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Composition-driven changes in lattice sites occupied by indium solutes in pAl; phases
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Lattice locations of dilute indium solute atoms in phases having th&lplcrystal structure were determined
using the technique of perturbed angular correlationy cdys. Four sites, including two inequivalent group
IIIA sites, a group VIII site, and an empty-lattice site, were distinguished by measurement of nuclear quadru-
pole interactions at'in/Cd probes in the phases J@ia;, PtGas, NiyAls, PdhAl5, and P3Al;. Occupied sites
were identified by comparison with quadrupole interactions of probes in three indides having the same struc-
ture, Nilns, Pdlns, and Pilns, and by calculations of electric-field gradients at the four sites. Probes were
observed to “switch” sites as the composition changed from being rich to poor in the transitionTiljal
Indium was observed to exclusively occupy one of the group Il sites in TM-rich gallides and aluminides. In
TM-poor gallides, indium occupied the TM sublattice, while near the stoichiometric composition it also
partially occupied the empty-lattice site, which has interstitial character. For TM-poor aluminides, highly
inhomogenous quadrupole interactions were observed indicating that indium was located on irregular sites in
lattice sinks such as grain boundaries. Dependences of site fractions on composition are interpreted using a
thermodynamic model that relates fractions of solutes on substitutional, interstitial, and lattice-sink sites to
concentrations of intrinsic defects. Heuristic rules are presented which describe site-selection behavior based
on the experiments and model. Among other rules, it was found that there is a maximum tendency for solutes
to occupy interstitial sites near the stoichiometric composition.
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I. INTRODUCTION ute limit. Four distinct site preferences were observed: Sol-

There is considerable interest in lattice locations of sol-Ut€s strongly preferred to occupy one of the two inequivalent
utes in intermetallic compounds because of their effects ogtPlattices of a host element. As the composition changed

material properties. A variety of methods has been applied tJOM being rich to deficient in a host element, site occupa-
measure site occupations of solutes, including x-ra;}'ons were observed to switch from the substitutional site of

diffraction! ALCHEMI,2 and hyperfine interaction probe one element to the substitutional site of the other element, to

methods® Site occupations have been found to change wiﬂﬁ” interstitial site, or to sites in “lattice sinks” such as grain
composition or temperature, so that one cannot simply eX_oundarlges or dls_locatlons. The obser\(ed behaviors are inter-
pect a one-to-one correspondence exists between a solute e tﬁg \[,)vgg(;rhles %I%Q;igggeggqf%cljlg\:vasm;grrsrjco'([jhe;.crystal struc-
a site. In this situation, experiments with unrecognized dif'ture is described and results of poir{t—char’ge calculations of

ferences in sample preparation and composition may lead t(Qfg's are given that are used to help identify the sites. Next
conflicting results. This makes it useful to formulate heuristic '

. . : sample preparation and PAC methods are described, fol-
rules for site-selection behavior based on the thermodynamg,,aq by the experimental results. A thermodynamic model

ics of solutions and supported by case studies in interesting, ihe site occupation of solutes is then developed which is
systems. Previous investigations have focused on compoung§e to interpret the results. The model demonstrates an in-
having simple crystal structures such as B2 and lhdcause  (imate connection between site-selection behavior and intrin-
of their great number and technological importarisee, jc defect concentrations. A set of heuristic rules for site-
e.g., Ref. }. These structures have just one substitutional sitgg|ection and site-switching behavior are formulated, many
for each host element. Structures having inequivalent sitegs yhich are illustrated by the measurements. Implications of
for host elements or the possibility of interstitial site occupa-ihe experimental results and model are discussed in the final
tion may exhibit new site preference phenomena. section. In the Appendix, a thermodynamic model is pre-
_In the present work, we investigate lattice locations ofsented for defects and solutes in theMj structure starting
indium solutes in five phases having the,Ali; structure. o the Gibbs free energy of the crystal. Brief accounts
The structure has two inequivalent Al-type sites, one Ni-typ&, e appeared elsewhere of some experimental résuits

site, and an empty sublattice site. Lattice locations were desf the thermodynamic model as applied to a different crystal
termined by measuring quadrupole interaction signals charsi,ctured

acteristic of each site, with signal amplitudes proportional to

the fractions of solute in each location. The signals arise Il. CRYSTAL STRUCTURE AND ELECTRIC-FIELD
from precessions of nuclear quadrupole moments in crystal GRADIENTS

electric-field gradientgefg’s), measured using perturbed an-
gular correlation spectroscogPAC). 1*4n/Cd probe atoms
acted as the solutes and had mole fractions of ordef, 0 Compounds having the pAl; structuré=?(D5,,, Pearson

that site preference behavior was observed in the dilute sobymbol hP5, space group #3) are formed from eight out

A. Crystal structure
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0O 1 Table | lists measured x-ray lattice parameters, axial ratios

c/a, and fractional coordinates of lattice planes along the

reference 111 directioh! Also listed are unit-cell volumes

2 @ 2 Q of the A,B; phases, found to be slightly less than equiva-
lent volumes of the corresponding equiatomic CsCl phases

(three unit cells c/a ratios are reduced by a few percent

below the “ideal” valuey3/2 for the cubic structure by con-
traction along the 111 direction normal to the empty planes.

@ 2 @ Relaxations of atom positions within the unit cell from val-
AN ues for the cubic structure are similarly small. Thus, the “par-
™~ ent” cubic structure shown in Fig. 1 is an excellent approxi-

mation to the actual structufé.
To investigate how volumes of the sites might influence
FIG. 1. NbAl; crystal structure referenced to related CsCl struc-gg|yte site preferences, Wigner-Seitz volumes were deter-
ture. The transition-metal site is shown by small shaded circles, nined numerically for the eight phases using structural data
the two trivalent-metal siteg, and S, by larger open circles, and i, Tapje |. \olumes of vacant sites were partitioned among
empty sublattice sites by squares. neighboring occupied sites in the calculations. The site vol-

. o . umes obtained are listed in Table Il and can be compared
of nine combinations of group VIil metals Ni, Pd, and Pt with the volume of an indium atom in indium metal, 18.0

Wi(tjh grgup gll?;]elements Al, Gla, alnd Ir;. Tr:je phﬁses artla We"x 1073 nm?. It can be seen that indium solutes are oversized
ordered and the structure is closely related to the CsCl strug: L . . N i
ture. Binary systems Ni-Al, Ni-Ga, and Pd-In have neighbor—%r all sites in the aluminides and gallides, with S#g pro

ing CsCl phases with extended fields that include composi\-”dmg the closest match among the three substitutional sites.

tions of less than 50 at. % of the transition metal, for whichThus’ one can expect sifé; to be preferred by indium sol-

the deviation from stoichiometry is known to be accommo-UieS OVer sitgsy, as is confirmed below in the experiments.
y Additional calculations were carried out in which the volume

of the empty site was computed in the same way as the
%Bst-element sites. These calculations showed that Wigner-
Seitz volumes of the four sites, 81, B,, and 7 remained
very close to each other. Thesite thus has an available
volume comparable to volumes of the other sites and can be
thought of as an interstitial site with a large volume.

or less at random. Heuristically, the i 5 structure(written
generically a®A,B; below) forms when theA vacancies irA
poor CsCl phases condense on every third 111 pldn.
the stoichiometric composition, every thidltype plane is
empty.

The structure has four sublattices: oAetom sublattice
a, two inequivalentB-atom sublatticeg3; and 3,, and the
empty sublatticer that in the related CsCI phase would be Local configurations of the four sites are shown in the
occupied byA atoms. The sublattices have numbers of sitegubic approximation in Fig. 2. Transition-metal and empty
in the proportionsN,:Ng;:Ng:N,=2:1:2:1. Thecrystal  sitese andr are each surrounded by cubes of eight trivalent
structure is shown in Fig. 1 in a cubic approximation de-atoms. Trivalent siteg@, and B, have, respectively, six and
scribed below. Trivalent atom site®, and 3, are indicated five A atoms in the first neighbor shell, with remaining sites
by numbered circles, the transition-metal siteby small  vacant. Independent of the small structural contractions and
shaded circles, and the empty sitdy squares. relaxations, all four sites retain threefold site symmetry about

B. Electric-field gradients

TABLE |. Lattice parameters of\,B; phases having the Bl 3 structure, including fractional coordinateslong thec axis for A-type
site « andB-type siteB, (4 81]=0 andZ 7]=0.5). Also listed are unit-cell volumeQ and, where available, three times the unit-cell volume
of the neighboring CsCI phase.

