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Temperature- and composition-driven changes in site occupation of indium solutes
in Gd1¿3xAl2À3x
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Fractional concentrations of indium solutes at Gd sites and Al sites in the Laves phase Gd113xAl223x were
measured for different temperatures and sample compositions using perturbed angular correlation spectroscopy.
At fixed composition, the fraction of indium on Gd sites was observed to decrease as temperature was
increased. At fixed temperature, the fraction of indium on Gd sites was observed to increase as the composition
became more deficient in Gd. The trends are explained using a thermodynamic model that couples solute site
occupation with concentrations of point defects. The increase in enthalpy of the crystal when indium switches
from a Gd site to an Al site was determined to be 0.343~7! eV.
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I. INTRODUCTION

There is considerable interest in the site occupation
solutes in intermetallic compounds because of its effects
many materials properties. Past experiments have shown
a solute may occupy different sites on opposing sides of
stoichiometric composition1–4 and that a solute may chang
sites as a function of temperature.5 Such results can be ex
plained if concentrations of solutes on different sites
coupled with concentrations of intrinsic point defects. This
expected, as shown using a thermodynamic model of e
librium site occupation in binary intermetallic compounds
any structure6 results of which have been summariz
recently.4,7 Features highlighted in Refs. 4 and 7 have be
noted in earlier simulations of solute site occupation carr
out for NiAl,8 TiAl, 9 and Ni3Al. 10,11 In the present work,
changes in site occupation of indium solutes in GdAl2 were
measured as a function of both composition and tempera
using perturbed angular correlation of gamma rays~PAC!
and analyzed using a thermodynamic model.

PAC is an attractive experimental technique for investi
tion of solute site occupation because it requires only v
low concentrations of probes, used as solutes, which sim
fies the thermodynamic analysis. Using PAC, characteri
interactions between the solute’s nuclear quadrupole mom
and electric field gradients~EFGs! in the crystal are used to
determine the crystallographic locations of the solutes
some structures.

The EFG at a nucleus is the second derivative of the e
trostatic potential due to the extranuclear charges in the
rounding crystal. The EFG is a traceless, second-order te
Vi j , which in diagonal form has components customar
ordered so thatuVzzu>uVyyu>uVxxu. The two independent pa
rameters usually reported are the principal componentVzz
and the asymmetry parameterh[(Vxx2Vyy)/Vzz. For nu-
clei at a site with cubic site symmetry, the EFG is ze
(Vzz50 andh50). For sites with a threefold axis of sym
metry ~for example, 3̄m site symmetry!, VzzÞ0 andh50.
For lower symmetry,VzzÞ0 and 0,h<1. Vzz andh can be
used to distinguish sites and provide limited informati
about point symmetries of the sites.
0163-1829/2004/69~17!/174202~9!/$22.50 69 1742
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Changes in solute site occupation have been observed
ing PAC in previous studies. Indium solute site occupat
was found to vary as a function of composition in Ni2Ga3

and other phases having the Ni2Al3 structure.3,4 Site occupa-
tion of indium was observed to change as a function of te
perature in HfAl2 .5 Changes in site occupation of hafniu
with temperature were observed in LiNbO3 and LiTaO3, and
the changes were analyzed using a thermodynamic m
coupled to intrinsic defects.12

The present study in GdAl2 demonstrates changes in si
occupation of indium as functions of both composition a
temperature. GdAl2 is a cubic Laves phase having th
Cu2Mg ~C15! structure.13 It has several features that su
gested one might observe changes in site occupation by
dium solutes. First, one can easily distinguish the two s
using PAC because the Gd site has 43̄m ~cubic! site symme-
try while the Al site has 3̄m ~axial! site symmetry. Second
indium is isovalent with Gd and Al, suggesting that it wou
not have a strong chemical preference for either site. Th
the atomic volume of In is intermediate between volumes
Gd and Al, suggesting that there would not be a large diff
ence in strain energy if In were to substitute at one site v
sus the other.

GdAl2 is thought to disorder by formation of thermall
activated ‘‘quadruple defects,’’ comprised of three aluminu
vacancies (VAl) and one aluminum antisite (AlGd).

