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Phonon densities of states and vibrational entropies of ordered and disordered Ni3A1
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We performed inelastic neutron-scattering measurements on powdered Ni3A1. The alloy was prepared
in two states of chemical order: (1) with equilibrium L1& order, and (2) with disorder (the material was a
fcc solid solution prepared by high-energy ball milling). Procedures to convert the energy loss spectra
into approximate phonon density of states (DOS) curves for Ni3Al in the two states of chemical order
were guided by Born —von Karman analyses with force constants obtained from previous single-crystal
experiments on L12-ordered Ni3A1 and fcc Ni metal. The main difference in the phonon DOS of the or-
dered and disordered alloys occurs near 39 meV, the energy of a peak arising from optical modes in the
ordered alloy. These high-frequency optical modes involve primarily the vibrations of the aluminum-
rich sublattice. The disordered alloy, which does not have such a sublattice, shows much less intensity at
this energy. This difference in the phonon DOS around 39 meV is the main contributor to the difference
in vibrational entropy of disordered and ordered Ni3A1, which we estimate to be
S„,'b —S„',"b =(+0.2+0. 1)ks/atom at high temperatures.

I. INTRODUCTION

There has been recent interest in the importance of vi-
brational entropy S„;b on the thermodynamic stabilities
of alloy phases. ' The possibility that vibrational entro-
py could affect chemical order-disorder transitions was
recognized quite some time ago. " Since the work of
Ising' and Bragg and Williams, ' however, the thermo-
dynamic stabilities of ordered alloys have almost always
been explained with a free energy that includes only the
configurational entropy S, „fi associated with the corn-
binatorics of arranging the atoms on the crystal lattice
sites. ' ' It is possible to associate changes in S,p fig

with the movements of atoms between lattice sites, and
changes in S„b with differences in the vibrations of the
atoms about their lattice sites.

More recently, the inclusion of vibrational entropy in
ab initio calculations with the Debye-Griineisen approxi-
rnation has suggested that vibrational entropy differences
may shift the temperatures of phase boundaries by as
much as 20%.' ' Scaling the phonon vibrational fre-
quencies with the elastic constants may be an unreliable
practice, however. For Cu3Au, for example, the elastic
constants are largely unaffected by the state of order in
the alloy, ' ' but the phonon density of states (DOS) un-
dergoes large changes at high energies. ' Large
changes in the short-wavelength phonons are generally
expected when chemical order develops; the formation of
a superlattice decreases the size of the Brillouin zone and
optical modes appear in the vibrational spectrum.

In addition to results on ordered and disordered
Cu3Au, ' inelastic-neutron-scattering experiments have
provided phonon dispersion curves for Fe3A1 in both its
ordered and disordered states. Analysis of the
changes in the phonon DOS of Fe3A1 showed that the

high-energy optical modes of the ordered alloy were able
to account for the difference in vibrational entropy be-
tween disordered and D03-ordered Fe3Al. The present
paper tests this idea for another transition metal
aluminide, Ni3A1. Previous calorimetric measurements
showed the difference in vibrational entropy of ordered
and disordered Ni3A1 to be about 0.3k&/atom, which is
a large fraction of the difference in configurational entro-
py ( ~ 0.57ktt/atom). We hypothesize that the formation
of a sublattice of stifBy bonded, light aluminum atoms in
the 1.12 structure of Ni3A1 causes the ordered state to
have a lower vibrational entropy than the disordered
state. Although a neutron-inelastic-scattering experi-
ment has been performed on a single crystal of Ni3Al
with I.12 order, it is unfortunately impossible to
prepare single-crystal specimens of disordered fcc Ni3A1.
Measurements of neutron inelastic coherent scattering
from single crystals therefore cannot be used to identify
the differences in the types of phonons in ordered and
disordered Ni3A1. The present experiment was designed
to provide some of this information by inelastic in-
coherent and coherent scattering from polycrystalline
powders.