Phase a (nm) c (hm) cla da] 48] Q=a%c/2\3 (nmd) 3Q(CsC) (nmd)
ideal CsCl 1.224(E\3/2) 0.167 0.667

NiAl3 0.404 0.490 1.213 0.149 0.648 0.0693 0.07215
PdAIl5 0.422 0.516 1.223 0.149 0.648 0.0796

PLAI 0.421 0.517 1.228 0.160 0.630 0.0794

Ni,Gag 0.405 0.490 1.210 0.138 0.625 0.0696 0.07257
Pt,Gag 0.422 0.517 1.225 0.160 0.633 0.0797

Nislns 0.439 0.530 1.207 0.135 0.641 0.0885 0.08928
PdIng 0.452 0.549 1.215 0.138 0.625 0.0971 0.10395
Pting 0.453 0.551 1.216 0.0979
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TABLE II. Volumes of Wigner-Seitz cells of substitutional sites calculated using experimental lattice parameters. For comparison, the
volume of an In atom is 1801072 nn,

PhaseA,B; 0=13a3%c/2 (1073 nm?) V(a) (1073 nmd) V(By) (1073 nnr) V(B,) (1073 nmd)
Ideal CsC} (1.00 0.176 0.200 0.224
NiAl 3 69.2 12.1 14.2 15.4
PdAIl5 79.5 14.0 16.4 17.6
PLAI5 79.3 14.0 16.3 17.5
Ni,Ga 69.9 12.3 14.5 15.4
PLGas 80.4 14.2 16.6 17.7
Nilns 87.3 15.1 17.9 19.6
Pdins 97.8 17.2 20.2 21.6
Pbing 97.8 17.2 20.1 21.6

3Assuming no contraction or relaxatioola= V3/2, 4B,]=2/3, andd «]=1/6.

the 111 direction normal to the empty planes. In this situajute values would require a more sophisticated treatment of
tion, the electric-field gradient tensor is axially symmetricthe electronic structure.

(asymmetry parametep=0) and is determined by a single  Due to ther™3 dependence in Eq1), the efg is strongly
parameter, the principal component of the efg tenggy  affected by contributions from the closest atomic shell. As
called simply the efg below. The efg at a site is given by ashown in Fig. 2, local configurations of sitesand 7 are
sum over contributions from external charggsat distances —cubic, for which it can be found from E¢l) thatV,, is zero.

r; that make angles, with respect to the symmetry axis: On the other handi large efg’s are ex_pecte_d for the noncubic
configurations of site@; and 8,. Consideration of the local

configurations therefore leads one to expect that efg's for
V,=> Qi3 cos4 - 1_ (1) sitesﬁl and g, calculated by sumr_nation over the entire crys-
i r3 tal will be much larger than for sites and r.

Expectations based on the local configurations were con-
, . . . firmed by summations over large volumes. The sums depend
efg's at _the fo_ur sites were calculated using Elq'bY Iatt|_ce on effective charges of the two kinds of host atoms and of
sums with point charges assigned to each sublattice site. Thjge vacancy. Such charges arise through charge transfer be-
simple point-charge approximation has been found to be usgyeen atoms, for which the semiempirical model of
ful for predicting relative efg’s, although estimation of abso- piedema and co-workets provides a simple conceptual
picturel® Let us define effective charges #fatoms,B at-
oms, and the vacant sites gg, gz and qy, respectively.
Then, owing to overall charge neutrality of the compound,
one has g,+3q,+qy=0. There are thus two independent
effective charges, which can be taken todaeandq,. While
efg’s at different sites depend on the two charges, ratios of
efg’s depend only on the ratio of charges. This fact simplifies
comparison between the efg calculations and quadrupole in-
teraction measurements reported below because a signal was
observed in each of the eight phases that could be attributed
to probe atoms on thg, sublattice. Accordingly, results of
the lattice sum calculations are presented in Fig. 3 in the
form of curves showing how the ratios of efg’s at sites5,
and 7 to the efg at sitg3, vary as a function of the effective
charge ratiaga/qy.

In the calculations leading to Fig. 3, efg’s were calculated
by summing Eq(1) over spherical volumes containing up to
~10° atoms centered on the site of interest. Summations con-
verged as the volume of summation increased, with final
uncertainties estimated to be of order 1%. efg’s were insen-

FIG. 2. Local environments of the four sites in theMi; struc-  Sitive to precise values of the axial ratio and planar relax-
ture drawn in a cubic approximatiofa, b) trivalent-element sites ~ ations, with results in Fig. 3 obtained using lattice parameters
B and By; () transition-metal sitew; and (d) empty sublattice  of Pd,Ins taken from Table I. Absolute values of ratios of
site . efg’s of sitese, B1, and r to the efg of siteB, are drawn as
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\ ' segregate to one or other of the two phases. To guard against
—o—f, H misinterpreting signals from other phases as being from sites
\ —A—q in the NLAl; phase, PAC measurements were made in sev-
— M eral neighboring phases, including NAIPdAl,,, and
15 o \ Pt;Ga; with results reported below. With the possible excep-
’ ? \. . tion of a signal in PiGa;, described below, no signals were
- observed in NiAl ; phases that could be attributed to a neigh-
>< boring phase, including signals fdfin/Cd probes with
\ neighboring Ni vacancies in NiA(Refs. 17 and 1B8and
\.\- NiGa (Ref. 19 that have been measured in this laboratory.
(Measurements were not made onGld, and NiAl, phases
because they only order after annealing times of many
weeks?0)

—_
S,
0.0 Tﬁe IV. PERTURBED ANGULAR CORRELATION
- -2 -1 0

In general, an angular correlation exists between direc-
tions of emissions of successive nuclear radiations. When the

FIG. 3. Electric-field gradients a8, a, and 7 sites in NpAls intermediate nuclear state is long lived, its nuclear moments
structure, normalized to the efg at tBg site, plotted vs the ratio of &N Precess through appreciable angles due to the interaction

effective charges oA atoms on thex sublattice and vacancies on With fields present at the nuclear site. This leads to a time-
the 7 sublattice. The experimental ratio;(8,)/w,(8,)=1.6 ob- dependent perturbation of the angular correlation that can be

served for three indides indicates a charge regibgy~ +0.1. measured using delayed coincidence techniques. The present
measurements employed a well-know#y cascade ir*'Cd,
observed following decay df-in by electron capture with a

functions of ga/qy. Apart from a domain close tg/qy ) o .
=+0.645, at which efg values diverge owing to an accidentaf""¢2" life of four days. Emission of the firgtray (173 keV)

zero of V,{,), it can be seen thdV,{B,)| is roughly 1.5 signals formation of an intermediate 247 keV level, with
z 1 z .

times greater in magnitude thd¥,(3,)| and that efg's of spin 5/2 and a mean life of 120 ns. Emission of the sec_ond
sitesa and 7 are significantly smaller. In Sec. VII, experi- (247. ke_\/) v ray s_|gnals de_cay o the ground state. During
mental efg ratios will be used to estimate the relative charge‘:lfIe I|fet|me_0f the mterm_edlz_;\te state,_the guadrupole moment
of A atoms.B atoms. and vacant sites. interacts with the electric-field gra@ent at the nuclear site
' ' caused by all the external charges in the crystal. The present
measurements were made on polycrystalline samples, for
IIl. SAMPLE PREPARATION which there is an isotropic distribution of efg orientations
over the ensemble of probe nuclei, in which case the corre-

Samples of NiAl; phases were made by weighing out |ation function for emission of radiations is given in good
desired quantities of the alloy constituents, placing carrierypproximation by

free 1*in activity on the transition metal, wrapping the triva-

lent metal within the transition metal, and melting under ar- W(6,1) = 1 +Ayy,P,(CoS 0)Gy(t). )

gon in a small arc furnace. Sample masses were about 80 mg

and compositions were determined typically to within 0.2 at-Here, ¢ is the angle subtended by detectors of the start
% qfter taki'ng into' account small mass losses that occurre@l73 keV) and stop(247 keV) v rays with respect to the
during melting. Prior to PAC measurements, samples Wergample,t is the time after formation of the intermediate state

annealed for 1 h in order to equilibrate the,Ni; phase and hen it decays,A, is the anisotropy of the decay

promote crystal growth, after which the samples were coole%i_o_l& v, is an angular attenuation coefficient that ac-
slowly to room temperature.

