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Local Chemical Environments and the Phonon Partial Densities of States of57Fe in 57Fe3Al
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Inelastic nuclear resonant scattering spectra were measured on alloys of Fe3Al that were chemically
disordered, partially ordered, andD03 ordered. The features in the phonon partial density of states of
57Fe were found to change systematically with chemical short-range order in the alloy. Changes in
the phonon partial density of states were modeled successfully by assigning vibrational spectra to57Fe
atoms in different first-nearest-neighbor chemical environments. [S0031-9007(98)05811-6]

PACS numbers: 76.80.+y, 63.20.–e, 81.30.Bx
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Phase diagrams of materials have been subjects of
tensive experimental and theoretical research. In rec
years, much of the free energies of solid phases have b
calculated by elegant combinations of methods for c
culating the electronic energy with the local density a
proximation and methods using cluster approximations
calculating the configurational entropy [1]. The chan
in vibrational entropy during a solid state phase transit
is often thermodynamically important, however. There
now a growing effort to understand the reasons for diff
ences in vibrational entropy between different states of m
terials [2–8]. Knowledge of the phonon density of states
central to any understanding of vibrational entropy, at le
in the harmonic approximation. Phonons are delocaliz
excitations on the crystal lattice, so it is not obvious how
include vibrational entropy into methods for phase diagr
calculations that are based on the energetic and statis
properties of local clusters of atoms.

It would be particularly convenient if changes in th
phonon density of states (DOS) could be assigned
changes in local atomic arrangements. The Einstein mo
for vibrational dynamics is easily included in mean-fie
calculations of free energy [4]; and vibrational effectiv
cluster interactions, based on local atomic configuratio
have been developed recently [6]. There is some evide
that the vibrational contribution to alloy thermodynami
may depend on short-range features of atomic arran
ments. The ranges of interatomic force constants, obtai
from the shapes of phonon dispersion curves, are ty
cally not much larger than interatomic distances. Althou
phonons have many wavelengths, most of the phonons
solid have high frequencies and short wavelengths. N
ertheless, there have been no experimental tests of how
phonon DOS depends on local atomic configurations of
loys. The present investigation was undertaken to mea
the phonon partial density of states of57Fe atoms in bcc
alloys of 57Fe3Al. The alloys had well-characterized dif
ferences in chemical short-range order (SRO), so it w
possible to correlate the phonon partial DOS to the lo
chemical environment of the57Fe atoms.

Previous calorimetric measurements [7] found a diffe
ence ofs0.1 6 0.03dkByatom in the vibrational entropies
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of chemically ordered and disordered Fe3Al, with the
disordered alloy having the larger vibrational entrop
This difference in vibrational entropy could be unde
stood from the phonon density of states [7] calculat
with the interatomic force constants derived from fits
experimental phonon dispersion curves [9,10]. The agr
ment was only qualitative, however, with the phonon DO
curves providing a difference in vibrational entropy nea
a factor of 2 too large. This discrepancy likely originate
with the use of the virtual crystal approximation for th
analysis of the coherent inelastic neutron scattering d
from chemically disordered Fe3Al. The virtual crystal ap-
proximation does not allow for high frequency vibration
in disordered alloys at the frequencies of optical mod
in the ordered alloys. It, therefore, may overestimate
change in phonon DOS upon chemical ordering. Hi
frequency vibrational states in a disordered alloy proba
do not exhibit long-range translational symmetry, and
best measured with methods employing incoherent s
tering. This motivated the present study using the n
technique of inelastic nuclear resonant scattering [11,1

The measurements were performed at the 3-ID un
lator beam line of the Advanced Photon Source. A p
monochromater consisting of water-cooled diamond (1
crystals in a nondispersive setting produced a beam
14.413 keV synchrotron radiation with an energy ban
width of 1.2 eV. Further monochromatization to a
875 meV bandwidth was provided by a high-resolutio
monochromator [13] comprising two asymmetically c
silicon (975) crystals in a dispersive geometry. The ph
ton flux incident on the foil sample within this bandwidt
was 6 3 108 Hz. The energy alignment of the high
resolution monochromater was tuned around the nuc
resonance in steps of300 meV. An avalanche photodiode
with an active area of2 cm2 was mounted 4 mm above
the specimen and used for the detection of time-dela
K-shell internal conversion x rays of 6.4 keV. All mea
surements were performed at room temperature.