II. EXPERIMENT
Powders of Ni3A1 were made by mechanical alloy-

ing. ' Measured amounts of elemental nickel and
alurninurn powders were milled in a Spex 8000
mixer/mill with hardened steel vials and stainless steel
balls and a ball-to-powder weight ratio of 2:1. With hex-
ane added to the vial, nearly complete alloying occurred
in 3—4 h, and several batches of Ni3A1 powder were
prepared by milling for 8 h at room temperature. X-ray
diffractornetry was performed with an Inel CPS-120
diffractometer using Co Xa radiation. The total absence

0163-1829/95/52(5)/3315(7)/$06. 00 3315 1995 The American Physical Society



3316 FULTZ, ANTHONY, NAGEL, NICKLOW, AND SPOONER 52

III. RESULTS

Energy loss spectra from the ordered and disordered
Ni3Al are presented in Fig. 2. Individual runs were high-
ly reproducible, as shown by the two independent (but
nearly coincident) data sets from the ordered alloy with

Q =4.23 A . Effects from the broad transverse band of
phonon states are seen in all data sets from 12 to 28 meV,
and some structure is visible in this region. The energy
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FICs. 1. X-ray powder-diffraction patterns of the ordered and
disordered Ni3Al powders, in the region of the (100) and (110)
superlattice diffractions.

of the (100) and (110) superlattice diffractions in the as-
milled material, also seen in its neutron-di6'raction pat-
tern, showed that the as-milled powder was essentially
without L12 long-range order (LRO). Figure 1 presents
an x-ray-diffraction pattern from the as-milled powder,
and a pattern from the same powder after annealing at
450'C for 10 h, which was the annealing treatment we
used to produce L 12 LRO in our samples.

Samples of the as-milled and the annealed powders,
each about 50 g, were placed in thin-walled aluminum
cans and mounted on the goniometer of 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 en-
ergy Ef being 14.8 meV. The energy loss spectra were
made by scanning the incident energy from 14.8 to 64.8
meV. The neutron Aux from the monochromator was
monitored with a fission detector, which was used to con-
trol the counting time for each data point. The incident
beam on the pyrolytic graphite monochromator crystal
was collimated with 40' slits, and 40' slits were also used
between the monochromator and the sample. Pyrolytic
graphite filters placed after the sample were used to re-
move the k/2 contamination. The filtered beam passed
through 80' slits before the pyrolytic graphite analyzer
crystal. Following the analyzer, 2' slits were used before
the He detector. With this arrangement, the energy
resolution varied from about 2 meV at low energy
transfer to 5 meV at 40 meV energy transfer. (In addition
to these instrument parameters, several runs were per-
formed with other instrument resolutions. Agreement
between these different data sets was good. ) Four values
of Q were chosen for each specimen, ranging from 3.23 to
4.23 A
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FIG. 2. Raw neutron energy loss spectra for the ordered and
disordered Ni3A1 powders, obtained at four values of Q. Data
for the ordered alloy are offset vertically by 1500 counts.

loss spectrum from the material with L12 order also
shows a peak around 39 meV. This peak was found in
the calculated phonon DOS obtained from the results of
single-crystal experiments by Stassis et al. Examination
of the eigenvectors of the dynamical matrix (see Sec.
IV B) showed that it is attributable to optical modes dom-
inated by the motions of the aluminum-rich sublattice.
As discussed below, the intensity of this peak is
suppressed in the present experiments, owing to the
smaller scattering cross section of aluminum than that of
nickel, and the relatively small vibrational amplitudes of
the nickel atoms in these optical modes. No distinct peak
at 39 meV is seen in the data from the disordered Ni3A1,
although some residual intensity is found around this en-

ergy. The peak at 33 meV for the disordered alloy is at
approximately the same energy as the peak of the longi-
tudinal modes for fcc nickel metal. Another distinct
feature of the spectra from the disordered alloy is the
stronger scattering intensity at energy losses below 10
meV or so.