Samples having between 38 and 42 at. % of transitio counts for finite solid angles subtended by the detector, and

. . r|32(cos ) is a Legendre polynomiaG,(t) is the perturbation
metal were made t'o' determlme how solute site p.referencqﬁnction and contains all information about the interaction of
depend on composition. While Mil; has a phase field ex-

i . nuclear moments with fields. For spin 5/2, the static pertur-
0,

tending b_et_ween about 38 a_nd 42 at. /o(Nef‘.g,,:[he other bation function for quadrupole interaction when the efg has
two aluminides and two gallides appear as “line” compounds, _. .
S . axial symmetry is
in binary phase diagram8.Thus, some measurements were
undoubtedly made on samples containing small amounts of 1 13 10 5
other phases, but in which the dominant volume fraction was ~C2(t) = 5[1 + 7codwt) + Fcos2wyt) + 7codBwt)],
still of the Ni,Al; phase. In previous work in this laboratory, 3
the partition of dilute’'in probes between two phases in a
mixture was studied through measurement of site fractions ah which the fundamental quadrupole interaction frequency
quadrupole interaction signals characteristic of each pHase.w, is given in term of the quadrupole mome@ of the
It was found that solutes may have a strong tendency taucleus and principal component of the efg tenggrby

:
20— Pd,In, ]
,/.

*

1.0

IV, /V_ B,

0.5

a,/a,
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Ga(f |Go(0)? Gy= X fiGylw; ). (6)

‘ | | | NizAlg For further background and details about measurement meth-
| & A ods, the reader is referred to Refs. 22-25.
o ' ' u‘m‘n‘m lm { /L Perturbation functions for nearly all spectra of,Ali;

At phases could be fitted well using the amplitudes of the fre-

| | [ NiyGaj guency harmonics appropriate for random efg orientations,
R i ‘ given in Eq.(3). Deviations of amplitudes were observed in
b 10t il “h‘u t A a few measurements that were attributed to nonrandom crys-
Y y - ' "" ”T — ' — talline texturefe.q., in Fig. 14(top) shown below. However,
1 H‘ 1 | Nislng such deviations were small and do not affect conclusions

|

Al ‘\”‘ i‘l 33 W “ | ‘ reached below.
J Yo bYW \ﬂ‘l M I[M”“” m J I\A PAC measurements were all made at room temperature.
Y LB IR : o b, Because there was no atomic mobility in the time scale of the
0 100 200 300 400 O 200 400 600 800  megsurements, observed solute site preferences are those of
t(ns) o (Mrad/s) the indium parent probes while quadrupole interactions are
measured in Cd daughter nuclei. Site occupations were mea-
sured on samples in quenched states following slow cooling
to room temperature in an annealing oven. Taking into con-
two quadrupole interaction signals for probes @nand B, sites. Sld?ratlon the (.:OOHnQ rate in the oven, measulred. S't? occu-
Spectra for NjAl; and NiGas each exhibit only one quadrupole pations are bghe_vepi to represent equilibrium distributions of
interaction signal whose frequency corresponds to that of the Iowe?OIUtes and intrinsic defects at temperatures of order 200

frequencyg, site in NiIn. -400°C.

FIG. 4. PAC spectra of indium probes in Ni-rich JAi; and
Ni,Ga and in NbIns (left) and frequency power spectra obtained
by Fourier transformatioright). The spectrum for Nins exhibits

V. RESULTS

37
@1 E'eQVA/h' (4) Table Ill summarizes quadrupole interactions observed in

all Ni,Al; phases at room temperature, with attributions of
It can be seen from Eq3) that the perturbation function has the sites explained below. PAC measurements have been pre-
three nonzero frequency harmonics and is periodic, with &iously reported for the indides MNn; (Ref. 26, Pdlin;
characteristic shape shown, for example, in Figtop). Dis-  (Ref. 27, and PjIn; (Ref. 28 with quadrupole interaction
tributions of distant defects or lattice strains may produceparameters very close to those observed in the present study.
weak efg’s that lead to inhomogeneous broadening of th&esults are presented first for transition-metal rich gallides
perturbation function given in Eq3); this was fitted satis- and aluminides, then for transition-metal poor gallides, and

factorily using a “damped” perturbation function having the finally for transition-metal poor aluminides. Supporting mea-
form surements on non-Pl; phases are also briefly described.

G,(t) = %{1 + 173005(w1t)exp[— %(Ut)r’] A. Strong preference for site 8, in transition-metal rich
gallides and aluminides

+ Lcog 2w t)exd - 2(201)P] _ -
Figure 4 shows PAC spectra measured for Ni-richA§
+ %cos(Bwlt)exp{— %(Scﬂ)p]}, (50  and NpGa; at top and middle. For reference, a spectrum for
Ni,In; is shown at bottom, in which, of course, the host
in which o is a frequency distribution width angl controls  probe**in must occupy thes; and 3, sites with site frac-
the shape of the damping. tions of 1/3 and 2/3. Time domain PAC spectra are shown on
Measurements were carried out using a spectrometer witthe left and corresponding frequency power spectra obtained
four BaF, scintillation detectors located in a plane surround-by Fourier transformation on the right. The power spectra
ing the sample at angles of 90°. The typical time to accumuexhibit frequency triplets corresponding to each site occu-
late a spectrum was one day. Multiple coincidence spectra gfied. As expected, the Nh; spectrum exhibits two signals
the general formC(6,t)=exp-t/ 7, dW(6,t)+B, in which  with corresponding quadrupole frequencies of 248).&nd
exp(—t/ 7,0 is a lifetime decay function an8 is an acciden- 145.83) Mrad/s and a ratio of site fractions close to 0.50
tal background, were collected at anglesand /2 and (visible as a ratio of 0.25 in the power spectiuimihey are
combined to obtain the experimental perturbation functiortherefore attributed to indium probes on sitgs and 3,,
using the four-spectrum conventional ratio described in Refrespectively, with a frequency ratiow:(B1)/ w1(B,)
21. When more than one ensemble of nuclei were present in|V,4B1)/V,4B,)|=1.679. In contrast, spectra for i,
a measurement, such as when solutes occupied several lattieed NL,Ga; each exhibit only one signal whose frequency is
sites, the experimental spectrum was fitted to a superpositioclose to that of site8, in Ni,Ins, with any other signals
of perturbation functions with amplitudes equal to the sitehaving site fractions less than or of the order of the detection
fractionsf; of probes in each local environment; that is, limit of 1%. We conclude that indium has a strong preference
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TABLE lll. Room-temperature quadrupole interaction frequenaiesand frequency distribution widths in Mrad/s, with site attribu-
tions. Unlisted widths are about 2 Mrad/s. Blank entries indicate nonobservation of signals for those sites.