14 These
were the defects observed using x-ray diffraction, ac m
netic susceptibility, and dc magnetization after high-ene
ball milling.14 The formation energy of quadruple defect di
order was estimated to be 0.57 eV per defect and to be l
est of all types of disorder using Miedema’s semiempiri
model.15 GdAl2 appears as a line compound in the Gd–
phase diagram,16 however, as for all compounds, its pha
field must have a finite, though possibly very small, wid
Therefore, the compound is better represented by the form
Gd113xAl223x , in which x denotes the deviation from th
stoichiometric composition. Since formation enthalpies
the neighboring GdAl3 and GdAl phases at room temper
ture are both higher than that of Gd113xAl223x ,17,18 the
phase field of Gd113xAl223x should extend to both sides o
the stoichiometric composition. This suggested to us that
©2004 The American Physical Society02-1
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could prepare Gd113xAl223x samples with Gd-poor and Gd
rich compositions and study solute site occupation as a fu
tion of composition as well as temperature.

II. EXPERIMENTAL METHODS

A. Sample preparation

Gd-Al samples with compositions between about 2
at. % Gd and 34.0 at. % Gd were prepared by arc mel
99.9% Gd foil and 99.997% Al foil with carrier-free111In
under Ar atmosphere. Indium concentrations were very
lute ~about 1027 at. %). Samples were annealed at 1273
for 2–4 h either in vacuum better than 1026 mbar or in flow-
ing 99.9995% H2 before measurement to anneal out exc
defects and increase grain size. Observed PAC signals
site occupation behavior did not appear to depend on ann
ing treatment. PAC signals exhibited only small frequen
distributions, which indicated that the treatments resulted
well crystallized and ordered crystals having low concen
tions of point defects.

Samples labeledA throughF were prepared with nomina
compositions of 32.5, 33.3, 33.5, 33.3, 34.3, and 33.7 a
Gd. Typically, about 0.1 mg was lost out of a total mass
about 35 mg during each melt, and uncertainties in com
sitions of the melted samples were determined by assum
that decreases in mass were due entirely to loss of one
ment or the other. SamplesC andE gained 0.15 mg during
anneals in H2 , which is attributed to oxidation of Gd by
impurity oxygen in the hydrogen.19 Compositions of those
two samples were adjusted according to the amounts of
lost from the intermetallic phase. Considering the above
fects, best estimates for compositions of samplesA through
F as measured are 32.520.2

10.7, 33.320.1
10.2, 32.720.1

10.3, 33.320.1
10.2,

33.520.1
10.4, and 33.720.1

10.3 at. % Gd. The width of the
Gd113xAl223x phase field, which has not been determin
may be so narrow that some samples were in two-ph
fields, containing small volume fractions of neighborin
phases. A GdAl3 sample@25.7~1! at. % Gd# was therefore
prepared to check if any signals observed in the present w
were from that compound.

B. Perturbed angular correlation spectroscopy

Crystallographic locations of indium were identified usi
gamma radiation emitted from111In/Cd probes dissolved in
Gd113xAl223x . 111In decays to the second excited state
111Cd via electron capture. The Cd nucleus subsequently
cays to its ground state by emitting two gamma rays in s
cession. The intermediate 247 keV level has spin 5/21 and a
long lifetime, t5120 ns. For such a cascade, there is
anisotropic probability of detecting the second gamma ray
the cascade with respect to the first gamma ray’s directio
detection. When an EFG is present at the Cd nucleus,
system is perturbed and populations of the magnetic s
states of the 247 keV level evolve over the lifetime of t
level. As a result, there is a time dependence in the ang
correlation between the gamma rays of the cascade th
characterized by a perturbation functionG2(t).
17420
c-

7
g

i-

s
nd
al-
y
in
-

%
f
o-
ng
le-

d
f-

,
se

rk

f
e-
-

n
f

of
he
b-

ar
is

The time evolution of the magnetic substates is analog
to spin precession in a magnetic field. For a spin-5/2 nuc
quadrupole interaction, there are three interaction frequ
cies v1 , v2 , andv35v11v2 , which are functions of the
magnitude of electric field gradientVzz and h.20 For h50,
the frequencies arev1[3eQVzz/20\ whereQ is the quad-
rupole moment of the nucleus,v252v1 , and v353v1 .
When EFG axes are randomly oriented, as for polycrystal
samples such as the Gd113xAl223x samples of this study, the
perturbation function is

G2~v1 ,h,s,t !5s01 (
n51

3

sn cos~vnt !expS 2
1

2
~svnt/v1! D .

~1!
In general, the amplitudessn are functions ofh. For most
signals observed in this study,h50, in which cases051/5,
s1513/35, s252/7, ands351/7.20 The exponential factors
account for inhomogeneous broadening due to distant def
or lattice strains.

