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Vibrational spectra in ordered and disordered Ni;Al
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We calculate the vibrational density of stat@0S) and corresponding thermodynamic propertied o
ordered and disordered ]l in the quasiharmonic approximation using the embedded-atom method. Vibra-
tional and thermodynamic properties, including vibrational entropy differences between ordered and disordered
states, are found to be in good agreement with experiment. The DOS of the configurationally disordered alloy
resembles a broadened version of the DOS ofLthg phase, not a one-atom per cell fcc DOS, and is shifted
downward in frequency because the disordered state has a larger volume than the ordered phase. Calculations
of the projected DOS indicate that high-frequency modes located predominantly on aluminum atoms broaden
the most on disordering. Further, we find that the vibrational entropy difference between the two phases is
largely due to the difference in volumes of the phases and their different thermal expansions.
[S0163-18297)51334-9

Recent measuremehtson ordered and disordered alloys tailed analysis of the vibrational spectra, how disorder and
suggest that in some systems the vibrational contribution teolume effects separately influence the vibrational properties
the entropy difference between ordered and disorderedf alloys, with NiAI as the test case.
phases may be a sizable fraction of the total entropy differ- We find that, at fixed volume, the effect of disorder is to
ence. This suggests that an understanding of the thermodiproaden the vibrational DOS of the disordered phase relative
namics of alloys, and their temperature-composition phasto that of the ordered 1, phase. The exact nature of the
diagrams, requires consideration of both vibrational and conchanges in the vibrational spectra, especially related to spe-
figurational entropic contributions. A well-studied example cific environmental effects, are detailed below. The dominant
is the technologically important Bl compound, which f_eature affecting the entropy difference is the larger equilib-
possesses tHel, structure, a superstructure of fcc. The cor-um volume of the disordered phase which “contracts” the
responding fcc disordered phase does not exist at equiligiisordered DOS, thereby shifting spectral weight to lower
fium, but has been prepared experimentally by |asefrequen0|es relative to the disordered DOS at the equilibrium

: - volume of theL1, phase. Changes in the phonon spectrum
quenching® vapor deposition onto cold substrateand by . S22 . : . .
mechanical alloying:* Specific heat measuremehtsp to associated with the chemical disorder at fixed lattice constant

o L2 . - account for only about 20% of the observed vibrational en-
343 K indicate a vibrational entropy d|fferenﬂe$,ipg Sdis™ tropy difference. Therefore, the change in character of the
St of at least+0.1%g per atom; an extrapolatiorbased phonon spectrum, as proposed by Fuétzal.? is not the
on the Debye model givesS,;,= +0.27g per atom at 1700  |argest factor contributing to the large entropy difference.
K. Extended electron energy-loss fine structure spectroscopyhe bulk of the vibrational entropy difference arises from the
measurementgive a similarly large vibrational entropy ex- difference in volume between the ordered and disordered
cess for the disordered state. Inelastic neutron scatteringhases. This equation of stateOS effect is of course in-
measurements likewise give a large resultAS,,=0.2 fluenced by the change in phonon spectra, but it also has a
+0.1kg per atom. component that is determined by zero-temperature consider-

It has been proposed by Fukt al? that this large vibra-  ations.

tional entropy difference is due to a change in the character We perform calculations of the vibrational spectra and
of the vibrational spectrum associated with chemical disorthermodynamic properties dfl,-ordered and completely
dering of the system: th&1, compound has a light and disordered(no short-range-orderNizAl in the quasihar-
stiffly bonded aluminum sublattice leading to high-frequencymonic approximatioh using embedded-atom mettfod
modes which lower the vibrational entropy of the ordered(EAM) potentials. The specific potentials used here were de-
alloy. In contrast to the explanation of Fuktzal,? Ackland®  veloped by Voter and Chéhfor NisAl. These EAM func-
demonstrated through calculations based on “many-body’tions are fit to the lattice constants, cohesive energies, bulk
potentials that the entropy difference arises primarily frommoduli, elastic constants, vacancy formation energies, and
the larger volume of the disordered phase relative to the orthe bond length and bond energy of the diatomic molecules
dered phase. Ravekt al.® using molecular dynamics simu- of elemental Ni and Al, as well as to the lattice constant,
lations, also find a large vibrational entropy difference thatcohesive energy, elastic constants, vacancy formation en-
they trace to the volume difference between the phases. Thergy, super intrinsic stacking fault energy, afd0 and
purpose of the present work is to understand, through a d€111) antiphase boundary energies of;Ali and to the lat-
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tice constant and cohesive energy of B2 phase of NiAl. 5.0
No temperature dependence of the parameters was used in
the fit. 4.0 t
Within the quasiharmonic approximatiénthe phonon
frequencies are functions of the volume, and the equilibrium 230
volume is that which minimizes the Gibbs free energy at a c '
given pressure. In practice, we calculate the vibrational spec- g o0 |
tra over a range of volumes and perform sums over the first 2
Brillouin zone to obtain, for example, the Helmholtz free
energy 1.0
F=kgT>, Inl2 sin)‘( M” (1) 0'00.0 500.0 1000.0 1500.0
i3 2kgT T(K)