Transition-metal rich Transition-metal poor

PhaseA,B; site attribution
B1 B> a T Lattice sink(e.g., grain boundajy

NibAl3 180.7(1) 130(0=80)
PdAl; 174.4(1) 135(0=115, 1031)
PbAl3 181.4(2) 35(0=10
Ni,Gas 164.8(3) 0(3) 18(2)2
Pt,Ga 171.3(1) 16(1) or O° 16(1) or O°
Nislng 244.8(8) 145.8(3)
Pdylng 244.0(3) 154.4(1)
Pbting 263.9(6) 169.1(3)

aSite fraction observed to peak near the stoichiometric composition.
bldentification of 0 and 16 Mrad/s signals is uncertéee text

for the B, site in both the Ni-rich aluminide and gallide. form one group and the eight others form a second group,

Analogous results were obtained for transition-metal richincluding 3, signals of the indides. Because of the tight clus-
Pd and Pt phases. Figure 5 exhibits spectra measured ftgring of frequencies of the second group, we attribute all of
Pd-rich PgAl; and for Pdin; (a PgGa; phase does not ex- them to probes orB, sites. The frequencies in each group
ist), and Fig. 6 spectra for Pt-rich A5, PLGas, and Psin,.  fall remarkably clos_e to the_: two drawn lines. In the context
Like Ni,Ins, Pd and Pt indides exhibit two signals having site©f the efg calculations, this suggests that absolute magni-
fractions of about 1/3 and 2/3 and frequencies similar tgudes of effective charges of corresponding atoms and vacan-
those observed in Blin,. Ratios of frequencies of the twg ~ Ci€S_in the different compounds are equal to each other
sites for the Pd and Pt indides are 1.580 and 1.561, close ¥jithin about 10%. To summarize results of this section, in-
but somewhat lower than the value 1.679 observed foiéi'um solute atoms exhibit a strong preference for gifen
Ni,Ins. The two aluminides and one gallide each exhibit only!! the transition-metal rich aluminides and gallides, a result
one signal whose frequency is close to that of fhesite in E:Tjastséesd %%r:)s\ztent with the larger volume of that site, dis-
the indides and is therefore attributed to that site. '

Figure 7 compares quadrupole interactions frequencieg. Switching from 8, to @ and 7 sites in gallides as a function
measured in TM-rich phases by plotting them as a function of composition

of the inverse volume of the unit cell. Because of thé Measurements were made on,S& samples having

dependence, efg’s for corresponding sites should fall on linegompositions in the range 37.4—41.4 at. % Ni. Figure 8 com-
through the origin, thereby accounting for differences in lat-

tice parameters. The frequencies fall in two distinct groups. Go(D) |G2(‘°)|2
The three frequencies for probes gh sites in the indides 5, .

) | Pt,Al,
1 T T T T T T T 0 o 4 il ﬂ" 1k ‘u' ﬂl‘ \I‘ &\1‘ mil “ \ A, Ay
w oAl ol T T e
|| A 1N
‘ “W i i
0 ¥ uLLﬁ‘MLJW" il i IMM . [L A i bl bl Wl Ui 1 “l .‘L | A
: -~ o Pl ea bl b v Gt vVl L N i , ,
‘ 2.3 | ‘ Ptying
VLS | L L
SEL I WA UAbhAM | |
ol A P VL { A 0.4 LY L AR A .ﬂn Ll H I.z‘n.JN . AJ\ J|L
0 100 200 300 400 0 200 400 600 800 0 100 200 300 400 O 200 400 600 800
t(ns) o (Mrad/s) t(ns) ® (Mrad/s)
FIG. 5. PAC spectra of indium probes in Pd-rich,Rty and in FIG. 6. PAC spectra of indium probes in Pt-rich,Alz and

PdIns (left) and frequency power spectaght). As in Fig. 4, the  PL,Ga and in Pdin; (left) and frequency power spectfdght). As
Pd,In; spectrum exhibits two quadrupole interaction signals identi-in Fig. 4, the Pfing spectrum exhibits two quadrupole interaction
fied with sitesB, and ;. The single signal observed in jAd; is signals identified with site@, and 3;. The single signals observed
identified with indium solutes on sitg,. for PLAI; and P3Ga; are identified with solutes on si®,.
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FIG. 7. Quadrupole interaction frequencies for In/Cd probes o
B sites in NpAl; phases. Frequencies are plotted vs the inverse CZE
the unit-cell volume to account for differences in lattice parameters,
For the indides, signals are observed for both g&e@ipper pointg
and B, (lower pointy whereas the gallides and aluminides each
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/ Ni,Al,
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/ \' Ni,Ga,

Pd Al

Pd,In;
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pares spectra for compositions that are Ni ri¢bp), sto-
ichiometric (middle), and Ni poor(bottom). As can be seen
the character of the spectra changes almost completely over
that range of composition. The spectrum for the Ni-rich
sample exhibits only the 164.8 Mrad/s signal attributed
above to probes on thg, site. The spectrum for 37.4 at. %
Ni exhibits primarily a zero-frequency signal, with only 5%
- of indium remaining on sitg,. The spectrum for 39.9 at. %
Ni has a site fraction of about 60% for the zero-frequency
signal, 20% for theB, signal, and 20% for a low-frequency
18(2) Mrad/s signal. The 0 and 18 Mrad/s signals have
small frequency distribution widths, like signals for solutes
on sitespB; and ,, indicating good crystal perfection.

Figure 9a) shows how the three site fractions in,Sig
= vary with composition[Figure 9b) shows a simulation that
will be discussed belowSeveral features can be observed.

(1) As the composition of Ni decreases and crosses the
stoichiometric composition, the 165 Mrad/s signal from site
B, is replaced mostly by the zero-frequency signal. The
switchover occurs mostly within a range of composition
equal to 1 at. %.

(2) The 18 Mrad/s signal has a maximum site fraction of

5 10 15
Q™ (nm®)

exhibit only one signal attributed to si&.

0
0

"Ni-Ga: 41.4 at% Ni

I ‘ ‘

i L A

'39.9 at%l i

il

37.4 at% Ni

200 300 400

t(ns)

100

20 about 20% near the stoichiometric composition and de-
creases for compositions on either side. Concerning the iden-
tification of the 0 and 18 Mrad/s signals, it can be recalled
from the discussion of efg calculations that efg’s for solutes

n thea and 7 sites are each expected to be small in com-

arison with efg’s for siteg3; or B,. Thus it is natural to

attribute the two low-frequency signals observed here to in-
dium solutes on siteg and 7, although it is not possible to
identify which signal belongs to which site because of un-
certainty in the efg calculations and possible disturbance of
efg’s caused by local relaxation around the Cd probes.

It will be shown below using a thermodynamic model that
the composition dependences of the site fractions are ex-
plained by assigning the 0 and 18 Mrad/s signals, respec-
tively, to solutes on sites and 7.

While Ni,Ga; appears as a line compound in binary phase
diagrams.® Fig. 9 shows that solute site fractions continue to
change up to compositions of about 4B)0at. % Ni, indi-
cating that the Ni-rich phase boundary is at or above 40.5 at.
% Ni. In good approximation, the concentration of structural
point defects increases linearly with the deviation from sto-
ichiometry. Structural defects in Mba; and the other NAl5
phases produce weak efg disturbances that lead to inhomo-
geneous broadening that increases with the concentration of
defects. Such broadening can be readily seen in the spectrum
for 41.4 at. % Ni shown in Fig. &top).

Limited measurements were carried out fosG¥, with
spectra shown in Fig. 10 for two compositions. Thesignal
that dominates for the Pt-rich sample is partially replaced in
the Pt-poor sample by signals with zero frequency and a
frequency of 16 Mrad/s. While these trends are analogous to

FIG. 8. PAC spectra for NGa;, samples. The spectrum for a those observed for NGz, a 16 Mrad/s signal was also ob-
Ni-rich sample (top) exhibits a signal of high frequency Served in spectra of the neighboring phasgGgg We con-
(165 Mrad/$ identified with site3,. The Ni-poor spectrum shown Servatively conclude that some indium transfers to either one
at bottom exhibits a large site fraction of a signal with zero fre-Or both thea and 7 sites in Pt-poor BGas, but additional
quency. The spectrum for a stoichiometric sample exhibits the zeromeasurements are needed. To summarize results of this sec-
frequency signal, the 165 Mrad/s signal, and also a 15 Mrad/gion, the two gallides exhibit a common behavior with re-
signal. spect to dilute indium solutes; indium strongly prefers e
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FIG. 9. Variations of the site fractions of 165, 0, and 15 Mrad/s signals ms{8a_5, with the deviation from stoichiometry,
attributed, respectively, to indium solutes ang,, and 7 sublattices. Experimental data are shown at left, with a simulation shown at right

made using a thermodynamic model described in the text.

site in Ga-poor samples and and/or 7 sites in Ga-rich
samples.

C. Switching from B, to lattice-sink sites in aluminides

Figure 11 exhibits representative PAC spectra for indium
probes in NjAl; samples with Ni-rich, stoichiometric, and

Ni-poor compositions. At the stoichiometric composition,

only the 181 Mrad/s signal attributed to indium on steis

observed, with a small frequency distribution width. At 42.0

In spectra of Ni-poor NiAl;, the 181 Mrad/s signal is
replaced mostly be a quadrupole interaction signal having a
mean frequency of about 130 Mrad/s and large frequency
distribution width(80 Mrad/9 (Fig. 11, botton). This signal
is visible in the figure as the rapid drop neéa0 and under-
shoot att=20 ns. Variations of the two site fractions with
composmon are displayed in Fig. 12, with curves showing
results of a simulation that will be discussed bel@Wwhe
figure also shows a ~2% site fraction of a low-frequency
signal that is ignored in the following discussjoAs can be

at. % Ni, the same signal is observed with a larger frequency 1
distribution width that is attributed to a greater concentration

of structural point defects. Such defects could in principle be

Ni atoms onr or B sites or vacancies of sites. At 42.0 at.

