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Phonon spectrum ofB2-FeAl: Ab initio calculation and comparison
with data from inelastic neutron scattering

B. Meyer, V. Schott, and M. Hale
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(Received 19 August 1998

The phonon-dispersion curves of stoichiomeB:-FeAl are calculated by frozen-phonon calculations and
by theab initio force-constant method within the framework of the density-functional theory in local density
approximation and thab initio mixed-basis pseudopotential method. The results are compared with experi-
mental data obtained by inelastic neutron-scattering experiments. There are no strong anomalies in the phonon
spectrum which could assist the diffusion of vacancies.
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In ordered intermetallic compounds various physicalthe direct approacfi~2which is the alternative to thinear
quantities which are important for the technological applicatesponse approagch for a short review see Ref. 9. There are
tion may or may not be influenced by lattice vibrations. Fortwo versions of the direct approach. In the frozen-phonon
instance, it has been assurhébat there is a considerable calculation'? the total energy is evaluated for a system with
effect of the vibrational entropy on the order-disorder transi-a displacement pattern according to a snapshot of the atom
tion, butab initio computationéhave thrown some doubt on movement, and from the energy as a function of the displace-
this assumption at least for the case ofANi Second, the ment amplitude the phonon frequency is obtained. The
phonon spectrum can be used to obtain information on mistrength of the frozen-phonon calculations is that they in-
gration barriers for nearest-neighbor vacancy jumps withirclude automatically and exactly all the couplings between
the framework of the theory of Schobet al® In this con-  the various atoms which are relevant for the respective pho-
text, it is sometimes discussed whether the large diffusivitieson mode. The disadvantage is that they are restricted to
of some intermetallics originate from low-energy phononwave vectors for which the phonon displacement pattern is
modes which assist the defect migration. Indeed, inelasticommensurate to the supercells used in the calculations, i.e.,
neutron-scattering experimefiton iron-rich Fe-Si com- only short-wavelength phonons can be considered for rea-
pounds with DQ structure revealed transverse acoustic phosonable supercell sizes. In the following we therefore use the
non branches which are very low in energy, indicating lowfrozen-phonon calculations just for convergence tests and for
migration barriers, but there was no visible composition de-a check of the results obtained by the second variant of the
pendence and therefore the vibrational properties cannot exlirect method, the direct force-constant approach. In this lat-
plain the pronounced change of diffusivity with composition. ter approach, single atoms in the infinite crystal are dis-
In contrast, it is well known that the defect formation entro-placed, and the resulting forces on all the other atoms are
pies may have a strong influence on the concentration afalculated. From these forces the elements of the force-
atomic defects well below the order-disorder transition, e.g.constant matrix are obtained, the dynamical matrix is deter-
in B2-FeAl?® To calculate the defect formation entropies onemined from the force-constant matrix by Fourier transforma-
has to determine the phonon spectra of the material with antlon, and the phonon frequencies are calculated by a
without the considered defect. This has been done within thdiagonalization of the dynamical matrifor details, see
framework of theab initio electron theory for the case of £i, Refs. 9—11 The advantage of the force-constant approach is
Na, and K7 but corresponding calculations for intermetallic that phonon frequencies for arbitrary wave vectors can be
compounds are lacking. Finally, the phonon spectra are resonsidered which allows the determination of the phonon
guired to investigate structural phase transitions within thalensity of states. The disadvantage is that in a practical cal-
framework of the harmonic approximatigsee, e.g., Ref.)8  culation only a restricted number of force constants can be

The present paper represents a first step towards thabtained so that the dynamical matrix can be calculated only
above-discussed objectives for the case of intermetallic comapproximately. This represents the main limitation of the ap-
pounds which very often contaiBd transition-metal atoms. proach and will be discussed in the following.

