
lattice parameter decrease of 1.6% is 4.3 GPa. Using B’
=44, this leads to an overestimate of the bulk modulus by 19
GPa, accounting for the discrepancy between the experimen-
tal and computed values.

The point defects had only a small effect on the computed
lattice parameter of the 3 X 3 X 3 supercells. In particular, the
first-principles calculations predict a very small overall con-
traction upon introduction of 1.85% Fe vacancies (less than a
1073 relative change). The magnitude of this change is in
good agreement with the measured change in lattice param-
eter between the samples quenched from 823 and 1150 K.
The computed bulk modulus for the structure with Fe vacan-
cies is about 4% smaller than for the perfect structure,
whereas our measurements detected no change in B, within
experimental uncertainty. The DFT computations predict a
similarly small decrease in B in the case of 1.85% Al antisite
defects, and almost no change in the case of 1.85% Fe anti-
sites.

Some distances between the central atom or defect and
the atoms in the nth-nearest-neighbor (nNN) shells are listed
in Table II. The optimized structures, with displacements ex-
aggerated by a factor of 4, are shown in Fig. 5. This figure
and Table II show that the introduction of a vacancy on the
Fe sublattice causes a contraction of the INN Al atoms to-
ward the vacancy, while the Fe atoms in the 2NN around the
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TABLE II. Results from structure optimization with VASP: a is the lattice parameter, B is the bulk
modulus, B’ its pressure derivative, and L, is the nth nearest-neighbor distance from the central atom (or
vacancy) in the 3 X3 X 3 supercell. Experimental and literature values are at 300 K.

a B L, (A) L, (A) Ly (A) Ly (A)

(A) (GPa) B’ Li/a Ly/a Ly/a L,/a
Expt. 2.9168 157+ 15
Lit? 2910 148
Fey Al 2.870 181 44 2.485 2.870 4.060 4759
No defect 0.866 1.000 1.414 1.658
FessAly; 2.868 174 43 2.442 2912 4.02 477
VEe 0.852 1.015 1.401 1.664
Fe,gAlyg 2.880 173 4.1 2.624 2.810 4.070 4.770
Alg, 0911 0.977 1.415 1.657
FesgAlyg 2.865 183 44 2.429 2.871 4.045 4.753
Fe 0.848 1.002 1.412 1.659

4References 2 and 18.

vacancy move away from the vacancy. In the case of the Al
antisite (Fe,sAlyg), the Al atoms in the INN shell are pushed
away from the defect, and Fe atoms in the 2NN shell come
closer to it. On the other hand, the Fe antisite binds strongly
to INN Fe atoms, leading to a contraction of this shell and a
small expansion of the 2NN shell of Al atoms. The computed
strains are relatively small in the 3NN and 4NN shells in all
cases.

C. Effect of compression on the phonon DOS

The phonon DOS of the perfect structure was computed
for reduced volumes. The ab initio phonon frequencies are
larger than the experimental values by only about 6%, con-
sistent with the computed lattice parameter being smaller
than the experimental value by 1.6%. This corresponds to an
experimental pressure of approximately 5 GPa, as was dis-
cussed above. Figure 6 shows the Fe phonon partial DOS
for perfect B2 FeAl (2 X 2 X 2 supercell) for increasing com-
pressions (decreasing lattice parameters). The phonon DOS
systematically stiffens with increasing compression, as ex-
pected in the quasiharmonic model, and as observed experi-
mentally (see Fig. 4). Also, the magnitudes of the shifts in
the phonon energies at different pressures are in good agree-
ment with our measurements. The calculated total phonon

& & o (v ¢ ¢ |00 @

W v W | WO W ® @ |
“I'U‘o’d PP Ll
& & o o & o | | o o

PP PP
(a) (b) (c)

FIG. 5. (Color online) Relaxed 3 X 3 X 3 supercells with central
defects, calculated with VASP. The displacements from the perfect
structure are exaggerated by a factor of 4 for visualization. Light
atoms (gray) are Fe; dark atoms (blue) are Al. Left: Fe vacancy.
Center: Al antisite. Right: Fe antisite.

DOS and the Al partial DOS (not shown) follow the same
trend. The Griineisen parameter of B2 FeAl was obtained
from the first moment of the computed DOS, (E): 7y
=—d In{(E)/d In V, and component-specific Griineisen param-
eters y;=—d In{E;)/d In V, where i stands for either Fe or Al
[these equations are equivalent to Eq. (2)]. Using a linear
approximation around the theoretical equilibrium volume,
we find y=1.76, yg.=1.86, and y,=1.69. The theoretical
value for Fe modes is in fairly good agreement with our
NRIXS result of 1.73. It is a little larger, however, as ex-
pected from the overestimate in the computed bulk modulus,
as discussed previously.