% Ni, the concentrations would be very higihom 3.3% to

8% depending on the type of structural defesdsily leading 0

" Ni-Al: 42.0 at% Ni

ot
PAVAY Y “"N\Wlﬂ il

to efg disturbances that could account for the amount of 40 0 at% N|
broadening observed.
7 | ‘ ‘ m ‘
1t _Pt- Ga 40.4 at/o Pt 0 Aokl ‘ bl “' I\l
38.2 at% Ni

“ ‘ l HH Ml ..M

38.9 at% Pt

O

100 200 300
t(ns)

L il 0
I M 0 400
ir i

FIG. 11. PAC spectra for NAl; samples. The spectrum for the
sample with a stoichiometric compositiomiddle) exhibits mostly
a 181 Mrad/s signal attributed to indium on sggg For a Ni-rich
sample(top) one observes the same signal with a greater frequency

FIG. 10. PAC spectra for RBas samples. The spectrum for a distribution width that is attributed to the presence of structural
Pt-rich sampldtop) exhibits only a signal of frequency 171 Mrad/s point defects at off-stoichiometric compositions. For a Ni-poor
identified with site,. The spectrum for a Pt-poor samgleottom) sample(bottom) only a small site fraction of the 181 Mrad/s signal
exhibits a smaller site fraction of the 171 Mrad/s signal and signalss observed, having been replaced mostly by an extremely broad-
having frequencies of 0 and 16 Mrad/s. ened signal with mean frequency of about 150 Mrad/s.

0 1 1 1 I
0 100 200 300 400
t(ns)
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FIG. 12. Variation of site fractions of a 181 Mrad/s signal and t(ns)
inhomogeneously broadened 150 Mrad/s signal i\l 3 5
with the deviation from stoichiometry. The signals are attributed FIG. 13. PAC spectra for BAl; samples. The spectrum for the

in the text to solutes on thg@, sublattice and in lattice sinks, re- sample with a stoichiometric compositiofmiddle) exhibits a
spectively. The curves drawn in the figure are from a simulation174 Mrad/s signal attributed to indium on si. The Pd-rich
made using a thermodynamic model. sample(top) exhibits the same signal with an increased frequency
distribution width attributed to structural point defects. The Pd-poor
seen, the site fractions cross over in a range of compositiop@mple(bottom exhibits only a small fraction of the 174 Mrad/s
of about 1 at% near the stoichiometric composition. To signal, having been replaced by an extremely broadened signal with
identify the 130 Mrad/s signal, we first note that the fre-mean frequency of about 135Mrad/s and an unbroadened
quency distribution of the 181 Mrad/s signal, visible with a 103 Mrad/_s S|gr_1al. The 1_35 and 103 Mrad/s signals are attributed
small site fraction, remains narrow in the Ni-poor samplel© Solutes in lattice-sink sites.
(bottom), indicating that the crystal structure remains well
ordered. In addition, the frequency distribution width of thearies to have many different sites available for solutes, lead-
130 Mrad/s signal was observed to be independent of conind to a large efg distribution, polygonization of the bound-
position, indicating that it is characteristic of the siggr ~ aries may lead to low-energy terraces on which solutes come
site occupied and is not a function of defect concentrationsto rest in a site with a unique local environment and efg.
Consequently, the large distribution of the 130 Mrad/s signaPuch a well-defined signal has been observed in polycrystal-
must be attributed to sites other than regular lattice sitedine platinumz® We presume that the 103 Mrad/s site arises
such as sites in grain boundaries or dislocations, collectiveljn this way.
termed lattice sinks. We conclude that indium solutes switch
from the B, site in Ni-rich alloys to lattice-sink sites in Ni-
poor alloys. 17
A similar behavior was observed for fAd; and P3Al;,
with representative spectra shown in Figs. 13 and 14. The
Pd-rich spectrum in Fig. 13 exhibits the 174 Mrad/%)
signal with modest line broadening attributed to structural
defects in the same way as for Ml since the stoichio- 1
metric sample exhibits a signal with very little broadening.
In the spectrum for the Pd-poor sample, the 174 Mrad/s sig-
nal has been completely replaced by two signals: one with a . . i
mean frequency of 135 Mrad/s and broad distribution width, 00 100 200 300 400
o=115 Mrad/s, and the other a 103 Mrad/s signal with t (ns)
small broadening. The 135 Mrad/s signal is equivalent in all
respects to the 150 Mrad/s_signgil inZME‘ and is likewise FIG. 14. PAC spectra for PAl;. The spectrum for the Pd-rich
attributed to probes on lattice-sink sites. The 103 Mrad/Sampie(top) exhibits a very homogeneous 181 Mrad/s signal at-
signal was not observed in adjacent phases and is attributgghted to solutes on thg, sublattice. In the spectrum for the
to the PdAl; phase. The possibility that the 103 Mrad/s sig- pd-poor sample, the 181 Mrad/s signal has been almost completely
nal arises from probes on the or 7 sublattices is rejected replaced by an inhomogeneously broadened signal having a mean
because the efg would be much larger than anticipated on thgequency of 35 Mrad/s that is attributed in the text to solutes in
basis of the efg calculations. An alternative possibility is thatiattice-sink sites. High homogeneity of the signal at top suggests
the 103 Mrad/s signal is a well-defined signal for probes inthat the upper phase boundary obMt is very close to the sto-
grain boundaries. While one generally expects grain boundehiometric composition.

" Pt-Al: 41.2 at%
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FIG. 15. Variations of site fractions of indium solutes with de-

viations from stoichiometryx in Pt,5Gas-g, Pdh5Al3_5, and
Pt.5Al3_5, alloys. Solutes are predominantly on tAgsublattices
in TM-rich alloys (squarey but on other sites in TM-poor alloys
having zero or low frequency signalsircles or highly inhomoge-
neous signalg¢crosses

PLAl; spectra are shown in Fig. 14 and exhibit the
181.4 Mrad/s(3,) signal for the Pt-rich composition. For ( ()
the Pt-poor composition, one observes a very small amour
of the 181.4 Mrad/s signal, with small broadening, and a
signal with mean frequency of 35 Mrad/s and broad width 0
(0=10 Mrad/9. Based on the small broadening of the
181.4 Mrad/s signal in the Pt-poor sample, it is concludec
that there are few structural defects and that the large broa
ening is characteristic of the site having the 35 Mrad/s sig:
nal, in the same way as in Mil; and PdAl;. Consequently, S
the 35 Mrad/s signal is attributed to probes in Iattice—sinkptgle' 16. PAC spectra ofin/Cd probes in NiA}, PdsAlz;, and
sites. An additional aspect of the spectra gives qualitative ° &.
information about the upper phase boundary ofARt As . ] .
can be seen, the 181.4 Mrad/s signal for the sample wit§*ception of a 16 Mrad/s signal in f&a;, none of the
41.2 at. % Pt exhibits very little frequency broadening, inNi2Alz phases exhibited spectral parameters observed in
contrast to the larger broadening of the 181 Mrad/s signal ith€se compounds. _

Ni-rich Ni,Als, leading us to conclude that the concentration It is noteworthy that strong site preferences were observed
of any structural defects must be much smaller in 41.2 at. 9" two of the non-NjAl; compounds. For slightly Ni-rich
PtAl,. From this, it is estimated that the upper phase boundNiAls, only one signal was observed, which had a nonzero
ary of PtAl; must be very close to the stoichiometric com- 8ymmetry parameter, and is attributed to indium on only
position, so that the 41.2 at. % Pt-Al sample consists of £ne of two inequivalent Al sites. For RAl,;, the spectrum
mixture of P$Al; and PtAl phases. could be fitted to a superposition of six signals, so that in-

To summarize results of this section, the three aluminide&lium probes occupy most of the eight distinct lattice sites in
exhibit a common behavior. Indium solutes strongly preferthat compound and there is no strong site preference. For
site B, in TM-rich alloys and(unlike in gallides lattice-sink ~ PEGa, signals were observed for two out of three possible
sites in TM-poor alloys. Expressed differently, the solid solu-SIt€s-
bility of indium in the crystal structure of TM-poor alu-
minides can be said to be less than or about one atom®in 10 v|. THERMODYNAMIC MODEL OF SITE-SELECTION
Figure 15 summarizes the observed dependences of site frac- BEHAVIOR
tions in PpGas, PLAI5, and P3Al; on nominal compositions. . _ .