IV. ANALYSIS OF PHONON DOS

A. Calculated phonon DOS

The analysis of the scattering data from the ordered
powder was helped considerably by the availability of
previous phonon dispersion measurements on single crys-
tals of L, 12 Ni3Al. Although the force constants were
published, we were unable to use them satisfactorily in a
Born —von Karman model. Independent fits to the ex-
perimental phonon dispersion curves of Ref. 26 provided
the following set of force constants:

1 1= 16.984, P„„22 = 18.882,

1 1

&- 12
= ""&-22—
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2 2=1.864, p~~ 22
=0.645 ' (N/m) .

The force constants are of the form

where a and P are the indices of the force constant ten-
sor, ~ specifies the nearest-neighbor distance, and ~ and ~'
indicate the sublattice pair, with Al atoms occupying sub-
lattice 1 and Ni atoms occupying sublattice 2. Using
these force constants, the dynamical matrix D(k) was di-
agonalized for approximately 10 values of k distributed
uniformly over the first Brillouin zone. Histogram bin-
ning of the resulting eigenfrequencies provided the pho-
non DOS, presented at the top of Fig. 3(a). The dynami-
cal structure factors were calculated simultaneously.
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FIG. 3. (a) Calculations for L12 Ni3A1. Top: phonon DOS,
incoherent scattering spectrum, and average of all data at the
bottom of (a). Bottom: total inelastic scattering (incoherent
plus angle-averaged coherent) for L12 Ni3A1 at various values of
Q. (b) Calculations for fcc Ni. Top: phonon DOS, incoherent
scattering spectrum, and average of all data at the bottom of (b).
Bottom: total inelastic scattering (incoherent plus angle-
averaged coherent) for fcc Ni at various values of Q.

Truncating the force constants at second-neighbor dis-
tances provides a reasonable but imperfect fit to the pho-
non dispersion curves, and there are some differences be-
tween our phonon DOS and that of Stassis et al. The
present force constants are nevertheless adequate for
identifying trends in the scattering intensity versus Q.

B. Calculated dynamical structure factors

Also shown at the top of Fig. 3(a) is the dynamical
structure factor intensity for incoherent scattering of
phonons of frequency v, lG;„,(v, Q) l, obtained from the
Born —von Karman model as the following sum [with a
factor involving the projection of the momentum transfer

Q on the polarization vector crdr(q) for the atom of mass

Md at the position d of the phonon in the branch y with
wave vector q]:

IG,„,(v, Q)l'=g "' g+IQ.~d(q)l'
d g q

X5(v—vr(q)) .

X5(v—v (q))

X5(Q—q —r), (2)

where v is a reciprocal lattice vector and bd is the
coherent scattering length. The crystallographic average
of the inelastic coherent 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 using a Monte Carlo
sampling procedure.

Results for the total scattering, inelastic coherent plus
inelastic incoherent, are presented at the bottom of Fig.
3(a). Differences in the shape of the curves with different

Q are caused by the inelastic coherent scattering, whose
variation with Q depends in a complicated way on the
phonon DOS and relationships between Q and the Bril-

For each atom, branch, and q, the crystallographic aver-
age of Eq. (1) over the various directions of Q is

cr;„, dQ lodr(q)l /3Md. This contribution to
lG;„,(v, Q)l was binned during the phonon DOS calcula-
tion, as was the contribution to the partial phonon DOS,
lo&~(q)l . The peak at 39 meV is suppressed considerably
in the dynamical structure factor intensity for incoherent
scattering. The partial phonon DOS for the aluminum
and nickel atoms [essentially Eq. (1) with the d = 1 (Al) or
d =2 (Ni) terms only] showed that at the energies around
39 meV the aluminum atoms have much larger vibration-
al amplitudes than do nickel atoms. However, the in-
coherent scattering from aluminum is negligible

(o;„,(0.01 b) compared to that of nickel (o;„,=5.0 b),
so incoherent scattering around 39 meV is rather weak.