When nuclei are located in more than one crystallograp
environment, the overall perturbation function is a super
sition of individual functions,

G2~ t !5(
i

f iG2~v1,i ,h i ,s i ,t !, ~2!

in which the signal amplitudef i is the fraction of nuclei in
site i. The hyperfine parametersv1,i andh i identify the crys-
tallographic site, and the site fractionsf i are direct measure
of site occupation. While hyperfine interactions are measu
in the 247 keV level of Cd, the site fractions are determin
by the equilibrium distribution of In, since there is no
enough time after the decay of In for Cd to jump to a diffe
ent site. Hyperfine parameters and site fractions were de
mined by least squares fits of Eqs.~1! and~2! to experimen-
tal spectra.

Data were collected using a PAC spectrometer with fo
fixed BaF2 scintillation detectors separated by 90° in a plan
Measurements at elevated temperature were made in vac
better than 1026 mbar in a furnace designed to minimiz
sample-detector distance.21 The spectrometer used a slow
fast coincidence counting method with ‘‘nongated’’ timin
signals.22 Data reduction took into account correlated abso
tion of gamma rays in the source, which primarily leads to
vertical offset in the perturbation function,23–25 and attenua-
tion at high count rates.22 These artifacts were removed from
all spectra prior to analysis, and only corrected spectra
shown. A detailed description of the data reduction meth
ology can be found in Ref. 22.

III. RESULTS

PAC spectra for four Gd113xAl223x samples measured a
823 K are shown in Fig. 1. The spectrum for sampleF @Fig.
1~a!# exhibits only one quadrupole interaction signal wi
fundamental frequencyv1545 Mrad/s. The spectrum fo
sampleD @Fig. 1~b!# exhibits, in addition to the 45 Mrad/s
signal, a 0 Mrad/s signal visible as a small vertical offset.
the spectrum for sampleB @Fig. 1~c!#, the site fraction of the
2-2
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45 Mrad/s signal is half replaced by two signals: the
Mrad/s signal and an 8 Mrad/s signal. Finally, the spectr
for sampleA @Fig. 1~d!# exhibits the smallest site fraction o
the 45 Mrad/s signal, accompanied by 0 Mrad/s, 8 Mrad
and 14 Mrad/s signals. The site fractions in the samples
correlated with composition: the site fraction of the
Mrad/s signal is highest for sampleF, which is Gd rich, and
lowest for sampleA, which is Gd poor. Because of larg
uncertainties in the compositions of the samples, the sam
were labeledA–F according to the progressive increase
site fraction of the 45 Mrad/s signal at a given temperatu
This is believed to give a better ordering of the actual co
positions in terms of increasing Gd content than the nom
compositions, as discussed below.

A PAC measurement was carried out on a sample of
neighboring phase GdAl3 to check if the 0 Mrad/s, 8 Mrad/s
or 14 Mrad/s signals originate from that phase. The sp
trum, shown in Fig. 2, exhibits only a single signal wi
v1561.5(1) Mrad/s andh50.13(1), which differs from all
signals observed in GdAl2 . It is worth noting that this im-
plies a strong site preference of indium solutes in GdA3.
GdAl3 has the Ni3Sn structure, in which the Gd site has 6m̄2

FIG. 1. PAC spectra of111In/Cd in Gd113xAl223x samples of
different compositions measured at 823 K: samplesF ~a!, D ~b!, B
~c!, andA ~d!. The compositions vary from being nearly stoichi
metric in ~a! to Gd poor in~d!.

FIG. 2. PAC spectrum of111In/Cd in GdAl3 measured at room
temperature.
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~axial! symmetry and the Al site hasmm2 ~nonaxial!
symmetry.13 Observation of a single signal with a nonze
value ofh indicates a strong preference of indium for the
site.

The 45 Mrad/s signal was identified with In/Cd probes
Al sites in previous PAC studies of GdAl2 ,26–28 with no
signal reported in those studies for probes on Gd sites. In
present study, the 0 Mrad/s signal can only come fr
probes on the cubic Gd site. The site fraction of the 0 Mra
signal is highest for sampleA, which is Gd poor, and the
signal was not observed for sampleF, which is Gd rich.
Thus, the site fraction of the 0 Mrad/s signal increases w
decreasing Gd content, whereas the site fraction of the
Mrad/s signal decreases with decreasing Gd content.