In these phases as well as,88; and NiAl 5, indium solutes A thermodynamic model for the equilibrium partition of

switch from theg, sublattice in TM-rich alloys to other sites Solute atoms among different sublattices was developed to
in TM-poor alloys. interpret the observed behavior. Conceptually, equilibrium is

established through reactions in which the solute atom trans-
fers from one sublattice to another, accompanied by forma-
tion or dissolution of intrinsic point defects. In the Appendix,
To test whether observed signals arose from probes ithe thermodynamics of defects and solutes in thgANi

non-NLbAl ; phases, PAC measurements were made ongNiAl structure is derived starting from an expression for the free
Pd:Al,;, and P§Ga,, with spectra shown in Fig. 16. Samples energy of the crystal under the usual assumption that defects
were prepared in the same way as thgAlj samples and are noninteracting. The derivation leads to mass-action-like
annealed prior to measurement at room temperature. In Tab&xpressions among defect concentrations that are applied in
IV are sample compositions, measured quadrupole interachis section to obtain expressions for site fractions as a func-
tion parameters, and » and comments about sites occupiedtion of composition and temperature. It is further shown in
by indium solutes in those compounds. With the possiblehe Appendix how to calculate concentrations of intrinsic

D. Measurements for neighboring phases
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TABLE IV. Quadrupole interactions and lattice locations of indium in other phases.

Phase Structure Composition w(Mrad/9 7 Indium solute lattice sites occupied
NiAl 3 CFeg 25.07(4) at. %Ni 262.41) 0.7918(4) Ni rich: one of three sites
(probably one of two Al-sites
PdAl GgPdyy 29.0(2) at. %Pd 1372) 0.697(35) Pd-rich: six sites out of eight
(v phase 216 (2) 0.730(15)
234(1) 0.323(10)
304 (2) 0.883(9)
371(3) 0.214(20)
411 (2) 1.0
PGa, Gejlrg 30.2(1.3) at. %Pt 303.21) 0 Near stoichiometry: two of three sites plus
16 (2) ~0 one broadly distributed site
140 (0=60)

defects based on formation energies of the elementary intrirfications ofG,, in terms of formation energies of defect and

sic defects. solute species. FOX=A, for example, it is found that
The full set of intrinsic defects in the bAl; structure _._ s s A
(written generically ash,B; in the following) includes va- Gapa(X=A) =g~ o+ Gpas (10

cancies on the three substitutional sublattivgs Vg, and  and forX=V

Vg, (in which subscripts identify sublattice sijesantisite s s v v

atomsAg, A, andB,, and interstitial atoms occupying the Gup2(X=V) =05~ 9o+ Ypo = Gao (11)
normally empty sublattic_eAT andB.. For _simplicity, it will in which gi; is the change in energy of the crystal when
be assumed in the following that vacanciggs andV, have  gefect or solute species replaces the normal occupant on
the same energy and antisite atomg and Ag, have the o generic sites (the normal occupant of the empty sublat-
same energy. This reduces the number of distinct intrinsig;., being a vacandy

point defects 10 SiXV,, Vg, Ag, B,, A, andB,). In contrast, The ratio of site fractions on the and 3, sublattice,

solute speciesy,, and S, are allowed to have different en- \hich can be compared directly with experiment, is obtained
ergies, so that four distinguishable solute defects may bairectly from Eq.(8):

observed(S,, Sg, Sg, and S). Defect concentrations are

defined as mole fractions on the corresponding sublattices fao _ [Sgl _ [l(&]exp(—G ke T) (12)
and indicated by defect symbols in square brackets, e.g., f, B [S.] B [X,] af2 "B

[V,]. With this definition, concentrations lie between physi- , , ,
in which, again X=A, B, or V, so that three alternative ex-

cal limits of 0 and 1. : T . . . .
Mechanisms that equilibrate the solute among the sublaf"€Ssions are implied. Ratios of site fractions for other pairs

tices can be written heuristically as exchange or transfer ref SitéS can be written similarly, except that one must ac-

actions. A solute ators may equilibrate between sublattices cOUNt for different numbers of sites on the sublattices. For
« and 3, via the generalized exchange reaction example, sublatticesand 3, have a 1:2 ratio of sites, so that

Su* Xgz > Sap + X @) fer L8l )Xl Gtk (13)

- : f. [S] Xl

in which the specieX stands forA, B, or V. Under the usual

assumption for metallic systems that defects are noninteract- For inequivalent sublattices of an element, suclaand
ing, the condition for equilibrium of Eq7) can be written in Bz in the NpAl 3 structure, the expression for the site-fraction
the form of a mass-action relati#f?! among concentrations ratio takes on a simpler form that does not involve defect
of the reactant and product species, with equilibrium conconcentrations. The exchange reaction

stantK s, given by Sp1+ By Spp+ By (14)
= [SpallX.] =exp- G, z/ksT) (8) leads to the site-fraction ratio
2 8,]Xee] e (s
2 B2
in which G,,, will be called the free energy of transfer and is ?ﬁ = Z[S 1” 2 expl~ GpypolksT) (15
comprised of an enthalpy and entropy of transfer: _ _ g _
Gupo = Hugo— TSuso. 9) since in the limit of low defect concentration$Bg; |

=[Bg]=1. The free energy of transfer is simpi$g s,
Note that the value dB,z, will depend on whetheX=A, B, :gsz—gf;l, the difference of energies of the solute in the two
or V. The method described in the Appendix leads to identissites. An Arrhenius plot of the site-fraction ratio given in Eq.
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(15) will exhibit linear behavior, independent of defect con- ratio f4/f, must likewise increase monotonically with the
centrations and therefore independent of the deviation froncontent.

stoichiometry. One can now outline qualitative trends in site preference
Arrhenius plots of other site-fraction ratios will not gen- behavior. The site fractions themselves are obtained from a
erally be linear. Consider the ratig,/f,: complete set of the site-fraction ratios and, returning to the
(S,] Ni,Al3 structure, one has, for example,
f S
B2 = B2 A dexd - (95, - oS + gh)/ke T]. (16
T [Aglexd - (9z = 9, + gg)/ksT].  (16) 1 19

fﬁZ = .

1+fg/fp+f [T+ f/f
As shown in the Appendix,A;] and other defect concentra- ) ) e ) e ) J_ p )
tions have complex temperature dependences in generdlg Will be large if and only if all ratios in the denominator
leading to nonlinear Arrhenius plots. There are two speciafife small compared to 1 and will be small if any ratio in the
cases in which the plots will be lineafl) When the compo- denominator is large. To examine how site fractions vary
sition is strictly stoichiometric, thefAg] will be thermally with composition, it is useful to express site-fraction ratios
activated with a well-defined activation enthalgg) When  @ppearing in Eq(19) in terms of the product of a defect
the composition is far removed from stoichiometry, then theconcentration and a thermally activated factor. Using Eq.
concentration of structuras will be much greater than the (18) 0 obtainf,/f, and corresponding equations for other
concentration of thermally activatek, and[A4] in Eq.(16) ~ ratios, one obtains
will be independent of temperature. 1

Solving for[S,,]/[S,] in the three alternative expressions  f, =
of Eq. (8) for X=A, B, andV leads to relations among defect

1.+G kT +G g2/ KBT 1 +G,5olkgT !
1+§e B1B2/ KB 4 @"Gap2/*B [Ba]+§e 32/%B [BT]

and host-atom concentrations, (20)
[A,.] [B,] [V,] in which the free energies of transf@érdepend on formation
[Ag] = Cl(T)[BB] =c(T) [V’ (17) energies of elementary defects. Using methods described in

the Appendix, Gpiz,=0~G31, Gape=0p=05+dy and
in which thec’s are functions only of temperature. At a given G, =0g,~g>+d". It is important to note that the transfer
temperature and in the approximation that defect concentrsnergiesG in general depend not only on the differences of
tions are small so that one may tak&,]=[Bgz]=1, one site energies of the solute but also on the formation energy of
obtains proportionalitiefAg] ™ o<[B,]<[V,]/[V,] that apply ~ an intrinsic defect or defects. Let us write the composition of
for any composition. Similar proportionalities involving con- the sample agy,.5,B;_s,, in which x measures the deviation
centrations of interstitial defects can be obtained startingfom stoichiometry. As shown in the Appendix, boftB, ]
from expressions analogous to Eq)—(9) for solute ex- and[B.] must decrease monotonically with increasigo
change between substitutional and interstitial sites. One find&at, as expressed in EQO), fz, can only increase with.
[A ] [V, ]x[B,]/[B,] and[B ] = [Vg]x[A]/[A,L The same result is obtained fog;.