The dynamical structure factor intensity for coherent
scattering,

l G„h(v, Q) l, was calculated as

Q)l'=X Xrrlb Q '«)" "l'1

d d p t q
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louin zone boundary. Our calculations reproduce some
of the detailed Q dependence of the experimental data on
ordered Ni&A1. For example, the strong scattering ob-

0
served for Q =3.23 A around 10 meV is reproduced
well in the calculation. The general trend for the scatter-
ing at higher energies to increase with Q is also repro-
duced well.

The top of Fig. 3(a) also shows the average of the four
calculated curves at the bottom of Fig. 3(a), each normal-
ized to unity. It differs from the phonon DOS curve pri-
rnarily in its overemphasis of the low-energy part of the
spectrum and underemphasis of the higher-energy part of
the spectrum. (This average is similar, but not identical,
to the dynamical structure factor intensity for incoherent
scattering. ) Dividing the phonon DOS by this average
provided a "dynamical structure factor correction func-
tion" with a shape much like a step function, having an
amplitude of 0.69 for energies below 35 meV and an arn-
plitude of 1.94 for energies above 35 meV. For correc-
tion of the summed experimental data, the step in the
dynamical structure factor correction function was
smoothed by a Gaussian function with a full width at half
maximum of 4 rneV, the expected experimental resolu-
tion.

The analysis for the disordered alloy is more prob-
lernatic, since force constants are not available from pre-
vious work. We began by assuming that the phonon
DOS of the disordered Ni&A1 was the same as that of fcc
Ni metal. Starting with this phonon DOS of a typical
fcc metal, we devised two methods for the analysis of the
energy loss spectra from disordered Ni&A1. The top of
Fig. 3(b) shows the phonon DOS of fcc nickel. (For a
monatomic crystal, as assumed in the virtual crystal ap-
proximation, the phonon DOS has the same shape as the
dynamical structure factor intensity for incoherent
scattering. ) Also shown in Fig. 3(b) are the total in-
coherent plus coherent structure factor intensities from
fcc nickel at the difFerent values of Q used in the experi-
ment. The average of these total inelastic scattering in-
tensities is presented at the top of Fig. 3(b). We obtained
a dynamical structure factor correction function for con-
verting the inelastic scattering intensity into a phonon
DOS, but it was not used for the analysis presented
below. This correction function was roughly constant in
energy, so in one approach for data analysis we assumed
the correction factor to be unity. It certainly can be ar-
gued that the virtual crystal approximation is unreliable;
the vibrational spectrum of the disordered crystal must
be different from that of a monatomic fcc crystal. The
experimental data do show that there is some intensity in
the regions of the optical modes at 39 rneV, presumably
due to vibrations of aluminum atoms in local regions of
partial order (light Al atoms vibrating in a cage of Ni
atoms ' ). So as a second method for analysis of the data
from the disordered alloy, we converted the summed in-
elastic scattering intensity into an approximate phonon
DOS by using the same dynamical structure factor
correction function as was used for the ordered alloy (the
step function with a jump at 35 meV). We do not know
which method for data analysis is more appropriate, so in
what follows we present both.

C. Temperature

Another step in obtaining the phonon DOS involved
the correction for the phonon populations in the different
modes. We calculated the inelastic incoherent scattering
using the conventional multiphonon expansion. The
calculation was performed for room temperature with the
phonon DOS curves presented at the tops of Figs. 3(a)
and 3(b). 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. Multiphonon corrections would have
made little difference to the resultant phonon DOS, so
these corrections were not performed. Also, our normali-
zation of individual data sets, discussed below, eliminated
the need to correct for the Debye-Wailer factor suppres-
sion of the scattered intensity for larger values of Q. We
do neglect differences in how the Debye-Wailer factors
for nickel and aluminum atoms change with Q, but these
differences are not important because they are not large,
and the scattering is dominated by the nickel atoms.