as a function of volumé&/ and temperaturg. One can then
calculate the pressufe=—(dF/dV)t and find the volume o
V(T,P) which minimizes the Gibbs energg=F+ PV at
the desired pressurB. In the present work, we are con-
cerned with the zero pressure EOS. We compute the vibra- ] S
tional entropyS and the specific heat at constant voluoye elected t.o pursue a calcula_ltlon based on an apprOX|mat|on.to
directly by summing the appropriate functions over the vi-the configurational averaging, such as the coherent potential
brational spectra. The vibrational spectra themselves are ofproximatior? (CPA), for two reasons. The first reason is
tained by diagonalizing the dynamical matrices for the structhat the CPA has difficulty reproducing the results of exact
ture of interest at the desired volume. The specific heat adiagonalization¥'® (against which the CPA was
constant pressure is obtained from the thermodynamic reldsenchmarketf) for light-mass defect systems. The second
tion cp=cy+TVBB?, whereV(T) is the equilibrium vol- reason is that it is necessary to assess the effect of local
ume at temperatur€, B(T) is the isothermal bulk modulus, relaxations on the phonon spectrum, a problem that the CPA,
and B(T) is the (volume thermal expansion coefficient. as currently formulated, seems ill equipped to address.
B(T) is obtained from the relatioBB=(dS/dV)+. Once the  Cruder models of disorder such as the virtual crystal approxi-
EOS for a phase is in hand, one can examine the DOS atmation(which is still invoked to interpret experimental data
volume appropriate for the temperature under consideratiorare even less valid, especially for investigating the DOS.

To treat the disordered phase, we generate an initial lattice To investigate the validity of the quasiharmonic model
of 256 randomly occupied sites with stoichiometrysNi  and of the EAM potential employed, we calculate a variety
We apply periodic boundary conditions. We relax the struc-of thermodynamic quantities. In Fig. 1 we show the vibra-
ture using conjugate-gradient energy minimization, thenjona contribution toce(T) for L1, NisAl compared to ex-
compute its vibrational spectrum by diagonalizing the dy-perimental data* Agreement is remarkably good over the

namical matrix at many points in the Brillouin zone. We o060 ratre range for which vibrational effects alone are ex-
obtain thermodynamic properties using the qua&harmomBected to contribute. Calculations of antisite defect

e st S s s s o i eT9 reveal hal he devation rom experiment o
P y gP(T) coincides with the onset of the production of signifi-

the spectra over many points in the Brillouin zone and count- e .
ing modes. To obtain the DOS for the disordered phase waant numbers of equilibrium antisite defects. Thus, above

average over 10 disordered configurations—a similar averagPProximately 900 K, the experimentally measuegdopen

ing technique was used by Rubini and Ballbhen their circles begln_s to deviate from the calculated vibrational
work on phonon localization in the Ni-Al system. Internal Curve. We find a temperature-dependeh8,;, equal to
relaxation typically changes the vibrational entropy of the0.11kg at 600 K, 0.1%g at 1000 K, and 0.27 at 1400 K. This
disordered phase by about 1%, leading to a decreaA&jg is consistent with the experimental thermodynamic
of approximately 20%. Averaging over 20 disordered con-measurementsThe quasiharmonic results fa#(T) for or-
figurations to calculate, e.g., the vibrational entropy, leads talered and disordered phases show that the equilibrium vol-
a standard deviation that is much less than 1% of the value afmes of the two phases differ by about 1% at zero tempera-
the vibrational entropy itself—this translates into a standardure and by about 2% at 1000 K. The corresponding lattice
deviation of approximately 1% for the vibrational entropy constant difference is about 0.4% at 300 K and approxi-
difference between ordered and disordered states. Increasingately 0.6% at 1000 K, which is consistent with the experi-
the number of atoms in the disordered configuration to 50Gnental results of Cardellinét al* and with the theoretical
does not change the results appreciably. For any specific digesults of Wolvertort® Johnsor, and Ravelcet al® but not
ordered configuration, all sums over the spectra are COryjth the most recent results of Fut?.we take all these
verged with respect to the number lofpoints to an uncer- results as an indication that the thermodynamic model used
tainty that is smaller than any associated with averaging ovefiere is reasonable.