The site fraction of the 8 Mrad/s signal, like that of the
Mrad/s signal, was observed to increase with decreasing
content. Because the concentration of structural defects
Gd-poor compositions also increases as Gd-content
creases, the 8 Mrad/s most likely arises from probes
have a nearby structural defect.29 Possible structural defect
are the Al antisite defect AlGd or the Gd vacancy VGd, both
located on the Gd sublattice.

The low frequency of the 8 Mrad/s signal indicates tha
originates from probes on Gd sites and not on Al sites,
follows. Typical interaction frequencies for Cd probes at c
bic sites in other metallic systems with a defect in a nea
neighbor site are in the range of 50 to 100 Mrad/s,30 signifi-
cantly higher than 8 Mrad/s. A small EFG with a correspon
ing low frequency might in principle be caused by cancel
tion of most of the EFG at a probe on the Al site by a def
at a first neighbor Gd site. This possibility was investigat
by carrying out point charge calculations of EFGs in which
range of effective charges were considered for the defect.
found that the frequency could be decreased by at most
2% because of the particular angle between the EFG axi
the defect-free Al site and the EFG axis arising from t
defect at a neighboring Gd site. Thus, the 8 Mrad/s sig
cannot be explained by the hypothesis that the probe lie
an Al site, and must be attributed to probes on Gd si
which have cubic symmetry. While an 8 Mrad/s frequen
would be low for a defect in the first neighbor shell of th
otherwise cubic Gd site, defects in Gd-poor Gd113xAl223x
are located on Gd sites, and the closest Gd sites are sec
not first, neighbors. The low frequency is consistent with
defect in a more distant site, because an EFG~or interaction
frequency! is inversely proportional to the cube of the di
tance between a probe and defect. This is illustrated we
PAC experiments in B2 compounds, for which frequencies
signals arising from defects at second neighbor distan
were found to be only 15% to 34% as large as frequencie
signals arising from defects at first neighbor distances.31

Therefore, the 8 Mrad/s signal comes from probes on
sites with a defect on the closest Gd site. Based on the P
signals alone, one cannot distinguish whether the Gd-p
defect is VGd or AlGd. Since other studies indicate that AlGd
is the Gd-poor structural defect,14 the 8 Mrad/s signal mos
likely comes from probes on Gd sites with an AlGd defect at
a nearby Gd site.

The 14 Mrad/s signal was observed only in spectra
2-3
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sampleA. Because sampleA was the most Gd poor of al
samples, it is reasonable to conclude that, like the 8 Mra
signal, the signal also involves the Gd-poor structural def
One possibility is that the 14 Mrad/s signal arises from m
tiple AlGd defects near CdGd probes, in analogy with multiple
vacancy configurations that have been detected aro
probes in B2 compounds.31–33 However, it was not possible
to identify the 14 Mrad/s signal more positively.

In Fig. 3, representative PAC spectra collected for sam
C at different temperatures are shown. The site fraction
the 0 Mrad/s signal, visible as a vertical offset in each sp
trum, can be seen to decrease with increasing tempera
with a compensating increase in the fraction of the sig
with frequency of about 45 Mrad/s. This trend shows th
indium tends to occupy Gd sites at low temperature and
sites at high temperature.

It is evident in Fig. 3 that the frequency of the signal f
Cd on the Al site decreases with increasing temperat
which is attributed in part to thermal expansion. Figure
shows a plot of the temperature dependence of the frequ
v1 for all samples, in which it can be seen that the frequ
cies for different samples overlap excellently. A linear fit
data for all samples~excluding sampleA, which had larger
errors! yieldedv1548.8(3) Mrad/s at room temperature an
dv1 /dT520.0109(3) Mrad/s/K. Below, this signal is la
beled the 49 Mrad/s signal, in reference to its frequency
room temperature. Hyperfine parameters and site attribut
of all signals are summarized in Table I.

Major conclusions from the above discussion are that
site fraction of the 0 Mrad/s signalf 0 corresponds tof Gd, the
fraction of probes on Gd sites without nearby defects, a
that the site fraction of the 49 Mrad/s signalf 49 corresponds
to f Al , the fraction of probes on Al sites. For analysis usi
a thermodynamic model, it is useful to make an Arrhen
plot of f 0 / f 49, shown in Fig. 5 for samplesA–E. ~The ratios

FIG. 3. PAC spectra of111In/Cd in Gd113xAl223x sampleC
measured at the indicated temperatures.
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of site fractions for sampleF were consistent with zero in al
measurements and are not visible in the figure.! As can be
seen, indium tends to occupy Gd sites at low temperature
Al sites at high temperature in each of the five samples.