D. Data analysis procedure

The features of the calculated scattering (Secs. IVB
and IV C) led us to the following procedure for obtaining
an approximate phonon DOS from the experimental data
of Fig. 2. Our data analysis procedure has some similari-
ties to methods used previously. The individual data
sets for both the ordered and disordered alloys were
corrected by subtracting the same constant background
from all data sets, which is a good approximation for
data from the HB3 spectrometer. Each background-
corrected spectrum was divided by the one-phonon
correction factor, [n (v) —1 j/v,

n(v) —1 1

v v[1 —exp( —h v/kT) ]
(3)

V. DISCUSSION

A. Phonon DOS

The phonon DOS of the ordered alloy presented in Fig.
4 is in reasonably good agreement with the phonon DOS
reported by Stassis et al. For comparison with the
phonon DOS at the top of Fig. 3(a), we convolved the cal-
culated data with a Gaussian function of width 4 meV.

Next, the individual spectra for the four values of Q for
the disordered and ordered alloys were individually nor-
malized to unity and then summed. Finally, the summed
data for the ordered alloy were multiplied by the dynami-
cal structure factor correction function, and this result
was normalized to unity. The resulting approximate pho-
non DOS for the ordered alloy is presented in Fig. 4. As
mentioned in Sec. IVB, we are uncertain if the disor-
dered alloy can be treated as a virtual fcc crystal, or if we
should use a correction factor as in the ordered alloy to
weigh more heavily the data at higher energies. We ex-
pect that these two assumptions provide reasonable upper
and lower bounds on the actual phonon DOS, so both re-
sults are presented in Fig. 4.
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FIG. 4. Phonon DOS obtained by processing the experimen-
tal data of Fig. 2. The curve "L12 exp" was obtained from the
data from the annealed powder with the L12 structure. The two
curves "Dis exp1" and "Dis exp2" were obtained from the data
from the as-milled powder, with two assumptions about the
weighting of the observed intensity at high energies (see text,
Sec. IV). The phonon DOS's at the tops of Figs. 3(a) and 3(b)
were convolved with a Gaussian instrument function to provide
the curves "L12 calc" and "Dis calc."

The overall agreement between the two curves ("L12
exp" and "L12 calc") is generally satisfactory. The peak
at 39 meV in the calculated curve is a bit too large, how-
ever, having an integrated area of about 0.28, rather than
the expected value of —'. Discrepancies in the matching
of the calculated and experimental g (v) curves of the or-
dered alloy originate in part with our method of analysis,
but also with the simplicity of the force constants (up to
second-nearest neighbor only) used in the Born —von
Karman model.

For the disordered alloy, the experimental g(v) curves
show an enhanced intensity at energies around 10 meV.
Some of this intensity could arise from the lifetime
broadening of the phonon energies in the disordered al-
loy. It could also originate from the internal vibrations
of the nanocrystallites produced by ball milling, hydro-
gen contamination of the specimen, or both. We do not
expect these latter two problems to affect the phonon
DOS of the disordered alloy at higher energies, however.

It is not surprising that there are significant differences
in the experimental curves of the disordered Ni~A1 and
the calculated phonon DOS curves of nickel, a monatom-
ic fcc metal. The first difference is independent of our
two methods of data analysis. In comparison to the cal-
culated curve, the experimental g ( v) curves show a
significantly weaker peak from longitudinal-mode pho-
nons at 33 meV. Some of this loss of intensity could be
associated with the lifetime broadening of the energy
spectrum from the disordered alloy, but we believe the
change in intensity is larger than expected for this mech-
anism. Another difference between the experimental and
calculated phonon DOS of the disordered alloy is found
around 39 meV. Because we do not know the different
atom vibrations involved in this scattering, we cannot
predict reliably the intensity around 39 meV. However,
both our methods of data analysis provide some intensity
in this energy range. This intensity is certainly sup-