D. Effect of defects on the phonon DOS

The calculated phonon DOS curves for 3 X3 X3 B2 FeAl
with and without defects are shown in Fig. 7. A vacancy on
the Fe sublattice (1 in 27 Fe atoms vacant, or 1 in 54 atoms
overall, corresponding to a concentration of 1.85%) leads to
a filling of the gap between the acoustic and optical modes

0.10 . : : . :
2.870 (5 GPa)
2.834 (10 GPa) 4
2.798 (15 GPa)

2.727 (25 GPa) ]
2.583 (55 GPa)

Fe PDOS (1/meV)
o
o
[2)
T

80

Energy (meV)

FIG. 6. (Color online) Results of first-principles phonon DOS
calculations for FeAl 2 X2 X2 supercell with different lattice pa-
rameters for the Fe partial phonon DOS. All the curves are normal-
ized to unity. The labels correspond to the value of lattice parameter
in A. The pressures in parentheses are approximate experimental
values based on the fit to the P(V) data of Fig. 3.
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FIG. 7. (Color online) Phonon DOS for FeAl 3 X3 X 3 super-
cells for the perfect structure (dashed curves) and with central de-
fects (thick solid curves), calculated with VASP.

(from 33 to 35 meV). Two peaks appear in the gap: one just
above the cutoff energy for the acoustic modes in the perfect
structure and one just below the band minimum for the op-
tical modes. This behavior matches very well the observed
trend in the phonon DOS measurements (Sec. II). On the
other hand, the Fe and Al antisite defects produce no modes
in the acoustic-optic gap. In the case of the Fe antisite (Fe
atom on Al site), the phonon DOS presents a sharp peak (of
limited spectral weight) at negative energies (around
-7 meV, not shown in Fig. 7), associated with motions of
the Fe antisite atom. Although nonphysical in a strict sense,
negative frequencies represent vibration modes for which the
structure is mechanically unstable. No instability was found
for the Al antisite defect.

Figures 7 and 8 show that the new gap modes induced by
the Fe vacancy are primarily associated with vibrations of Al
atoms. The Al atom gap modes are 1NN atoms to the va-
cancy, with some vibration amplitude also involving the Fe
atoms that are 2NN to the vacancy. The atoms further from
the vacancy make only minor contributions. Evidently, the Al
atoms neighboring the vacancy can explore a larger free vol-
ume in their vibrations and tend to vibrate at lower frequen-
cies.

For comparison, Fig. 9 shows the experimental and cal-
culated phonon DOS curves scaled to the same experimental
volume (a=2.9168 A). The calculated phonon DOS curves
are in good agreement with our inelastic neutron-scattering
measurements on FeAl. This is encouraging for both the
first-principles phonon calculations, and also for the neutron-
weight correction of the experimental data. Having all been
scaled to the same volume, the differences in the curves
show the phonon features due to vacancies.

V. DISCUSSION

The calculations and measurements indicate that vacan-
cies alter the forces in FeAl in two distinct ways. First, the

PHYSICAL REVIEW B 80, 214303 (2009)
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FIG. 8. (Color online) Top: partial phonon DOS for FeAl 3
X3 X3 supercell corresponding to perfect structure and structure
with central Fe vacancy. Bottom: same for 3 X 3 X 3 structure with
central Al antisite on Fe sublattice.

introduction of vacancies reduces the lattice parameter and
causes an overall increase in atomic forces. This induces a
positive shift in energy of all phonon modes consistent with
the Griineisen parameter. Second, there is a local distortion
of the unit cell in the vicinity of the vacancy that changes the
local forces of the surrounding atoms. This increases the
number of modes in the gap between the acoustic and optical
phonon branches.

0.08 F-Calculated 2
F vacancy f:
> F
g 0.06F LN
O 0.041 J perfect ) 3
o E 3
5 F Experiment " A\
§ 0.02F y 1373 KQ
L i < ,S =
o : 823KQ %
0.00 ™o oo oo oo oo !
0 10 20 30 40 50

Energy (meV)

FIG. 9. (Color online) Phonon DOS curves shifted to the 823 K
quench volume (at 300 K, a=2.9168 A) following Eq. (2) with y
=1.73 using the values of the volume given in Tables I and II. The
experimental data (bottom curves) are averaged over 1 meV to re-
duce noise. The calculated data (top curves) are convolved with the
experimental resolution function. The DOSs with higher vacancy
concentrations are given by dashed lines.