disordered configurations. We typically use 64oints for In discussing the vibrational entropy difference between
calculating thermodynamic quantities, and as many as 100the disordered and ordered phases, it is useful to exploit the
for calculating the DOS. We mention that we have notthermodynamic relationship betweep andcy and write

FIG. 1. Specific heat at constant press(per atom, in units of
tzmann's constantfor the orderedL1, phase of NjAl. The
solid line is the calculation, and the symbols are data from Ref. 14.
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FIG. 3. (a) Projected phonon DOS fdrl, ordered and disor-
dered NiAl. The dashed curve is the Ni-projected DOS for disor-
dered NiAl at its equilibrium lattice constant corresponding To
=400 K. The heavy solid curve is the Al-projected DOS for disor-
Hered NiAl at its equilibrium lattice constant corresponding To
=400 K. The light solid curve is the Ni-projected DOS fbi,
ordered NJAl at its equilibrium lattice constant corresponding to
T=400 K. The dotted curve is the Al-projected DOS fot, or-
dered NiAl at its equilibrium lattice constant corresponding To
=400 K. (b) Integrated projected phonon DOS fot, ordered and
Ac disordered NJjAl. The line styles have the same meaning as in the

_ T 3 ’ T 2 ’
ASvib(T)_J'O ?dT +f0 A(VBp9)dT'. 2 bottom panel.

FIG. 2. (a) Vibrational DOS forL 1, ordered(dotted curve and
disordered NjAI (dot-dashed curyeboth calculated at the equilib-
rium lattice constant for the1, phase(b) Vibrational DOS for the
disordered phase at two different lattice constants. The solid curv
is the DOS for disordered Bl at its equilibrium lattice constant
corresponding ta =400 K. The dot-dashed curve is the DOS for
disordered NjAI at the lattice constant appropriate to the ordered
L1, phase aff =400 K.

The first term in Eq(2) tends to a constant for temperaturesDOS downward relative to what it would be if it had the
T> 6p, the Debye temperature; the second term leads to asame lattice constant as thd, phase. This shift accounts
approximately linear temperature dependenceA8y;, that  for about 80% of the entropy difference between ordered and
can be appreciable if, for example, the equations of state alisordered states.
the two phases are considerably different. As discussed in the To investigate in more detail the nature of the broadening
previous paragraph, the volumes of the two phases diffedue to configurational disorder, in Fig(a3 we show the
considerably throughout the temperature range, as do tH2OS projected onto Ni and Al atoms in the ordered and
thermal expansions. This is the dominant contributing factodisordered state. The narrow peak in the Al-projected DOS
to the large value oA S, seen here. in the ordered structure has been identftias being due to a

