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Local modes of Fe and Co atoms in NiAl intermetallics
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Using nuclear inelastic scattering of synchrotron radiation and inelastic neutron scattering we have investi-
gated the vibrational properties of Fe and Co impurities in NiAl intermetallics, and compared them with the
density functional theory calculations. The Fe phonon spectra show two sharp peaks appearing in the frequency
gap between the Ni and Al phonon bands, and originating from the local modes of Fe residing in Ni, or Al
sublattices. Co, which replaces Ni, vibrates within a narrow frequency interval occurring close to the upper
edge, but still within the Ni phonon band. Thé initio calculations show that these effects are expected when
impurity-host force constants differ from host-host force constants causing a dynamic mismatch between guest
and host vibrations.
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I. INTRODUCTION scattering of synchrotron radiatiérin Al the Fe vibrations

Vibrations of isolated impurity atoms may strongly differ &€ In resior_]ancs d‘."’.ith all thﬁ host modes. Ir]bthe_ case ofIFe iln
from those of the host atoms due to different atomic massegudmetz' in ?] ition to Itfe resonance vi bratlonsd, i oca
and changes in the impurity—host force constamslocal mode above the maximal frequency was observed. A com-

mode may occur above the maximu frequency ofte prob1S" I e 1oy of Memhelnesiablened an

non density of states, or in the frequency gap between phodf the host Ia?tticey P

non bands. Usually, a dgcrease/increase of ‘”.‘p“r“.y Mass \\ie demonstrafe below that in the same system one finds

could be replaced _by an increase/decrease of |mpur|ty-ho§\;vo local modes in the gap of phonon density of states, i.e.,

force constants. It is generally understood that a local mod@itin the frequencies of forbidden phonons: one originating

may arise only when specific conditions between atomigyom |arge impurity-host force constant, and a second com-

masses and force constants of impurity and host atoms ajfg from the mass defect. Moreover, in another crystal we

fulﬁ”ed. OtherW|Se the Impurlty V|brat|0n IS not prevented to show that a local mode of the |mpur|ty atom with a neg"_

couple to the host vibrations. In particular, a local mode mayyible mass defect may persist in the allowed frequency band

appear for atoms with masses reasonably smaller than ths the host atoms, and that this effect is caused by the change

mass of the host atoms, provided the force constants do nef impurity-host force constants.

change. The amplitudes of the local modes rapidly diminish

with distance from the impurity atom. Being able to rational- Il. AB INITIO CALCULATIONS

ize from simple principles the way vibrational amplitudes are

confined in space is of prime importance for the general un- The ab initio calculations of NiAl, Niz 74~€; 25Als0,

derstanding of disordered systems including glasses and théWisoAl 43.79€s.25 and Niys 76C0g 25Al 5o Structures were per-

transport properties. formed within the density functional theory, using the PAW
An analysis and measurements of local modes have apotential®’ and the generalized gradient approximation

ready been done in the p&sEor example, by inelastic neu- (GGA), as implemented in the VASP softwéi&The NiAl

tron scattering, local phonon modes have been found abov@ystallizes in the primitive cubic structure, space group

the maximal frequency of the host phonon density of state®mam [Ni: (0,0,0, Al: (3,3,3)], with experimental and cal-

for Li impurities in a Mg crystal, and for Be impurities in a culated lattice constants equal ta=2.886 A and a

Cu crystaP indicating a decrease of impurity-host force con-=2.8921 A° respectively. In all phonon calculations we

stants. The vibrational density of states of highly dilute Fe inhave used the 2 2 2 supercells with 16 atoms, in which

Al or Fe in Cu metals were measured by nuclear inelastione atom, if needed, was replaced either by Fe or Co. The
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FIG. 1. Ab initio calculated(a) phonon dispersion relations of with 1 at. % Fe.
NiAl. Experimental points are taken from Ref. 18) Phonon den-

sity of states of NiAl mined by several scans in nuclear forward scattering geom-

etry from a®Fe foil before, during and after the inelastic

: . _ scans on the sample.
wavevector summation over electronic states was confined to The phonon density of states ¥Fe in NiAl with 1 at.%