214303-8



EFFECTS OF VACANCIES ON PHONON ENTROPY OF...

The changes in the DOS lead to a measured phonon en-
tropy of vacancy formation of —(1.7 = 0.7)kg/vacancy. For
the Fe modes the phonon partial entropy of Fe vacancy for-
mation is measured to be AS;’{%E=—(O.77 +0.40)
kg/vacancy. The QH model indicates similar values. The
change in the configurational entropy per vacancy is positive
and was estimated to be 3.4kg/vacancy, stabilizing vacancies
at higher temperatures. In contrast, the negative phonon en-
tropy of vacancy formation decreases the stability of vacan-
cies. The phonon entropy of vacancy formation is about half
its configurational counterpart in magnitude, indicating the
importance of the phonon entropy of vacancy formation. Pre-
vious estimates of the phonon entropy of vacancy formation
used a simple model of the phonon spectra of Fe
aluminides® and results from positron annihilation
measurements.” With this model, Fihnle et al.!! estimated
the phonon entropy of vacancy formation on an Fe site of
AS:{€=—O.96kB/Vacancy, consistent with our experiments.

When adding vacancies, the relative importance of AS;]hFc
and ASXfFe will change with the vacancy concentration as
indicated by Eq. (7). At low vacancy concentrations, SXfFC
goes as —2x, In(2x,), whereas S;/hFe goes as x,. Configura-
tional entropy will therefore dominate in materials with very
low vacancy concentrations, but its slow logarithmic singu-
larity allows for the importance of phonon entropy at low
vacancy concentrations. For FeAl, at a concentration x,=1
X 1077, ASZ}fe is still approximately 10% of ASZfFe. For com-
parison, these entropies per additional vacancy are approxi-
mately equal at the concentration x,=0.2.

The ability of the quasiharmonic model to account for the
change in phonon entropy of vacancy formation suggests
that volume effects are the primary source of changes in the
phonon entropy. In other words, the defects alter phonons by
their effect on the specific volume of the crystal. Previously
this “volume mechanism” has been used to explain the ef-
fects on phonons of order-disorder transitions.***3 From
measurements, disordering causes optical phonons to be
shifted downward in energy, but their spectra are also
broadened.***> The energy spread of the optical modes is
also similar to the effects of vacancies.

Our neutron-scattering samples are very nearly stoichio-
metric, and the high-pressure samples are slightly Al rich.
Based on the work of Kogachi et al.,” these samples should
have a few triple defects. We expect that monovacancies are
predominant, especially for the lower quench temperatures.
However, if the triple defect is present, we expect the effect
to be somewhat similar to those of the mono-Fe-vacancies
because the triple defect also creates a large free volume, and
most INN atoms are Al.

Our experimental high-pressure results are in good agree-
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ment with the ab initio calculations for the bulk modulus,
Griineisen parameter of the Fe modes, and vacancy depen-
dence of the Fe modes. The effects of compression and ther-
mal expansion on the phonon DOS are mutually consistent,
and consistent with the volume effect from first principles.
This implies that FeAl is approximately quasiharmonic.

VI. CONCLUSIONS

The effects of vacancies, temperature, and pressure on the
phonon entropy and phonon DOS in B2 FeAl were largely
due to changes in volume and were generally consistent with
the quasiharmonic approximation. Vacancies on the Fe site
alter phonons by their effect on the specific volume of the
crystal, where the decrease in volume leads to an increase in
the phonon energies. The QH model failed to account for the
increase in the number of modes in the acoustic-optic gap
with vacancies, which is not predicted by a simple shift in
energy associated with changes in the volume. First-
principles calculations indicated that these modes are prima-
rily associated with vibrations of Al atoms in the first-
nearest-neighbor shell of the vacancy, with some vibration
amplitude also involving the second-nearest-neighbor Fe
atoms.

The phonon entropy of vacancy formation of
—1.7kg/vacancy is opposite in sign to the corresponding
change in configurational entropy and half the magnitude at
vacancy concentrations of 1-3 %. For dilute isolated Fe va-
cancies, the relative importance of the configurational en-
tropy per additional vacancy, compared to the vibrational,
increases with decreasing concentration x, as —2 In(2x,).
Nevertheless, the phonon entropy remains quantitatively sig-
nificant in B2 FeAl to very low concentrations of vacancies.
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