Measurements were performed on three foils of57Fe3Al
of 3 mm thickness. They were prepared by arc melti
a 50 mg ingot under an argon atmosphere, followed
piston-anvil quenching into a thin foil and cold rolling. A
© 1998 The American Physical Society



VOLUME 80, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 13 APRIL 1998

an

n
l
er
]
or

re-

by
.
e

-

-
-
a

d
n

l
n
c-

.
l-
n

e

n
f

JEOL Superprobe 733 electron microprobe was used
check for chemical heterogeneities, and to determine t
the chemical composition of the foil was Fe-26.0 at.
Al. One specimen was used directly in this state, a
is denoted as the “disordered” sample. A second foil
57Fe3Al was annealed at 473 K for 1 h to induce partia
chemical order, and is denoted as the “partially ordere
sample. The third foil of57Fe3Al was annealed at 773 K
for 6 days, followed by 723 K for 40 days, and is denote
as the “ordered” sample. The states of chemical lon
range order (LRO) of the three samples of57Fe3Al were
determined by x-ray diffractometry and by conversio
electron Mössbauer spectrometry. Some x-ray diffracti
patterns are presented in Fig. 1. Only the ordered sam
shows anyD03 LRO, as evidenced by intenses 1

2
1
2

1
2 d

and (100) x-ray superlattice diffractions. The diffractio
pattern from the partially ordered sample may show so
broad intensity from about28± 37± that could be diffuse
scattering originating with chemical SRO.

Conversion electron Mössbauer spectrometry was u
to measure the chemical short-range order in the samp
(Fig. 2). A perfect state ofD03 chemical order would have
Fe atoms with only zero or four Al neighbors (the 4[b] an
8[c] sites in Wyckoff notation) in a 1:2 ratio. The exces
of Fe atoms with three Al neighbors in our ordered samp
indicates a LRO parameter between 0.7 and 0.8 (wh
perfectD03 order would be 1.0). The disordered samp
shows a much broader distribution of local chemical e
vironments, peaking at two first-nearest-neighbor (1nn)
atoms as expected for a random solid solution. For t
disordered alloy, the probability of finding an Fe atom
with the numbern of 1nn Al atoms follows approximately
the binomial distribution [14], although there was a sma
excess of Fe atoms with four Al neighbors. The partial
ordered sample shows a hyperfine magnetic field (HM
distribution that is intermediate between the ordered a
disordered alloy.

FIG. 1. X-ray diffraction patterns (CoKa radiation, Debye-
Scherrer optics) from the three specimens of57Fe3Al scaled for
equal intensities of the (110) fundamental diffraction at52±.
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Inelastic nuclear resonant scattering measurements c
provide the phonon partial DOS of57Fe atoms,gFes´d,
defined as

gFes´d 
X
d

X
g

X
q

js
g
d sqdj2dsss´ 2 ´gsqdddd , (1)

where s
g
d sqd is the polarization vector for the Fe atom

at the site,d, of the phonon in the branch,g, with
wave vector,q. In theD03 ordered structure, the phonon
partial DOS involvesd vectors for only the 4[b] and
8[c] crystallographic sites. Previous study of the phono
partial DOS for Al and Fe atoms showed that in optica
modes around 43 meV, the Al atoms have much larg
vibrational amplitudes than do Fe atoms [7]. The 8[c
Fe sites form a cage around the Al atoms, however. F
these high energy phonons the polarization vectors

g

8fcgsqd
is non-negligible.

Inelastic nuclear resonant scattering spectra are p
sented in Fig. 3. The Mössbauer elastic peak atE 
0 meV is surrounded by the inelastic contribution from
nuclear resonant photon absorptions accompanied
phonon excitation (right), and phonon absorption (left)
The vibrational modes around 43 meV are present in th
disordered alloy, but show a distinct growth in inten
sity with the chemical order in the alloy. The nonzero
intensity at energies above 50 meV is primarily multi
phonon scattering [16,17]. We corrected for the multi
phonon scattering by an iterative procedure [18] and
Fourier-logarithm deconvolution method [11] describe
previously. These spectra were converted into phono
partial DOS curves for57Fe, and results are shown in the
middle of Fig. 4.