#k 16X 6x 6mesh. The phonon dispersion curves, and hencge exiracted from the nuclear inelastic scattering is shown in
the density of states, were determined by the direCkig 2 There are two sharp peaks observed at 5.90 THz and
method"!2 The Hellmann-Feynman forces were calculatedg g THz, and a small peak close to 10.66 THz. Similar
for symmetry independent displacement with the amplltud%harp peaks have been obtained framinitio calculations,
of 0.03 A. _ ) o o Fig. 3, for a Fe atom placed in the supercell center and sur-
First, the phonons were obtained in stoichiometric interqnded either by Al, or Ni atoms, thus representing ordered
metallic NiAl. The calculated phonon dispersion relations AN 45 ;65 25Alsp OF NigoAl 4 765 25 models, respectively.
compared in Fig. () with the neutron scattering The calculated Fe partial phonon density of states consist of
measurements. Ipey agree also very well with anoth@b  garh peaks at 6.20 THz and 6.68 THz for Fe in Ni and Al
initio_calculation.” The calculated phonon density of states, g pjattices, respectively. These peak positions deviate from
Fig. 1(b), consists of two bands: Ni at low- and Al at high- e measured ones by 0.30 THz and -0.22 THz, respec-
frequency intervals spreading from 0.0 to 6.05 THz, andjyely. The lower frequency mode belongs to Fe vibrating

from 7.50 to 10.70 THz, respectively. within the Ni sublattice. It appears as a local mode due to a
remarkable increase of the impurity-host force constants with
1. NiAl WITH IRON IMPURITY respect to the host-host interactions, in spite of the fact that

the Fe and Ni masses are almost the same. The higher fre-

Polycrystalline sample of NiAl alloy with 1 at.%Fe was  quency local mode belongs to Fe vibrating within the Al
prepared from high purity elements by arc-melting in a watersublattice. This local mode splits down from the optical band
cooled copper hearth using a nonconsumable tungsten elegelge belonging mainly to Al vibrations. In this case the
trode under purified argon atmosphere. To increase homogénpurity-host force constants remain comparable to the host-
neity, the ingot was reversed and re-melted several times. Host force-constants, however, the mass ralig/ My, is
was subsequently encapsulated in a quartz tube undefose to 2.
vacuum and subjected to heat treatment at 1073 K for The small deviations between measured and calculated
6 days. The specimen was quenched in cold water withoyseak positions could come from a different neigborhood at
breaking the ampoule. Nuclear inelastic scattering spectra afie distances greater than the supercell size. Inathétio
iron in NiAl with 1 at.% Fe were measured by the nuclearcalculations, due to the periodic boundary conditions, Fe at-
inelastic scattering technigtreat the Nuclear Resonance oms are separated by distances corresponding to the super-
beam line ID18°*8at ESRF, Grenoble, France. The spectracell lattice constants, while in the measured sample Fe atoms
were measured at room temperat(284 K) with an energy  are further apart and randomly distributed. The direct method
resolution of 0.13 THz. The photon flux on the sample wasof phonon calculations uses the cummulant force constants,
about 0.7< 10° photons per second, and the measuring timewhich are the sum of the corresponding force constants in
amounts to 29 hours. The Lamb-Mossbauer factor washe original supercell and all its images. In calculations the
0.771). The instrumental function of the setup was deter-impurity force constants between the origin supercell and its

224304-2



LOCAL MODES OF Fe AND Co ATOMS IN NiAl..

PHYSICAL REVIEW B 70, 224304(2004)

FIG. 3. Ab initio calculated @)
total phonon density of states of

Nigz 796 2Als: (D) Fe partial

phonon density of states of

Nis3 7465 257l 50; (€) total density
1 of states of NjpAlyz 746525 (d)
Fe partial density of states of

NigpAl 437465 25 supercells.

FREQUENCY (THz)

0al @ 03 (c) .
Ni(Fe)Al NiAl(Fe)
[7]
E oak Total Total
= 02} 1
[
[T
O o2t
>
E
a 01} g
& oot} )
0.0 / . . . 0.0 . .
0.12 T T T T T T T T T T
) (d)
T Ni(Fe)Al 015k NiAl(Fe)
'u“)_J Fe Fe
< o008
w
w 0.10 | .
© 008}
>
=
2 004l
a 0.05 | .
0.02} ‘IM/\
0.00 — 0.00 J_/A\_r\* . LA
0 2 4 6 8 10 0 2 4 6 8 10

FREQUENCY (THz)

image could be of Fe-Fe type, while in the measured sample
the force constants at the same distance are of Fe-Ni, o~
Fe-Al types, and therefore should be different. We have es-
timated that a change of force constants between Fe atom

0.6
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43.75
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Al
6.25 50

belonging to original supercell and its closest image by abou
0.7% (with respect to the on-site force constantould be
sufficient to shift the calculated local modes to their mea-
sured values. Moreover, the local mode 6.20
—5.90 THz enters already into the Ni phonon band. It can ©

be shown that due to the increased interaction of Fe atomg
with the crystal lattice the local mode at 5.90 THz is accom- 2 0-2
panied with a noticeable increase of phonon density of statess

in the region from a 2 THz to 6 THz region, as seen in Fig.