It is shown exemplarily for the case 82-FeAl that theab Suppose that the calculational method yields the true
initio electron theory in local density approximation is ableforce constant®, ,.(T') between the basis atorasin the

to yield highly accurate phonon spectra for such systems. Aslementary unit cell &f =0 and the atomg’ in the elemen-

a by-product, the calculation serves to explore whether thergary unit cell with translation vectof’. Then the dynamical

are peculiarities in the phonon spectrumB#-FeAl which  matrix is given by
may assist the defect migration. To our knowledge;ANi

(Ref. 2 and FeAl studied in this paper are the only examples

for the ab initio calculation of phonon spectra in systems

containing3d transition-metal atoms. 2(Q)= 2

D, (T e, 1)
The calculations were performed within the framework of -

Ji
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whereM , is the mass of the basis atamandqg denotes the ks
wave vector of the phonon. Of course, in a practical calcu-
lation only a finite number of coupling constants can be ob-
tained and used for the calculation of the dynamical matrix
(truncated dynamical matrix Furthermore, many of the
methods used for the calculation of the force constants are
based on a reciprocal space formalism. Then—instead of dis
placing a single atom in an infinitely extended system—a
supercell containing many elementary unit cells is con-
structed and a single atom of the supercell is displaced. Be-
cause the supercells then are repeated periodically, there is a5 1. TheB2-structure of FeAlleft) and the corresponding
periodic array of displaced atoms, and the force on a considgyjjioin zone (right).

ered atom is given by a superposition of the forces exerted

by all the displaced atoms on the considered atom. The fOfC@ue force constants according to Ea), and then we can try
constants between the atoms in the supercell calculated frofg calculate from the so-obtained set of linear equations as
these forces therefore represent effective force constants many true coupling constants as possible, including also a
sufficiently large number of force constants beyond the range
(De”,(TEC):E D, (TC+TEO), ) of th_e sgpercell, in orde.r to obtain a truncateq dynamical
aa Tse =" matrix with large truncation range. Because this procedure
) requires an enormous numerical effort we proceeded on an
where we have composed the translation ve€toy a trans-  gjiernative line by evaluating the effective force constants for
lation vector T*¢ for the supercell and a translation vector simple cubic 54-atom supercell and a body-centered-cubic
Te¢ characterizing the location of the considered elementargs_atom supercell. The effective force constants of the 64-
unit cell in the supercell. Inserting the effective force con-4iom supercell yield exact phonon frequencies for the pho-

stants into Eq.(1) yields an effective dynamical matrix non modes for the 39 vectors of the Brillouin zone which
which is different from the true dynamical matrix. It is also || Eq. (3) and which we call “64-atom modes.” Among
different from the truncated dynamical matrix where only theihese are the modes at theR, X, andM point (see Fig. L

true force constants within a supercell are considered, bey the other hand, the effective force constants of the 54-
cause the effective force constants involve also contributiong;ym, supercell yield exact frequencies for the opticaloint

from all the other supercells. However, if the phonon WaVveyhonon and for 26 otheg vectors according to Eq3) (“54-
vectorq is a vector of the reciprocal lattice of the supercell 515, modes’. Now it can be shown that we obtain the
lattice, i.e., if correct frequencies for both, the 64-atom modes and the 54-
sc_ atom modes, when we insert into E@) the effective 54-
q-T"=2mn, nez, ®) atom force constants to the 1, 4, 7, and 10 neighbors and the
then the effective dynamical matrix is identical to the trueeffective 64-atom force constants to the 2, 3, 5, 6, and 8
dynamical matrix®! This becomes obvious when express-neighbors. To calculate the frequencies for a general wave

ing the true dynamical matrix also in terms Bf¢ and T¢¢, ~ Vectorq we therefore replace the brackets in &4).by these
yielding corresponding effective force constants of the 54- and the