In Fig. 2(a@ we show the vibrational DOS of thel,  “sublattice of stiffly bonded, light aluminum atoms in the
phase at its lattice constant Bit=400 K and the vibrational L1, structure” and has been hypothesized cause the
DOS of the disordered state at the same lattice constant. llewer vibrational entropy of the ordered state. We find that
Fig. 2(b) we show the vibrational DOS of the disordered the splitting of the high-frequency peak from the rest of the
state at the equilibrium volumes of the ordered phase and the&pectrum is largely controlled by the mass difference be-
disordered phase both at 400 K. Both disordered vibrationaiveen Ni and Al. A model calculation, in which the masses
DOS curves were obtained by averaging over 10 differenpf Ni and Al were artificially made equal, shows no split-off
disordered configurations. The ordered DOS is in goodigh-frequency peak at all. From Fig(@}, it is clear that the
agreement with the measurements of Stassiall® The states of the narrow, high-frequency peak in the, struc-
main difference is that the gap between the low- and highture (which are predominantly of Al characjeare signifi-
frequency portions of the spectra is about 1 THz too large. Acantly more broadened than, for example, the predominantly
comparison of the two DOS in Fig(& shows that, at fixed Ni states at lower frequency. In this context, it is not at all
volume, the DOS of the disordered state resembles a broagurprising that vibrational intensity is foufdn the disor-
ened version of thé 1, DOS. In particular, it does not re- dered alloy in the frequency range where the high-frequency
semble the DOS for a monatomic fcc metal, thereby castingptical peak is found in the ordered alloy—it is a natural
serious doubt on the use of the virtual crystal approximatiorconsequence of the broadening. Figufb) 3hows the inte-
in analyzing diffraction data from disordered samples. Ingrated projected DOS curves corresponding to Figl. I¥he
Fig. 2(b), the effect of the change in volume is evident: thedownward shift caused by volume relaxation of the disor-
larger volume of the disordered phase shifts its vibrationabtlered phase is again evident for both the Ni and Al states.
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The fact that the Al states are more affected by the conspectra and thermodynamics of the ordeteld and disor-
figurational disorder can be rationalized by a simple nearestdered phases of Bl showed that, while there is an inter-
neighbor bond counting argument. In thé, state, the Alis  esting rearrangement of the phonon spectrum upon disorder-
surrounded by 12 heavier Ni atoms and the Ni atoms haveng, the bulk of the vibrational entropy difference can be
eight Ni neighbors. For the disordered state, on average, bofaced to the volume difference between the two phases. Fur-
Al and Ni have nine Ni neighbors. Thus the local environ-thermore, the behavior of the vibrational spectrum upon dis-
ment of the Al atoms is more greatly affected. Furthermorergering can be understood from simple qualitative argu-
the introduction of lighter aluminum first neighbors in the menis hased on a mass defect picture. We also conclude that
disordered alloy leads to localized modes split off from thejniarnal relaxations reduce the value MB,;, by approxi-
high-frequency end of the spectrum. Calculations of the inyately 209%. Detailed calculations showed that the disor-
verse participation ratio in the disordered alloy show that thgyered DOS Iooks like a broadenéd, DOS, and that the
h|g_h-frequen_cy mode&t frequencies abov_e those o_f thé, broadening occurs primarily in the modes associated with Al
optical peak in the ordered allpyas are evidentin Fig.(8,  41oms. The disordered DOS is not well represented by a
are localized predominantly on groups of 20 or fewer Algjhgie atom fcc DOS, which suggests that the virtual crystal
atoms. Similarly, in the 1, structure, Al has only Al second  550roximation is an incorrect way to analyze the vibrational
neighbors. The introduction of heavier Ni second neighborgpecirum of the disordered phase. Disorder broadening of the
In th‘e disordered alloy can further broaden the, struc-  hhonon spectrum at fixed lattice accounts for approximately
ture’s optical peak. The introduction of heavy second neighgos of the observed vibrational entropy difference; the re-
bors is expected to broaden the high-frequency peak towardgaining vibrational entropy difference can be traced to the

lower frequencies, similar to the existence of low-frequency,glyme difference between ordered and disordered phases.
resonant modes in heavy impurity systethé model calcu-

lation on anL1, supercell in which a Ni atom is swapped We thank Daryl Chrzan for helpful and stimulating dis-

with a (distan} Al atom shows this behavior. The spectra cussions and also Dr. |. Ansara for providing us with a copy
reveal modes split off from the1, structure’s optical peak, of his paper prior to publication, thereby leading us to Ref.
one set of modes that are predominantly on Al atoms split offi4. This work was supported by the U.S. Department of
to high frequency, and one set of modes that have some NiEnergy, Office of Basic Energy Sciences, Division of Mate-
character split off to low frequency. Such local environmentrials Science under Contract No. DE-AC04-94AL85000. Re-
effects cannot be described within simple mod@lsch as search by D.M. was supported by the Director, Office of
the CPA or the virtual crystal approximatigrwhereas our Energy Research, Office of Basic Energy Sciences, Division
direct approach provides complete information. of Materials Sciences, of the U.S. Department of Energy

In conclusion, our detailed analysis of the vibrationalunder Contract No. DE-AC03-76SF00098.
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