2. A similar enhancement is reported below for Co impurity
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|
e
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in Ni sublattice, Fig. 4.
It is well-known that if the impurity atoms have masses

similar to those of the host atoms, then they oscillate in the o1

4 6 8
FREQUENCY

same frequency range as the host atoms, provided the forc
constants do not change. In the present case the Fe atom
replacing Ni, are only 5% lighter, and nevertheless they form
a local mode that splits-off from the high-frequency Ni pho-

non band edge towards the phonon gap. The splitting is
caused by a 68% increase of impurity on-site force constants
Table I. Simultaneously, the impurity on-site force constant
of the Fe atom, which replaces Al, is only 7% smaller than
that of Al, Table I. However, combined with an Fe mass,

twice as large as that of Al, it leads to a splitting-off of an Fe

local mode from the low-frequency edge of the Al band to

the phonon gap.

{b)
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IV. NiAl WITH COBALT IMPURITY
The NiAl, Niy3 74C05 257l 50 and NiygC0o; Al 59 alloys have

il g )
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FIG. 4. Ab initio calculated(a) total phonon density of states,

been prepared from 99.9% purity elements by inductiorand (b) Co partial phonon density of states of sMi<C0os 257l 5o

melting and casting into the steel mold under argon atmosupercell.
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TABLE I. The largest force constant parameters as calculated ¥a@mandPHONON softwares. Thé\(X)B denotes the 16 atomic cubic
supercell in which one A-type atom was replaced by an X impurity atom. Notice that for théRgjAlupercell the atomic names have been
interchanged. Thebi(jAB)(n,m) is the element of the 8 3 force constant matrix betweénandB atoms located at andm sites. The indices
ij run overxx,Xy, ...zz Force constant parameters are in eV/A

11 11 1

(AA) el 1 @l 1 ne)n 1

AX)B %% (0,0 o (4,4) o (4,4) o (0,4)
Ni(Ni)A 6.51 8.51 0.0 -0.70
Ni(Co)Al 6.57 8.74 0.06 -0.71
Ni(FeAl 6.65 8.82 0.21 -0.72
Al(FONi 8.96 6.63 -0.12 -0.67
AX)B nB)fn L 20,0 xB)[n L xB)[n L
(ny O,Z XX @XX O,Z (ny O,Z

Ni(Ni)Al -0.68 6.51 -0.70 -0.68
Ni(Co)Al -0.69 8.52 -0.84 -0.71
Ni(Fe)Al -0.72 11.15 -0.99 -0.82
Al(FONi -0.69 8.35 -0.75 -0.76

sphere. The homogenization was performed in evacuated.50 to 10.70 THz, which corresponds mainly to the Al vi-
quartz ampoules at temperature of 1000 °C for 4 hours anfrations, because there, due to the same concentration, the Al
then the samples were slowly cooled. Since #ieinitio  density of states should be similar. In Fig. 5 we draw the
calculationd® indicated that the formation energies of Co difference between the intensitiésof the doped and pure
defect in Ni sublatticé1.3 meV/atomis much smaller then  specimen(I[Ni;_,(Co)AI]—I[NiAl]). They show that the
the formation energy of Co in Al sublattice changes introduced by Co lead to the same effects in calcu-
(88.7 meV/atomwe may assume that Co replaces Ni in the|ated and measured differences. The observed positive differ-
NiAl alloy. The inelastic neutron scattering measurementsnce in vicinity to 5.5 THz at the high-frequency edge of the
were performed at an ambient temperature on the cold timeNi phonon band manifests the Co local mode.