At the top of Fig. 4 are phonon partial DOS curves
for Fe, calculated with the Born–von Kármán mode
using interatomic force constants from inelastic neutro
scattering [7,9,10] and convoluted with a Gaussian fun
tion of 850 meV full width at half maximum to account
approximately for the resolution of the monochromator
The partial DOS curve for the disordered alloy was ca
culated with force constants obtained from bcc dispersio

FIG. 2. (a) Conversion electron Mössbauer spectra from th
specimen of bcc57Fe and the three specimens ofD03-ordered
57Fe3Al. (b) HMF distributions of the 57Fe3Al specimens
extracted by the method of [15]. Peaks in the HMF distributio
are labeled with numbers indicating the different numbers o
1nn Al neighbors about the57Fe atom.
3305
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FIG. 3. Conversion x-ray intensity versus photon energy fro
the disordered, partially ordered, and ordered alloys near
elastic (Mössbauer) resonance set at 0 meV. Curves for
partially ordered and ordered samples are shifted vertically
factors of 10 and 100, respectively.

curves [10], which implicitly assumes that the alloy con
tains one species of atom with the average mass of Fe
Al. This virtual crystal approximation is intrinsic to the
analysis of coherent inelastic neutron scattering expe
ments on disordered alloys when single phonon frequ
cies are used to parametrize the neutron spectra meas
at constantQ. The virtual crystal calculation has particu
larly poor agreement with the experimental data from t
disordered alloy for energies above 34 meV in the ran
of the optical modes of the ordered alloy. On the oth
hand, forD03-ordered Fe3Al we find good agreement be-
tween the calculated partial DOS and our experimen
data (where the calculated curve is the sum of two par
DOS curves for the 4[b] and 8[c] crystallographic site
shown as dashed lines at the top of Fig. 4). The on
distinct discrepancy occurs around 26 meV, although t
discrepancy vanishes if the calculated curves are bro
ened by about 2 meV. The experimental data also sh
intensity in the energy gap around 34–38 meV owing
some disorder in the ordered alloy. The intensity in th
energy gap becomes larger for the partially ordered a
disordered alloys. With increasing disorder there is a d
crease in intensity of the DOS at optical mode energi
and these modes also decrease in energy.

The results of Fig. 4 are useful for determining th
spatial range of chemical order that affects the phon
DOS. Two of the samples have chemical SRO, b
only one has LRO. From the systematic changes in
phonon partial DOS with chemical SRO, it is clear th
the 57Fe phonon partial DOS in Fe3Al depends much
more strongly on SRO than on LRO. This is encouragi
3306
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FIG. 4. Phonon partial DOS curves for57Fe in 57Fe3Al.
Top: Calculated curves using interatomic force constants
the alloys with disorder andD03 chemical order [7]. Upper
middle: Experimental phonon partial DOS curves obtain
from the spectra of Fig. 3. Lower middle: Differences o
experimental phonon partial DOS curves. Bottom: Calculat
difference of phonon partial DOS curves, using the loc
approximation described in text.

for the use of the vibrational effective cluster interactio
method [6], for example.

We have made a quantitative test of a local cluster a
proximation which assumes the phonon partial DOS f
a 57Fe atom depends only on the numbern of its 1nn
Al atoms. We obtained these numbersn from the hy-
perfine magnetic field distributions shown in Fig. 2(b
by fitting them to Gaussian functions. The three sam
ples had the following fractions ofh0, 1, 2, 3, 4, 5j 1nn Al
atoms: disorderedh0.10, 0.21, 0.30, 0.21, 0.15, 0.02j, par-
tially ordered h0.18, 0.14, 0.17, 0.22, 0.26, 0.02j, and or-
deredh0.16, 0.20, 0.10, 0.19, 0.33, 0.01j. To help with the
assignment of phonon partial DOS curves to speci
chemical environments, we used a Monte Carlo sim
lation of ordering on a bcc lattice, described previous
[14], to generateA3B alloys with 5.24 3 105 atoms and
various states of chemical order. TheA atoms (denoted
Fe) having the numbersn of first neighborB atoms (de-
noted Al) were counted, and an alloy was obtained w
the following fractions ofh0, 1, 2, 3, 4, 5j 1nn B atoms:
h0.21, 0.12, 0.083, 0.18, 0.40, 0.004j. This was similar to
our 57Fe3Al ordered alloy, especially considering that th
zero and one Al neighborhoods cannot be reliably r
solved experimentally. The purpose of this simulatio
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was not to match the ordered alloy in detail, howeve
but rather to obtain the spatial autocorrelation functio
for Fe atoms having the various 1nn Al atom neighbo
hoods. This was done by taking the Fourier transform
the spatial arrangement of Fe atoms having each num
n of Al neighbors,Cnskd, and calculating the “diffracted
intensity,” Inskd  Cp