The temperature dependences of the site fractions of t
Mrad/s signalf 8 , attributed to a probe on a Gd site with
nearby defect, and of the 0 Mrad/s signalf 0 , attributed to a
probe on a Gd site without a nearby defect, can in princi
be used to determine the interaction energy between
probe and defect. For this, it is useful to construct an Arrh
ius plot of the ratiof 8 / f 0 , shown in Fig. 6 for samplesB and
C ~ratios for other samples had large scatter!. The ratios can
be seen to increase as the temperature decreases, indic
an attractive interaction between the Gd-poor structural
fect and the indium probe.

IV. THERMODYNAMIC ANALYSIS OF SITE OCCUPATION

A thermodynamic model was employed to interpret t
temperature and composition dependence of the data in
5 ~see Appendix!. The model links indium concentrations o
each sublattice of Gd113xAl223x to the concentrations of in
trinsic defects. Defects are assumed to be present onl
small concentrations and to be noninteracting. The effec
interaction between InGd and the structural defect of Gd-poo
compositions is considered separately in the next section
accordance with conclusions of Bakker and co-workers,14,15

the dominant defects are assumed to be AlGd and VAl , and
other defect concentrations were neglected.

One way to link changes in indium site occupation
intrinsic defects is via the reaction

InGd1AlAl�InAl1AlGd, ~3!

which describes the partitioning of indium between Al a
Gd sites in equilibrium. Application of the law of mass a
tion to Eq. ~3! relates the ratio of indium concentrations o
each site to the AlGd concentration via

FIG. 4. Temperature dependence of the quadrupole interac
frequencyv1 of 111Cd on the Al site for all six GdAl2 samples. The
line shows the result of a linear fit to data for all samples exc
sampleA ~up triangles!.
2-4
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TABLE I. Hyperfine signals observed for111In/Cd probes in GdAl2 .

v1 at 300 K
~Mrad/s!

dv1 /dT
~Mrad/s/K! h

Probe
site Nearby defects

48.8~3! 20.0109~3! 0 Al None
0 0 Gd None

8~1! 20.0022~16! 0 Gd One closest neighbor AlGd

14.2~3! 20.00~2! 0.27~3! Gd Two closest neighbors AlGd
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@ InAl#@AlGd#

@ InGd#@AlAl#
5exp~2Gxfer /kBT!

5exp~2~gAl
In 2gGd

In 1gGd
Al !/kBT!, ~4!

in which bracketed quantities@Xy# are fractions of sublattice
y occupied by speciesX. Gxfer5Hxfer2TSxfer is the change in
free energy of the crystal when indium transfers from the
site to the Al site and includes changes in enthalpyHxfer and
vibrational entropySxfer . As shown in the Appendix,Gxfer is
related to individual free energies of defectsgy

X .
The ratio of site fractions is defined in terms of solu

concentrations asf 0 / f 495 f Gd/ f Al5
1
2 @ InGd#/@ InAl#, in which

the factor 1/2 is the ratio of the numbers of sites on the
and Al sublattices. Using this expression in conjunction w
Eq. ~4!, one obtains for the ratio of site fractions

f 0 / f 495
1
2 @AlGd#exp~2Sxfer /kB!exp~Hxfer /kBT!. ~5!

Thus, the site fraction ratio is directly proportional to th
concentration of AlGd. The temperature and composition d
pendence of@AlGd# and consequent behavior of the site fra
tion ratio are discussed in the Appendix.

Below approximately 673 K, the ratios in Fig. 5 are ind
pendent of temperature, indicating that the samples were
able to establish equilibrium through defect motion on
time scale of the measurements. At and above 673 K,
ratios of site fractions exhibit reversible, activated behav
The slopes of the data in Fig. 5 are similar for samplesA–E,

FIG. 5. Ratios of fractions of indium on Gd and Al sites,f 0 / f 49,
plotted versus inverse temperature for samplesA–E. Straight lines
show results of fits to Eq.~6! to determineHxfer andSxfer .
17420
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indicating samplesB–E are also Gd poor like sampleA;
however, the samples have different compositions as in
cated by offsets in ratios for the samples. Up to the high
measured temperature, 1473 K, there is no clear evidenc
curvature in the ratios, which would have indicated form
tion of thermally activated defects. Based on these obse
tions we conclude that the samples were sufficiently Gd p
for structural AlGd to dominate over any thermally activate
AlGd, in which case@AlGd#>23x ~see the Appendix!.
Hence, the data in Fig. 5 can be interpreted using

f 0 / f 4952
3x

2
exp~2Sxfer /k!exp~Hxfer /kBT!, ~6!

and the temperature dependence off 0 / f 49 is due entirely to
the Boltzmann factor involvingHxfer .

