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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. Fa¨hnle
Max-Planck-Institut fu¨r Metallforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

~Received 19 August 1998!

The phonon-dispersion curves of stoichiometricB2-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 theab 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 physi
quantities which are important for the technological appli
tion may or may not be influenced by lattice vibrations. F
instance, it has been assumed1 that there is a considerabl
effect of the vibrational entropy on the order-disorder tran
tion, butab initio computations2 have thrown some doubt o
this assumption at least for the case of Ni3Al. Second, the
phonon spectrum can be used to obtain information on
gration barriers for nearest-neighbor vacancy jumps wit
the framework of the theory of Schoberet al.3 In this con-
text, it is sometimes discussed whether the large diffusivi
of some intermetallics originate from low-energy phon
modes which assist the defect migration. Indeed, inela
neutron-scattering experiments4 on iron-rich Fe-Si com-
pounds with DO3 structure revealed transverse acoustic p
non branches which are very low in energy, indicating lo
migration barriers, but there was no visible composition
pendence and therefore the vibrational properties canno
plain the pronounced change of diffusivity with compositio
In contrast, it is well known that the defect formation entr
pies may have a strong influence on the concentration
atomic defects well below the order-disorder transition, e
in B2-FeAl.5 To calculate the defect formation entropies o
has to determine the phonon spectra of the material with
without the considered defect. This has been done within
framework of theab initio electron theory for the case of Li,6

Na, and K,6,7 but corresponding calculations for intermetal
compounds are lacking. Finally, the phonon spectra are
quired to investigate structural phase transitions within
framework of the harmonic approximation~see, e.g., Ref. 8!.

The present paper represents a first step towards
above-discussed objectives for the case of intermetallic c
pounds which very often contain3d transition-metal atoms
It is shown exemplarily for the case ofB2-FeAl that theab
initio electron theory in local density approximation is ab
to yield highly accurate phonon spectra for such systems
a by-product, the calculation serves to explore whether th
are peculiarities in the phonon spectrum ofB2-FeAl which
may assist the defect migration. To our knowledge, Ni3Al
~Ref. 2! and FeAl studied in this paper are the only examp
for the ab initio calculation of phonon spectra in system
containing3d transition-metal atoms.

The calculations were performed within the framework
PRB 580163-1829/98/58~22!/14673~4!/$15.00
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the direct approach9–12 which is the alternative to thelinear
response approach;13 for a short review see Ref. 9. There a
two versions of the direct approach. In the frozen-phon
calculation,12 the total energy is evaluated for a system w
a displacement pattern according to a snapshot of the a
movement, and from the energy as a function of the displa
ment amplitude the phonon frequency is obtained. T
strength of the frozen-phonon calculations is that they
clude automatically and exactly all the couplings betwe
the various atoms which are relevant for the respective p
non mode. The disadvantage is that they are restricte
wave vectors for which the phonon displacement pattern
commensurate to the supercells used in the calculations,
only short-wavelength phonons can be considered for
sonable supercell sizes. In the following we therefore use
frozen-phonon calculations just for convergence tests and
a check of the results obtained by the second variant of
direct method, the direct force-constant approach. In this
ter approach, single atoms in the infinite crystal are d
placed, and the resulting forces on all the other atoms
calculated. From these forces the elements of the fo
constant matrix are obtained, the dynamical matrix is de
mined from the force-constant matrix by Fourier transform
tion, and the phonon frequencies are calculated by
diagonalization of the dynamical matrix~for details, see
Refs. 9–11!. The advantage of the force-constant approac
that phonon frequencies for arbitrary wave vectors can
considered which allows the determination of the phon
density of states. The disadvantage is that in a practical
culation only a restricted number of force constants can
obtained so that the dynamical matrix can be calculated o
approximately. This represents the main limitation of the a
proach and will be discussed in the following.

Suppose that the calculational method yields the t
force constantsFa,a8(T8) between the basis atomsa in the
elementary unit cell atT50 and the atomsa8 in the elemen-
tary unit cell with translation vectorT8. Then the dynamical
matrix is given by

Da,a8~q!5(
T8

1

AMaMa8

Fa,a8~T8! eiqT8 , ~1!
R14 673 ©1998 The American Physical Society
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whereMa is the mass of the basis atoma andq denotes the
wave vector of the phonon. Of course, in a practical cal
lation only a finite number of coupling constants can be
tained and used for the calculation of the dynamical ma
~truncated dynamical matrix!. Furthermore, many of the
methods used for the calculation of the force constants
based on a reciprocal space formalism. Then—instead of
placing a single atom in an infinitely extended system—
supercell containing many elementary unit cells is co
structed and a single atom of the supercell is displaced.
cause the supercells then are repeated periodically, there
periodic array of displaced atoms, and the force on a con
ered atom is given by a superposition of the forces exe
by all the displaced atoms on the considered atom. The fo
constants between the atoms in the supercell calculated
these forces therefore represent effective force constant

Fa,a8
e f f

~Tec!5(
Tsc

Fa,a8~Tsc1Tec! , ~2!