of-flight spectrometer IN6 of the ILL, Grenoble, Frarice. Due to a large neutron scattering cross-section of Ni, it
The incident wavelength was 4.12 A, and neutrons were deyould be easier to perform the inelastic neutron scattering
tected over the scattering angles from 13° to 114°. The elasneasurements on Ni impurities in CoAl alloy, then on Co in
tic resolution was determined as 0.073 THz. Measuring timeNiAl crystal as we have done. However, aalv initio calcu-

was 6 hours per sample. Using the incoherentations show that the Niimpurities in Co sublattice of CoAl
approximatio® the spectra were converted into a neutron
weighted phonon density of states, where contributions to then 1.0 —— T
vibrations from each element Ni, Co, Al are taken into ac- & L | —e—Ni ___Co__Al
count with the weight equal to the total neutron scattering® o5} _._Ni43'c7;50 ,iizs %
cross-sections, i.e., to 12:4:1, respectively. Multiphonon cor-&s | 010 %0
rections were performed self-consistently. The measurec. g,
neutron weighted phonon density of states of NiAl shows5
that the phonon gap spreads from 6.05 THz to 7.40 THz,5
which agrees very well with thab initio results. E
A little less pronounced local mode appears in the©
Ni 43 76C05 25Al 50 alloy, where some Ni atoms are replaced by & -
Co. As follows from theab initio calculations, the Co vibra- &
tions are mostly confined to a single peak placed close to th@ A5r
high-frequency edge of the Ni band, Fig. 4. The Co and NikL
masses are almost equal. But 30% larger on-site force con
stants for Co, Table I, remove the possibility of common
vibrations of Ni and Co atoms in the whole Ni band. Figure  FjG. 5. The neutron weighted intensity differences
4(b) indicates that Co weakly participates in the remaining(j[Ni,_(Co)AI]-I[NiAl]) measured by neutron scattering for
modes of the crystal. Ni43 76C05 2Al 50 (SOlid circleg and NiCoyeAlsg (solid squares
Three alloys NiAl, Niz7£C0s26Al50 and NigCojAlsy  Open circles: the same difference obtained fraiminitio calcula-
have been measured by neutron spectroscopy; see the insetitths for Niy; 74C05 25Also model. The inset shows the neutron
Fig. 5. The derived neutron weighted density of states argeighted density of states for three samples. The solid triangles
normalized to each other in the frequency interval betweenlenote the NiAl specimen.

-0.5

DENSITY OF STATES
O R TR S

0 2 4 6 8 10 12
FREQUENCY (THz)

224304-4



LOCAL MODES OF Fe AND Co ATOMS IN NiAl.. PHYSICAL REVIEW B 70, 224304(2004)

crystal do not form local modes. It appears so because the Ni narrow local peak within the frequency band of the Ni host
impurity on-site force constant is about 21% smaller then theatoms, although the mass difference of Co and Ni is negli-
host Co on-site force constant. This difference causes that thggble. The results show that the phonon density of states
Ni vibrational frequencies are distributed over the whole Coprobed by a dilute impurity, even when impurity and host

partial phonon density of state spectrum. atoms are of comparable masses, may dramatically differ
from the phonon density of states of the host atoms. Gener-
V. CONCLUSIONS ally, the guest atoms may vibrate more or less decoupled

) ) ) ~ from the host and this even in cases where the frequencies

_In conclusion, the phonon properties of the intermetallicspyerlap. Such vibrational localization has influence on ther-
NiAl with impurity atoms Fe and Co have been measured byyodynamic and transport properties. Being able to rational-
the nuclear inelastic scattering, neutron spectroscopy, ande these phenomena in the rather simple case of diluted
calculated within the density functional theory. We found aNimpurities seems paramount to understanding the dynamics

exceptional case in which Fe impurity atoms, occupying tWoof more complex disordered systems.
sublattices in the same crystal, create two local modes with

different frequencies occurring in the phonon gap. The
masses of Fe and Ni are similar, hence the local mode of Fe
in Ni sublattice is caused by much larger Fe force constants. The authors would like to thank J. Korecki for providing
The local mode of Fe in Al sublattice follows mainly from us with the enriched’Fe isotope. This work was partially
the twice larger Fe mass when compared to Al. Due to comsupported by the State Committee of Scientific Research
bination of neutron scattering measurements ahdinitio  (KBN), Grant No. PBZ-KBN-041/T08/01-06, and by BMBF
calculations, we could provide evidence that Co atoms creat&rant No. 05 KS1PPB/3.
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