B. Vibrational entropy

At high temperatures, the difference in vibrational en-
tropy of the disordered and ordered Ni&A1, AS„.„—:S„,'b—S'„'b, depends in a straightforward way on the
difference in the phonon DOS of the two phases,
g"'(v) —g'"(v):

bS„;b=—3k~ f [g "(v)—g
' (v)]in(v)dv,

where the difference avoids problems with the dimensions
of the argument of the logarithm. When the phonon
DOS of the disordered alloy was obtained from the virtu-
al crystal approximation without any dynamical struc-
ture factor correction, Eq. (4) gave bS„b =0.30k~/atom.
With the phonon DOS determined with the dynamical
structure factor correction factor of the ordered alloy
(i.e., with the assumption that the vibrations with ener-
gies above 35 rneV involve primarily motions of alumi-
num atoms), b,S„;b=0.10k~/atom. For comparison, a
value of bS„;b somewhat less than 0.3k~/atom was ob-
tained by cryogenic calorimetry and by extended electron
energy loss fine-structure spectroscopy measurements on
evaporated thin films of Ni&A1.

Some of the contribution to b,S„;b from Eq. (4) is asso-
ciated with the intensity of the phonon DOS of the disor-
dered alloy at energies below 10 meV, but examination of
the integrand g "(v)ln(v) showed that this was not the
major effect. The difference between the vibrational en-
tropies of the ordered and disordered alloys is caused pri-
marily by differences in the energy spectrum at higher en-
ergies near 39 meV. Because the ordered alloy has a sub-
lattice of aluminum atoms, the high-frequency vibration-
al modes involving primar'ily these light but stiNy bonded
atoms suppress the vibrational entropy of the ordered al-
loy. The present experiment shows that the vibrational
spectrum of the disordered alloy has some intensity at the
energies of the optical modes in the ordered alloy, but
much less than for the ordered alloy. This effect of the
optical modes is much the same as was proposed for
Fe&A1. The present measurements suggest, however, that
for the purpose of understanding the magnitude of vibra-
tional entropy, it may be problematical to analyze the
phonon DOS with a virtual crystal approximation. The
lack of vibrational modes at high energies in the previous
calculation for disordered bcc Fe&A1 may have been why
the calculated phonon DOS curves for ordered and disor-
dered Fe&A1 provided a AS„;& that was larger than was
obtained from calorimetry.

VI. CONCLUSION

We performed inelastic neutron-scattering experiments
on Ni~A1 in two states of chemical order: with I.lz LRO
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and as a disordered fcc solid solution. For each sample,
energy loss spectra were collected at four values of Q. A
Born —von Karman analysis was performed with force
constants obtained from single-c:rystal experiments, and
the results from this analysis suggested a procedure for
extracting an approximate phonon DOS from the energy
loss spectra of the ordered alloy. The resulting phonon
DOS was in good agreement with the phonon DOS ob-
tained previously for L12 Ni3A1. The spectra from the
disordered alloy were also analyzed with this method,
and by another method that assumed that the participa-
tion of the nickel and aluminum atoms in the scattering
was independent of phonon energy.

The most significant difference in the phonon DOS of
the ordered and disordered alloys was the prominent
peak at 39 meV in the ordered alloy, corresponding to
optical modes involving vibrations primarily of the
aluminum-rich sublattice. The intensity near 39 meV
was much weaker in the disordered alloy, but not negligi-
ble. The corrected phonon DOS curves of the disordered
and ordered alloys were used to calculate a difference in

vibrational entropy which was S„b—S„b =(+0.2
+0. 1)k~/atom, in reasonable agreement with previous
measurements by calorimetry. The main contribution to
this difference in vibrational entropy was the difference in
the phonon spectrum around 39 meV, which is the ener-

gy of optical modes involving vibrational motions of pri-
marily the aluminum-rich sublattice of the ordered alloy.
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