where we have composed the translation vectorT by a trans-
lation vectorTsc for the supercell and a translation vect
Tec characterizing the location of the considered elemen
unit cell in the supercell. Inserting the effective force co
stants into Eq.~1! yields an effective dynamical matri
which is different from the true dynamical matrix. It is als
different from the truncated dynamical matrix where only t
true force constants within a supercell are considered,
cause the effective force constants involve also contributi
from all the other supercells. However, if the phonon wa
vectorq is a vector of the reciprocal lattice of the superc
lattice, i.e., if

q•Tsc52p n, nPZ , ~3!

then the effective dynamical matrix is identical to the tr
dynamical matrix.10,11 This becomes obvious when expres
ing the true dynamical matrix also in terms ofTsc andTec,
yielding

Da,a8~q!5(
Tec

1

AMaMa8

3S (
Tsc

Fa,a8~Tsc1Tec! eiqTscD eiqTec
. ~4!

For the wave vectorsq of Eq. ~3! the structure factors
eiqTsc

all attain the value of 1 and the bracket in Eq.~4! is
identical to the effective force constant given by Eq.~2!.
However, if we replace for generalq the bracket in Eq.~4!
by the effective force constants~2!, then several of the true
coupling constants are not weighted by the true struc
factors. Nevertheless, close to the wave vectors given by
~3! the effective dynamical matrix is still a better approxim
tion to the true dynamical matrix than the truncated dyna
cal matrix confined to the true couplings within one sup
cell. To obtain a good overall representation of t
dynamical matrix we therefore can proceed on two alter
tive lines: First, we can perform calculations for various s
percells with different sizes and forms, yielding different e
fective force constants as different linear combinations
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true force constants according to Eq.~2!, and then we can try
to calculate from the so-obtained set of linear equations
many true coupling constants as possible, including als
sufficiently large number of force constants beyond the ra
of the supercell, in order to obtain a truncated dynami
matrix with large truncation range. Because this proced
requires an enormous numerical effort we proceeded on
alternative line by evaluating the effective force constants
a simple cubic 54-atom supercell and a body-centered-c
64-atom supercell. The effective force constants of the
atom supercell yield exact phonon frequencies for the p
non modes for the 32q vectors of the Brillouin zone which
fulfill Eq. ~3! and which we call ‘‘64-atom modes.’’ Among
these are the modes at theG, R, X, andM point ~see Fig. 1!.
On the other hand, the effective force constants of the
atom supercell yield exact frequencies for the opticalG point
phonon and for 26 otherq vectors according to Eq.~3! ~‘‘54-
atom modes’’!. Now it can be shown that we obtain th
correct frequencies for both, the 64-atom modes and the
atom modes, when we insert into Eq.~4! the effective 54-
atom force constants to the 1, 4, 7, and 10 neighbors and
effective 64-atom force constants to the 2, 3, 5, 6, and
neighbors. To calculate the frequencies for a general w
vectorq we therefore replace the brackets in Eq.~4! by these
corresponding effective force constants of the 54- and
64-atom supercell, and we expect to obtain a good inter
lation for general wave vectors.

The calculations were performed within the framework
the density-functional theory in local-densit
approximation14,15 and theab initio mixed-basis pseudopo
tential method16 for which recently a highly efficient and
accurate computer code has been developed.17 In the mixed-
basis method the wave functions are represented by a b
set of plane waves supplemented by five localizedd orbitals
per transition-metal atom. The localized orbitals are co
structed in such a way that there is no overlap of orbit
between neighboring atoms, and this allows a simple
accurate calculation of forces. In contrast to the former v
sion of the method,16 the new code17 fully takes into account
the asphericity of the local part of the pseudopotential wh
calculating the Hamiltonian matrix elements involving th
localized orbitals, and this improves the accuracy of the to
energies and especially of the forces.17 The calculations were
performed at the experimental lattice constanta052.909
Å.18 We expect that all phonon frequencies would be sca
by a constant factor slightly larger than 1 when performi
the calculation at our slightly smaller theoretical lattice co
stant of a052.822 Å, in analogy to the behavior of alka

FIG. 1. TheB2-structure of FeAl~left! and the corresponding
Brillouin zone ~right!.



g
a-
e
on
ith

th

ot
th
o

-
th
li-
s
s
gi
t
ly
tr

o
ro
on

a
e

be

b
F

as

last
c-
es

long
x-
stic

ion
he
is
yet

0.3
r
tive

for

a

r

co
ro

u-

RAPID COMMUNICATIONS

PRB 58 R14 675PHONON SPECTRUM OFB2-FeAl: Ab initio . . .
metals.9 The plane-wave cutoff wasEpw512.5 Ry, and for
the sampling of the Brillouin zonek-point meshes accordin
to Chadi and Cohen19 were used corresponding to 56 equiv
lent k points in the irreducible part of the first Brillouin zon
of the elementary unit cell of FeAl. For the frozen-phon
calculations the results were in addition fully converged w
respect toEpw and to the number ofk points.