Data for samplesA, B, C, D, andE were fitted to Eq.~6!,
with results shown by lines in Fig. 5. Values forHxfer ,
obtained from the slopes, and for the produc
2 3

2 x exp(2Sxfer /kB), obtained from the intercepts at 1/kBT
50, are listed in Table II.Hxfer is an intrinsic property of the
transfer process and therefore should be the same fo
samples. The average value isHxfer50.343(7) eV. Sxfer
should also be the same for all samples; thus, in princ
one can determineSxfer from the fitted intercepts using th
deviations from stoichiometry. Unfortunately, the large u
certainties of the compositions of the samples do not allo
meaningful determination ofSxfer to be made.

One can, however, determine the relative deviations fr
stoichiometry for samplesA–E. For example, one could
take ratios of the fitted intercepts to obtain the relative
viations from stoichiometry for samplesA–E. A more accu-
rate determination was made by using the actualf 0 / f 49 data
rather than the fitted intercepts. Because the range of p
able composition for sampleA was entirely Gd poor, the
deviations from stoichiometry for the other samples we
found relative to that of sampleA. The ratio of deviation
from stoichiometry of samplen to that of sampleA was
determined using the corresponding site fraction ratio a
given temperature; that is,

xn

xA
5

~ f 0 / f 49!sample n at T

~ f 0 / f 49!sample A at T
. ~7!

Ratios xn /xA were calculated from all available pairs o
f 0 / f 49 for temperatures at which samplesn andA were both
measured and then averaged for each sample, yiel
xB /xA50.75(13), xC /xA50.42(9), xD /xA50.26(5), and
xE /xA50.10(2).
2-5
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To illustrate more clearly changes in site occupation a
function of composition, fractions of probes on Al sites a
plotted in Fig. 7 versus the relative deviation from stoic
ometry x/uxAu for several temperatures. For each tempe
ture, the Al-site fraction decreases as the magnitude in
deviation from stoichiometry increases. Overall changes
site fractions from a composition near the stoichiome
composition~sampleE! to sampleA are observed to be a
large as 80% at low temperatures~at and below 673 K!,
decreasing to about 20% in measurements at high temp
tures~1073 and 1173 K!. Based on the nominal compositio
of sampleA, these changes take place over a composi
range of roughly 0.8 at. % Gd. The changes are consis
with heuristic rules identified from a more extensive exam
nation of the thermodynamic model of site occupation,
cluding simulations.4,6,7 In particular, a solute tends to oc
cupy the lattice site of an element in which a compound
deficient. This is seen in Fig. 7 as a decrease inf 49, which
corresponds to an increase in occupation of Gd sites by
dium, as Gd content decreases.

V. THERMODYNAMIC ANALYSIS OF DEFECT
ASSOCIATION

Assuming for concreteness that AlGd is the Gd-poor struc-
tural defect, the interaction enthalpy between AlGd and the
InGd probe can be determined from the ratio of the 0 Mra
and 8 Mrad/s site fractions. Since the concentration of AGd
is small, one can write the reaction for binding~or disasso-
ciation! as

$InGd:AlGd%�InGd1AlGd, ~8!

in which $InGd:AlGd% denotes a bound pair of defects. Usin
the law of mass action, the concentrations of defects in
~8! are related according to

z
@ InGd#@AlGd#

@ InGd:AlGd#
5exp~2GB /kBT!, ~9!

FIG. 6. Ratios of fractions of indium on defect-associated a
defect-free Gd sites,f 8 / f 0 , plotted versus inverse temperature f
samplesB and C. Straight lines show results of fits to Eq.~10! to
determineHB andSB .
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in which the free energy of binding isGB5HB2TSB andz
54 is the number of neighboring Gd sites closest to a
site. HB.0 indicates an attraction between neighboring d
fects. The ratio of the site fractionsf 8 / f 0 is equal to the ratio
of concentrations of bound and unbound indium probes
Gd sites:@ InGd:AlGd#/@ InGd#. Since the concentration@AlGd#
was found to be independent of temperature for each sam
and equal to23x, one has the following relation betwee
the site fraction ratio and temperature:

f 8

f 0
5212x exp~2SB /kB!exp~1HB /kBT!. ~10!