nskdCnskd.
As expected, these diffracted intensities peaked

values ofk that were reciprocal lattice points of the bc
lattice,g. The integrated intensities for the sixInsgd s0 #

n # 5d were confirmed to be accurately in the ratio of th
number of Fe atoms havingn Al atoms as first neighbors.
Intensities in the superlattice diffractions ats 1

2
1
2

1
2 d and

(100) reciprocal lattice points are expected whenD03
chemical order is present. For the ordered alloy
the simulation, the integrated intensity ofI0s 1

2
1
2

1
2 d was

nearly one (0.86), the intensity ofI4s 1
2

1
2

1
2 d was nearly

zero (0.00), and the intensity ofI4s100d was nearly
one (0.99). These results show that the Fe atoms w
zero and four 1nn Al atoms have spatial arrangeme
consistent with theD03-ordered structure, as expected.

We assigned the 8[c] and 4[b] phonon partial DO
curves to the fractions of Fe atoms withn Al neighbors,
depending on the relative intensities of theirIns 1

2
1
2

1
2 d

and Ins100d diffractions in the simulated alloy. From
the square roots of the intensities of the superlatti
diffractions, we defined parameters forD03 and B2
chemical order in a conventional way [14]. When th
largest of these order parameters was less than one,
remainder was attributed to a fraction of bcc periodici
for the Fe atom. We then assigned the calculated 4
partial DOS to theD03 chemical order parameter, the
calculated 8[c] partial DOS to theB2 chemical order
parameter, and the experimental phonon partial DO
from the disordered alloy to the residual bcc paramet
(Approximately, the 4[b] partial DOS was assigned to F
atoms having zero and one Al neighbors, the disorder
DOS was assigned to Fe atoms having two Al neighbo
and the 8[c] partial DOS was assigned to Fe atoms hav
three, four, or five Al neighbors.)

The calculated difference in the phonon partial DOS
the ordered and disordered alloys is shown as the th
solid curve at the bottom of Fig. 4. The experiment
difference is shown above it in a comparison that involv
no scaling or adjustable parameters. We are surpris
by the excellent overall agreement between the calcula
and experimental results in both overall magnitude a
in individual features. The only discrepancy is aroun
26 meV, but this discrepancy is found for the calculate
partial DOS for the ordered alloy itself.

A general relationship between the phonon DOS a
chemical short-range order may be expected from t
slopes of phonon dispersion curves. Flat dispersi
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curves provide a high density of phonon states, especia
when they include Brillouin zone boundaries. They als
provide a slow group velocity of sound. Slow propagatio
of a wave packet of energetic phonons requires that mu
of the energy of lattice vibrations is associated wi
localized atom movements. We expect localized ato
movements to be strongly affected by SRO. We shou
expect SRO to have a major effect on the phonon DO
because of the high density of phonon states associa
with these localized atom movements. Those parts
the phonon DOS not associated with flattened dispers
curves should be less sensitive to chemical SRO.
is interesting that for energies below 12 meV, whe
the dispersion curves have a significant slope [10], t
local environment model predicts the wrong sign for th
difference in the partial DOS. (The measured differen
is rather small in this low energy range, however.) W
note that this interpretation is at odds with interpretatio
of vibrational entropies of order-disorder transformatio
based on a Debye model with a constant velocity
sound.
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