In the frozen-phonon calculations we determined
changeDE in total energy and the restoring forcesFi on the
atoms when displacing the atoms according to a snapsh
the atom movement in a normal mode as function of
displacement amplitude. Then fifth- and sixth-order polyn
mials were fitted toFi andDE in order to account for anhar
monic effects. It thereby turned out that the derivative of
polynomial for DE with respect to the displacement amp
tude reproduced more or less exactly the calculated force
function of the displacement amplitude, which serves a
consistency check of our methods to calculate total ener
and forces. The eigenfrequencies were calculated from
coefficients of the linear and the quadratic terms of the po
nomials, respectively. The results for various high-symme
points of the phonon Brillouin zone~Fig. 1! are shown in
Table I. Again it becomes obvious from the last column
Table I that the results for the frequencies as obtained f
the total-energy calculations and from the force calculati
are nearly identical. Please note that except for theR-Apho-
non the data from calculations withEpw512.5 Ry and 56
equivalentk points are already well converged. There is
good overall agreement between theoretical and experim
tal frequencies, with a mean deviation of about60.2 THz
and a maximum deviation of 0.5 THz for theX-LO phonon.

For the calculation of the force-constant matrix it can
shown by symmetry arguments that for theB2 structure of
FeAl all effective force constants within the supercell may
determined by just two calculations, once with a single
and once with an Al atom~a,Tec50) displaced in an arbi-
trary Carthesian direction. For a given displacementua of

TABLE I. Frequencies of phonons~in THz! at theG, X, R, and
M point of the Brillouin zone ofB2-FeAl. The letters A, O, L, and
T stand for acoustic, optic, longitudinal, and transversal. The dat
column ‘‘conv.’’ ~for ‘‘converged’’! were obtained forEpw530 Ry
and for 364 equivalentk points; those of the next two columns fo
Epw512.5 Ry and for 56 equivalentk points. The last column gives
the relative differences between the data of the two preceding
umns. The experimental data were obtained by inelastic neut
scattering experiments at room temperature.20

Phonon Expt. Conv. DE Fi Diff.

G-O 9.7 9.5 9.60 9.60 —
R-A 6.0 5.8 5.53 5.53 —
R-O 9.7 9.7 9.66 9.65 20.1%

X-TA 6.3 6.3 6.37 6.40 10.5%
X-LA 6.3 6.5 6.68 6.72 10.6%
X-TO 8.1 8.0 8.06 8.07 10.1%
X-LO 8.6 9.1 9.11 9.11 —
M-LA 2.9 3.1 3.06 3.08 10.6%
M-TA 7.3 7.6 7.66 7.66 —
M-TO 8.3 7.9 8.06 8.03 20.4%
M-LO 10.9 10.5 10.66 10.65 20.1%
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this atom the matrix of the effective force constants w
obtained from the forcesFTeca8 on the basis atomsa8 in the
primitive unit cell Tec

@Fa,a8
e f f

~Tec!#mn52
]~FTeca8!n

]~ua!m
52

~FTeca8!n

~ua!m
, ~5!

where we assumed the harmonic approximation for the
part of Eq.~5!. To account for anharmonic effects, the effe
tive force constants were evaluated for different amplitud
of the displacements.

Figure 2 represents the calculated phonon spectrum a
high-symmetry lines in the Brillouin zone, together with e
perimental data obtained at room temperature from inela
neutron-scattering experiments~details of the neutron-
scattering experiments will be given elsewhere!.20 There is a
good overall agreement, with all crossings of the dispers
curves described correctly. The slight deviation for t
acousticalR mode results in part from the fact that at th
wave vector the electronic structure calculation is not
totally converged forEpw512.5 Ry and 56 equivalentk
points ~the converged frozen-phonon frequency is about
THz higher; see Table I!. It should be noted that very simila
dispersion curves are obtained when calculating the effec

FIG. 3. Theoretical total and partial phonon density of states
B2-FeAl.

of

l-
n-

FIG. 2. Theoretical phonon-dispersion curves of FeAl~full
lines!. The circles~squares! represent the results from inelastic ne
tron scattering for the longitudinal~transversal! modes at room tem-
perature.
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dynamical matrix exclusively from the effective couplings
the 54-atom supercell or from those of the 64-atom super
~also the results obtained from a simple-cubic 16-atom
percell are surprisingly close!. As in Fe3Si, but in contrast to
b-Ti ~Ref. 21! there are no pronounced phonon anoma
which would strongly promote the diffusion of vacancies v
nearest-neighbor jumps. The phonon density of state
shown in Fig. 3. As in the case of Fe3Al, 22,23,1there is a high
frequency part which originates primarily from the low-ma
Al atoms and which is separated from the low-frequency p
which originates mainly from the high-mass Fe atoms.
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low and intermediate temperatures the entropy is domina
by the low-frequency Fe vibrations and therefore the vaca
formation entropy~or, more precisely, the defect entrop
parameter24! resulting from the change of the vibrational e
tropy when removing an atom from the system is expecte
be larger for an Fe atom than for an Al atom.

The authors are indebted to G. Vogl and B. Sepiol
providing us with the neutron-scattering data prior to pub
cation and to G. Vogl for a critical reading of the manuscri
.
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