64-atom supercell, and we expect to obtain a good interpo-
lation for general wave vectors.
D,o(q)=2 —— The calculations were performed within the framework of
= Te¢ VM M,/ the  density-functional  theory in  local-density
approximation**® and theab initio mixed-basis pseudopo-
X[ D @, o (ToC+TEO) 7| @id™*° (4)  tential method® for which recently a highly efficient and
TS¢ = accurate computer code has been develdpéuthe mixed-
basis method the wave functions are represented by a basis
For the wave vectors| of Eq. (3) the structure factors set of plane waves supplemented by five localidextbitals
el9™° all attain the value of 1 and the bracket in Ed) is  per transition-metal atom. The localized orbitals are con-
identical to the effective force constant given by Ef).  structed in such a way that there is no overlap of orbitals
However, if we replace for generglthe bracket in Eq(4)  between neighboring atoms, and this allows a simple and
by the effective force constan(g), then several of the true accurate calculation of forces. In contrast to the former ver-
coupling constants are not weighted by the true structursion of the method® the new cod¥ fully takes into account
factors. Nevertheless, close to the wave vectors given by Edhe asphericity of the local part of the pseudopotential when
(3) the effective dynamical matrix is still a better approxima- calculating the Hamiltonian matrix elements involving the
tion to the true dynamical matrix than the truncated dynamidocalized orbitals, and this improves the accuracy of the total
cal matrix confined to the true couplings within one super-energies and especially of the for¢éhe calculations were
cell. To obtain a good overall representation of theperformed at the experimental lattice constagt=2.909
dynamical matrix we therefore can proceed on two alternaA.'® We expect that all phonon frequencies would be scaled
tive lines: First, we can perform calculations for various su-by a constant factor slightly larger than 1 when performing
percells with different sizes and forms, yielding different ef- the calculation at our slightly smaller theoretical lattice con-
fective force constants as different linear combinations ofstant ofa,=2.822 A, in analogy to the behavior of alkali

| -=——2r/a—»|
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TABLE I. Frequencies of phonon& THz) at thel’, X, R, and 12.0
M point of the Brillouin zone oB2-FeAl. The letters A, O, L, and

T stand for acoustic, optic, longitudinal, and transversal. The dataol ~ 10.0 g
column “conv.” (for “converged”) were obtained foE,, =30 Ry
and for 364 equivaleri points; those of the next two columns for L o

N 80

: X ; T

Ep,w=12.5 Ry and for 56 equivaleitpoints. The last column gives £,
the relative differences between the data of the two preceding col-& g |
umns. The experimental data were obtained by inelastic neutron @

uen

scattering experiments at room temperafire. g 40 1 o
= 9
Phonon Expt. Conv. AE F Diff. 20 |
I'-O 9.7 9.5 9.60 9.60 —
R-A 6.0 5.8 5.53 5.53 — 002 M
R-O 9.7 9.7 9.66 9.65 -0.1%
X-TA 6.3 6.3 6.37 6.40 +0.5%
X-LA 6.3 6.5 6.68 6.72 +0.6% FIG. 2. Theoretical phonon-dispersion curves of Fehlll
X-TO 8.1 8.0 8.06 8.07 +0.1% lines). The (.:irclfes(sguallre}sr.epc;.esent the res:JIts ;rom inelastic neu-
%-LO 86 91 911 911 - tr:rnatslj:?ettenng or the longitudinéransversalmodes at room tem-
M-LA 2.9 3.1 306 308 +06% P :
mlg ;z 77'2 ;'22 ;'263 0;/ this atom the matrix of the effective force constants was
) ' ' ' ' e 0° obtained from the forceBrec,, 0N the basis atoma’ in the
M-LO 10.9 10.5 10.66 10.65 -0.1% primitive unit cell T&¢
9 ff d(Frecyr)n (Frecar)n
metals. The plane-wave cutoff wak,,=12.5 Ry, and for [D° (T ] = — =_ ., (5
the sampling of the Brillouin zonk-point meshes according o (Ug)m (Ug)m