Using the proportionalities among defect concentrations, Reasoning similarly, one obtains for the site fraction on
it can be shown that any site-fraction ratio can be expresseliie other host element sublattide,
in a power of the concentration of a selected defect species

on either of the two sublattices. For a compound of arbitrary  {_= . 1 T .
stoichiometryA,B,,, there are four alternative expressions for 1 +(5€"CapkeT + " CapBT) A ] + € G eT[A ]
the ratio of site fractions of a solute on sublattiggand «, (21)

for example,
Since[Ag] and[A,] increase monotonically with, f, can
fg_n[Sgl _ E[A ] expl- G/ksT) only decrease withx. Thus, Egs.(20) and (21) show that
f, m[S,] m ” 278 fractions of solute on substitutional sites increase monotoni-
cally as the amount of host element normally on that site

n
=—[B,]™" exp(- Gy/k,T) decreases. L : N
m For the interstitial site fractiofi,, one obtains, in contrast,

n

= [V, ™" exp(- GlkgT) f = 1
m L +(e+6731/kBT + 2e+GT[,2/kBT)[VB] + 2e+GmlkBT[Va]'
n
= [V ™" expl- GylkgT), (18) (22)

Since[Vg] and[V,] must increase and decrease respectively
in which theG’s are defined in terms of the free energies ofwith increasing, f,tends to have a maximum value near the
the intrinsic defects and solutes, as outlined in the Appendixstoichiometric composition, where both concentrations are
The four concentration-dependent factors in E§8) are  normally least. Naturally, if either of the terms involving
shown in the Appendix to be monotonically increasing func-[Vg] or [V,] in the denominator of Eq22) is much less than
tions of theA content of the alloy, so that the site fraction 1 for all compositions, then the predominant site fraction
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may change from interstitial to substitutional as the stoichio-stoichiometric composition. In the present case, however, it
metric composition is crossed. is impossible to obtain a unique set of model parameters due

Lattice-sink sites can also be included in a site-occupatioito the large number of parameters and limited number of
model using exchange reactiolfs=or example, the reaction €xperimental observations. Knowledge about intrinsic de-
for a soluteS switching with specieX between sublattice fects would help reduce the number of model parametess

8(5=a,81,52) and a lattice-sink site is illustrated in the simulation for MAl;), and measurements
as a function of temperature would help to extract enthalpy
S5+ Xgink < Ssink+ Xs» (23)  and entropy parameters from the equilibrium constants.

. ) ] ] ) Site-selection behavior in BAl; phases was investigated
in which Xg;, denotes a sink site normally occupied byXn more generally through a large number of simulations using
atom (X=A or B). Defining the equilibrium constant in the the thermodynamic model for site occupations and defect
same way as in Eq8), the site-fraction ratio is found to be concentrations outlined above and in the Appendix. Simula-
tions were also made in which energies of antisite atoms and
Fsink _ RISsind] _ RIXsinkd exp(- GunlkeT),  (24)  Vacancies were allowed to differ according to whigfsub-
fs  [Ss [X5] osink B lattice they occupied, but no qualitatively new behavior was
discovered. Depending on the values of the solute and defect
in which the inserted constaRtis the ratio of the number of energie@é, it was observed that a solute may reside princi_
sites in the sink to the number on sublatti¢and is propor-  pally on one sublattice for all compositions, switch between
tional to the sink density. The site-fraction ratio in E84)  substitutional sublattices as the stoichiometric composition is
will only depend on composition iK is the atom type not crossed, or switch to an interstitial sublattice near the sto-
normally found on sublatticé. Inclusion of lattice-sink sites jchiometric composition. For suitable ranges of energies, a
leads to the appearance of additional terms in the denomingolute may also be observed to switch between substitutional
tors of Egs.(19—22). and interstitial sublattices as the stoichiometric composition
The concentrations of elementary defects appearing ifs crossed. The qualitative behavior describing how solute
Egs.(20)(22) are functions of temperature and compositionsite fractions depend on composition can be summarized in
that can be calculated as described in the Appendix. Theghe following heuristic rules. At a given temperature we have
can be calculated by solving polynomial equations such aghe following.
Eq. (A12), which depend on equilibrium constants for for- (1) Solutes tend to occupy substitutional sites of an ele-
mation of equilibrium defect combinations. An example of ment in which there is a deficiency, that is, siteg A-poor
such a combination is the eight-defe& 3 3B,, for which  alloys andg in B-poor alloys. This is a consequence of the
the formation reaction and equilibrium const#atare given  fact that site fractions on substitutional sites only vary mono-
in Egs.(A8) and(A9). Five such combinations are sufficient tonically as a function of composition. A simple explanation
to completely specify the polynomial equations. Other comis that the total defect count is less when the solute is placed
binations are listed in the Appendix. on the sublattice of the element in which there is a deficiency
To simulate the observed switching of solutes frggto  than when it is placed on the sublattice of an element with an
sink sites in NjAl; shown in Fig. 12, it had to be assumed excess.
that the solute transfers to #@atype sink site. To reduce the (2) Solutes generally tend to occupy interstitial or empty-
number of model parameters, Oy andB,, were assumed |attice sites maximally near the stoichiometric composition,
to have appreciable concentrations, in accordance witlyith the site fraction decreasing for compositions to either
experimenta? and theoreticdf results. With this assump- sjde.
tion, one cannot use E(R3) because it involves;, instead (3) Ratios of site fractions of solutes on inequivalent sub-
of A, andB,. An alternative transfer reaction i82+3Sz,  |attices of one host elemerior on inequivalent interstitial
+3Asink 3Ssink+ BA,. with equilibrium constanK g The  sublattices are solely a function of temperature and are in-
curves drawn in Fig. 12 show results of a simulation withdependent of the composition.

parameter&y=5.0x 10'and KﬁZsinkRZZS-OX 10" and can (4 Composition dependences of site fractions of solutes
be seen to reproduce the composition dependence well, ifn |attice sinks may be quite varied. Site fractions may be
cluding asymmetry in the crossover. large forx>0 and small forx<<O or vice versaor be large

For Ni;Gas, little is known about the intrinsic defects. A or small for all compositiond? If interstitiallike sites also are
simulation of switching of solutes among?, a, andr sites  present in sinks, then the site fractions may peak near the
shown in Fig. 92 was carried out assuming all defects stoichiometric composition.
might be present in appreciable concentrations. This required (5) These qualitative results are independent of the mode
more model parameters than in the simulation fosAW.  of disorder in a phase since, as shown, for example, in Eq.
Simulated site-fraction dependences shown in i) @ere  (18), a site-fraction ratio can be expressed in terms of any
obtained using Eqs20«(22) with the parameter&s=2.9  possible defects on the two sublattices. The results are also
X102, K,=5.0X107° Kg=2.6X10%2K;,,=4.3X10°°  valid for a phase of general stoichiomety,B,.