Ratios for samplesB andC shown in Fig. 6 were fitted to
the function in Eq.~10!, from which HB50.16(4) eV and
HB50.07(3) eV for samplesB andC, respectively, with an
average valueHB50.12(6) eV.

VI. DISCUSSION

Qualitative trends of indium site occupation
Gd113xAl223x are independent of the actual structural def
that is dominant in Gd-poor samples. One can readily rec
the site-occupation model under the assumption that VGd is
the dominant structural defect in Gd-poor samples, leadin

d

FIG. 7. The fraction of solutes occupying Al sites~with fre-
quency 49 Mrad/s! for samplesA–E, plotted versus relative devia
tion from stoichiometryx/uxAu at the indicated temperatures.

TABLE II. Sample compositions and transfer enthalpies and
tercepts fitted using Eq.~6!.

Sample
Composition
~at. % Gd! x

Hxfer

~eV! 2
3
2 x exp(2Sxfer /kB)

A 32.520.2
10.7 20.00820.2

10.7 0.31~5! 0.012~6!

B 33.320.1
10.2 0.00020.1

10.2 0.35~1! 0.0058~9!

C 32.720.1
10.3 20.00620.1

10.3 0.34~1! 0.0040~7!

D 33.320.1
10.2 0.00020.1

10.2 0.32~3! 0.0026~9!

E 33.520.1
10.4 0.00220.1

10.4 0.4~3! 0.0005~10!

F 33.720.1
10.3 0.00420.1

10.3
2-6
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f Gd/ f Al5
1
2 @VGd#

3/2exp(2Sxfer /kB)exp(Hxfer /kBT), with
@VGd#>29x/2 for Gd-poor compositions in which there
little thermal activation of VGd defects. The physical inter
pretation to be given to the activation enthalpyHxfer

50.343(7) eV would differ, withHxfer5hAl
In 2hGd

In 1 3
2 hGd

V

1 1
2 h0 instead ofHxfer5hAl

In 2hGd
In 1hGd

Al . Similarly, interpre-
tation of the data for defect association between indium
the Gd-poor defect would be affected by a different iden
for the Gd-poor structural defect, but theHB50.12(6) eV
would remain the same. Quantitatively, relative deviatio
from stoichiometryxn /xA would differ because of the 3/2
power dependence on@VGd#.

VII. SUMMARY AND CONCLUSION

Fractional concentrations of indium solutes at Gd and
sites in Gd113xAl223x were measured as a function of tem
perature and composition using perturbed angular correla
spectroscopy. The fraction at Al sites was found to incre
with either increasing temperature or Gd content. The tra
fer of an indium solute from the gadolinium to aluminu
sublattice was found to increase the enthalpy of the cry
by 0.343~7! eV. In addition, indium solutes on Gd sites we
found to have an attractive interaction with the Gd-po
structural defect, with a binding enthalpy of 0.12~6! eV.

Indium was observed to switch almost completely fro
Gd to Al sites in response to changes in temperature of o
400 K or changes in composition of order 0.8 at. % G
Similarly large changes in solute site occupation may oc
in other compounds and significantly influence mate
properties. Without thorough investigation of site occupat
as a function of composition and temperature, one risks
incomplete assessment of site preference behavior, suc
identification of one preferred site to the exclusion of oth
sites. Many phases that appear as line compounds in bi
phase diagrams are likely to have widths of phase fie
comparable to that of GdAl2 , so that composition depen
dences may be as great as in the present study. At a m
mum, one should investigate a reported line compound
preparing samples to be rich or poor in each element in o
to observe site preferences at the opposing boundary com
sitions.
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APPENDIX

Equilibrium concentrations of intrinsic defects and solu
on the various sublattices of a crystal can be determined
minimizing the Gibbs free energy of the crystal subject
structural and compositional constraints within the fram
work of a canonical ensemble. This method is used below
determine the composition and temperature dependenc
indium solute site occupation and intrinsic defect concen
tions in Gd113xAl223x . For simplicity, it is assumed tha
17420
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only VAl and AlGd defects are present in significant conce
trations, although the following analysis is easily generaliz
to include VGd and GdAl defects. It is assumed also that in
dium does not dissolve interstitially. It is assumed furth
that defect concentrations are small and that defects do
interact.