to Chadi_ and_ Cohéﬁwere _used correspon_ding to 56_equiva- where we assumed the harmonic approximation for the last
lent k points in the irreducible part of the first Brillouin zone part of Eq.(5). To account for anharmonic effects, the effec-
of the elementary unit cell of FeAl. For the frozen-phonony, e torce constants were evaluated for different amplitudes
calculations the results were in addition fully converged wnhof the displacements
respect (E, and to the number d{ points. . Figure 2 represents the calculated phonon spectrum along
In the frozen-phonon calculations we determined the,igh symmetry lines in the Brillouin zone, together with ex-
changeAE in total energy and the restoring forceson the  perimental data obtained at room temperature from inelastic
atoms when dlsplacmg the atoms according to a s_,napshot utron-scattering experiment&etails of the neutron-
the atom movement in a normal mode as function of thecattering experiments will be given elsewhé&There is a
displacement amplitude. Then fifth- and sixth-order polyno-y444 overall agreement, with all crossings of the dispersion
mials were fitted td~ andAE in order to account for anhar- o,es described correctly. The slight deviation for the
monic effects. It thereby turned out that the derivative of theycqysticalR mode results in part from the fact that at this
polynomial for AE with respect to the displacement ampli- \yaye vector the electronic structure calculation is not yet
tude reproduced more or less exactly the calculated forces fStally converged forE,=12.5 Ry and 56 equivalerit
function of the displacement amplitude, which serves as @,ints (the converged frozen-phonon frequency is about 0.3
consistency check of our methods to calculate total energiegy, higher; see Table).lIt should be noted that very similar

and forces. The eigenfrequencies were calculated from thgishersion curves are obtained when calculating the effective
coefficients of the linear and the quadratic terms of the poly-

nomials, respectively. The results for various high-symmetry — .

points of the phonon Brillouin zonérig. 1) are shown in — —— Fe-DOS
Table I. Again it becomes obvious from the last column of _ __| ... Al-DOS i
Table | that the results for the frequencies as obtained from™y —— total DOS

the total-energy calculations and from the force calculations é

are nearly identical. Please note that except forRh&pho- 2

non the data from calculations with,,=12.5 Ry and 56 g 1or |

equivalentk points are already well converged. There is a %

good overall agreement between theoretical and experimen- 2

tal frequencies, with a mean deviation of abaud.2 THz § 05T ]
o

and a maximum deviation of 0.5 THz for the€LO phonon.

For the calculation of the force-constant matrix it can be :
shown by symmetry arguments that for tB2 structure of 0.0 S

. o 0.0 5.0

FeAl all effective force constants within the supercell may be frequency [THz]
determined by just two calculations, once with a single Fe
and once with an Al atonfa,T®°=0) displaced in an arbi- FIG. 3. Theoretical total and partial phonon density of states for
trary Carthesian direction. For a given displacemepntof  B2-FeAl.




RAPID COMMUNICATIONS

R14 676 B. MEYER, V. SCHOTT, AND M. FAINLE PRB 58

dynamical matrix exclusively from the effective couplings of low and intermediate temperatures the entropy is dominated
the 54-atom supercell or from those of the 64-atom supercelby the low-frequency Fe vibrations and therefore the vacancy
(also the results obtained from a simple-cubic 16-atom suformation entropy(or, more precisely, the defect entropy
percell are surprisingly clogeAs in FeSi, but in contrast to  parametéet) resulting from the change of the vibrational en-
B-Ti (Ref. 2]) there are no pronounced phonon anomaliegropy when removing an atom from the system is expected to
which would strongly promote the diffusion of vacancies viabe larger for an Fe atom than for an Al atom.
nearest-neighbor jumps. The phonon density of states is

shown in Fig. 3. As in the case of J, 2?*there is a high

frequency part which originates primarily from the low-mass The authors are indebted to G. Vogl and B. Sepiol for
Al atoms and which is separated from the low-frequency parproviding us with the neutron-scattering data prior to publi-
which originates mainly from the high-mass Fe atoms. Atcation and to G. Vogl for a critical reading of the manuscript.
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