Numbers of defect and nondefect species will be indica
below byNy

X in which X denotes the species~Al, Gd, In or V
for vacancy! andy denotes the sublattice or site.NX denotes
the total number of atoms or vacanciesX, andNy the total
number of sites of sublatticey. UsingN to represent the tota
number of unit cells, the free energy of the crystal can
written as

G5Ng01NGd
Al gGd

Al 1NAl
V gAl

V 1NGd
In gGd

In 1NAl
IngAl

In 2kT ln V,
~A1!

in which g0 is the Gibbs free energy of the crystal per un
cell in the absence of defects,gy

X is the free energy of defec
X on sublatticey, andV is the number of possible ways t
arrange the defects,

V5
NAl!NGd!

NAl
Al!NAl

V !NAl
In !NGd

Gd!NGd
Al !NGd

In !
. ~A2!

The free energy of a defectgy
X5hy

X2Tsy
X is defined as the

difference between the free energy of a crystal contain
one defectXy and the perfect crystal at temperatureT, for
which hy

X is the difference in enthalpy andsy
X is the differ-

ence in vibrational entropy.
When minimizing the Gibbs free energy with respect

theN’s that appear in the above equations, theN’s cannot be
varied independently. First, the composition of the co
pound dictates that the ratio of numbers of Gd and Al ato
satisfies

NGd

NAl 5
NGd

Gd

NAl
Al1NGd

Al 5
113x

223x
. ~A3!

Second, the numbers of sublattice sites must satisfy 2NGd
5NAl , so that

2NGd
Gd12NGd

Al 12NGd
In 5NAl

Al1NAl
V 1NAl

In . ~A4!

Since indium concentrations were negligible in the PAC e
periments, we neglect the numbers of In atoms in Eq.~A4! to
obtain a simpler equation of constraint,

2NGd
Gd12NGd

Al 5NAl
Al1NAl

V . ~A5!

Finally, the choice of a canonical ensemble requires that
numbers of Gd and Al atoms be fixed. For the defect mo
assumed here, Gd atoms are found only on the Gd sublat
so that a third constraint can be expressed simply as

NGd
Gd2NGd50. ~A6!

Equation~A3! in conjunction with Eq.~A6! constrains the
number of Al atoms.

With the above three constraints@Eqs. ~A3!, ~A5!, and
~A6!#, one can obtain the conditions of equilibrium using t
Lagrange method of undetermined multipliers. A system
2-7
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equations in terms of Lagrange multipliers results, and eli
nation of the multipliers leads to numerous equations t
relate defect concentrations to energies. One is

@VAl#
3@AlGd#

@AlAl#
5exp~2~g013gAl

V 1gGd
Al !/kBT!

[exp~2G4 /kBT![K4 , ~A7!

in which @Xy# is the fraction of sites on sublatticey occupied
by defect or nondefect speciesX, that is @Xy#[Ny

X/Ny .
Equation~A7! describes thermal activation of quadruple d
fects, composed of 3 VAl and 1 AlGd elementary defects, an
can be represented by the reaction

AlAl�3 VAl1AlGd, ~A8!

in which the left-hand side represents the perfect lattice
the right-hand side is a quadruple defect. In Eq.~A7!, G4
[H42TS4 is the change in free energy of the crystal wh
a quadruple defect is formed, including a change in entha
H4 and a change in vibrational entropyS4 . The unit cell
energyg0 appears in~A7! because the right-hand side
reaction~A8! includes one more unit cell than the left-han
side.

A second equation that relates defect concentration
energies is

@ InAl#@AlGd#

@ InGd#@AlAl#
5exp~2~gAl

In 2gGd
In 1gGd

Al !/kBT!

[exp~2Gxfer /kBT!, ~A9!

which describes equilibration of indium solutes between
and Al sublattices and can be represented by

InGd1AlAl�InAl1AlGd. ~A10!

In Eq. ~A9!, Gxfer[Hxfer2TSxfer is the change in free energ
of the crystal when indium changes sites, including a cha
in enthalpyHxfer and a change in vibrational entropySxfer .

Defect concentrations can be obtained by first rewrit
Eq. ~A3! in terms of fractional concentrations and by subs
tuting @AlAl#512@VAl# to obtain
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