Kap=8.3X 107" Kp4=2.5X 10", K, 55(X=A)=8.5x 102, One can further investigate how site fractions vary with

and K, z(X=A)=5.3X 10°%, with Ky, Ks, Kza, andKyg de-  temperature. If one assumes for simplicity that a single ther-
fined in the Appendix. As can be seen, the simulation repromally activated defect combination predominates, then its
duces switching of solutes between substitutional sublatticesonstituent elementary defects will be the structural defects
« and B, and peaking of the interstitial site fraction near the observed for off-stoichiometric compositions at low tempera-
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ture. For example, for the eight-defd&A +3B,), the struc-  of either host atom. No other data on effective charges are
tural defects will beA, in A-rich samples an®,, in B-rich  known for comparison.

samples. At low temperature, essentially only structural de- Observed site-selection and site-switching behavior
fects will be present. Their concentrations will be negligibledium impurities were always observed to occupy gjefor

on one side of the stoichiometric composition and increasd M-rich compositions in NiAl; phases. This is consistent
linearly on the other. Also at low temperature, the thermaVith the general rule that solutes tend to occupy sites of an
factors in Eqs(20)~22) will be very large or small depend- elem_ent in wh!ch there is a def|C|en_cy. Of the_t)@esltes, _the

ing on the signs of the free energies of tran@efherefore, A1 Site has six TM neighbors while thg, site has five.

at low temperature, if a solute switches between two substi~-SSUMing that the binding of indium increases with the num-
tutional sites, the switch will be abrupt and occur very clos ber of bonding TM neighbors, one would expect indium to

to the stoichiometric composition. If a solute is favored to e more stable on sitg;. On the other hand, thé sites also

. e T . differ in the available volume, witlB, sites having Wigner-
occupy an interstitial site, |ts_s_|te fraction may peak sharplySeitz volumes that are-7.5% larger(as shown in Table JI
at the stoichiometric composition at low temperature.

The observed preference for sif thus appears to reflect

At in_termediate temperatgres, thermal activation of deyg greater importance of the volume misfit of the oversized
fects will elevate concentrations of defects above those 3hgium solute.

low temperature by greater amounts in the composition As compositions changed from TM rich to TM poor, in-
range close to stoichiometry. As a consequence, the existenggum solutes in all five NiAl; phases were observed to
of thermal defects will reduce the sharpness of switchingransfer from siteB, to other sites. In the gallides, solutes
near the stoichiometric composition. Simulations show thatransferred to sites with small efg’s and narrow frequency
the range of composition over which a solute switches begjstributions that were identified with sites and 7. In the
tween substitutional sites, or occupies interstitial sites, inthree aluminides, solutes transferred to sites with large, inho-
creases linearly with absolute temperature. Finally, a solutehogeneous efg's that were identified as lattice-sink sites
may switch between substitutional sites as a function of temsuch as in grain boundaries. The Contrasting behaviors of
perature for some compositions but not others, depending ofM-poor gallides and aluminides are attributed to differ-

values of the set of}'s. ences in relative energies of indium solutes in lattice and sink
sites.
VII. DISCUSSION AND CONCLUSIONS Ranges of compositions over which solutes were ob-

served to switch sites could be very narrow. Foy®&;, the

Effective charges of host atoms and empty si@% can range in Fig. 9 is of order 0.1 at. %, whereas fopMi in
use experimental efg ratios for il; phases to estimate Fig. 12 it is somewhat broader, ~0.5 at. %. The ranges de-
effective charge ratios for the host atoms and vacant sitepend on the enthalpy of formation of the dominant defect
da/qy, using Fig. 3. For'*'Cd probes, experimental ratios combination, temperature, and solute concentration. We em-
IV2ABL IV AB,)| for the three indides Nins, Pdhing, and  phasize that in the experiments described here, solutes had
Pting are 1.679, 1.580, and 1.561, respectivedge Table mole fractions of the order of 10 parts per billion, so that
). Using Fig. 3, the average efg ratio 1¢(6pof the three  solute concentrations were far below concentrations of domi-
indides corresponds g /qy = +0.1. Taking charge neutral- nant intrinsic defects. In general, the composition range over
ity into account, this suggests that relative charges are in th@hich site-switching behavior is observed will be broadened
proportionsga:qgg:gy=-0.1:+0.4:-1. Since the hyperfine by an amount of the order of the solute concentration. There-
Cd probe is an impurity, efg ratios might be modified by fore, techniques requiring solute concentrations of the order
local lattice relaxation from those observed using hosbf 1 at. %, such as x-ray diffraction or ALCHEMI, can be
probes. However, a recent NMR measurement by Bastowxpected to exhibit more gradual changes in site occupation
and WesP of quadrupole interactions in Bi; yielded a as a function of composition. The relatively steep changes
ratio |V,{B1)/V,{B2)|=1.729, in good agreement with the observed in the present work are a consequence of the very
PAC value of 1.679. Thus, local lattice relaxation nearlow concentration of solute. We expect that PAC experiments
Cd impurities does not have a major effect on efg ratioscarried out with higher solute concentrations would exhibit
From Fig. 3, the ratio 1.729 obtained using NMR implies more gradual site-switching behavior.
ga/ay=+0.3, from which one obtains charges in similar  The most interesting site observed was the low-frequency
proportions ga:0g:0y=-0.33:+0.5:-1. For a ratio sjte in Ni,Ga; with a maximum site fraction close to the
IV AB1) IV, AB2)|=1.70, Fig. 3 shows that efg’s at sites  stoichiometric composition. Such a maximum is only pre-
and 7 are almost identically zero, a result consistent withdicted for an interstitial, or empty-lattice, site. Such behavior
measurements on Mba; reported above. This increases con-has not to our knowledge previously been predicted or ob-
fidence in the derived charge proportions. Since the vacarserved.
cy’s charge can only arise from a density of conduction elec- The present study focused on variation of site fractions in
trons that overlaps the vacancy, it must be negative. Théli,Al; phases with composition. An attempt was also made
above proportions indicate that chargesffind B atoms  to measure such variations with temperature, but without
must be negative and positive, respectively. This result isuccess. Elsewhere, we report on a study of the temperature
consistent with the greater electronegativitpr work  dependence of solute site occupation in GgiAd which in-
functiong®) of transition-metal atoms. It is curious that the dium solutes were observed to transfer from Gd sites at low
vacant site has an effective charge greater in magnitude thaemperature to Al sites at high temperature. A free energy of
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transfer was determined from the temperature dependence of APPENDIX
the ratio of site fractions, such as given by E#2), for
several different compositions.

Implications of the model and observatioihe experi-
ments and thermodynamic model demonstrate that locatio
of solutes in compounds can depend sensitively on the co
position near stoichiometry. As a consequence, nominall
equivalent measurements of site occupations may easily e
hibit significant discrepancies or even contradictory results
Even a “line compound” with a phase field having a width of
~0.3% may exhibit quite varied site occupations, dependin :
on the dex'zailed co?nposition and thermpal history. pIn the®l More of the four su_blatt|ce_§a, Sp1, Sgp aNdS..
present work, this was dramatically demonstrated for the In metals, coulomb interactions among defects and solutes

. : ~are reduced by screening of the conduction electrons. It will
gggfejsl\élﬁ? (I:Dodrznﬁ)lgulr:g':l ?n aS%EE{/GZSF];S”eOB\i’Zg%]n;?t be assumed accordingly that defects and solutes are nonin-

which exhibit much different site fractions of indium solutes teracting, in which case the free energy of the crystal can be

i 0
when prepared in such a way as to be TM rich or poor. Toertteng as

avoid ambiguity in the interpretation of measurements of site
occupation, it is desirable to make measurements for a range

In this appendix, equilibria among defect and solute spe-
cies in the NjAl; structure are derived starting from a sta-
istical mechanical description of the Gibbs free energy of
he crystal. The perfect structufeB; is considered to have
hree substitutional sublatticea, 81, and 82, occupied by
)é, B, andB atoms, and one empty, or interstitial, sublattice
Intrinsic defects include vacancies on the various substitu-
tional sublatticesV,, Vg1, Vg, antisite atoms,;, Ag,, B,
Eilnd interstitialA ., B, . A solute specieS may locate on one

a

G =Ngo+ NogS + Nygy + N 0 + Nuggn + N0

of compositions and/or temperature. + N0 + NAG + NBaB + NSoS + NS. oS + NS.oS
The finding that interstitial or empty-lattice sites tend to p29p2 ™ NrGr * Nr8r * NaBa ™ Nprdpr ™ Vg0
be occupied by solutes near the stoichiometric composition + N3P~ TSonfig (Al)

does not appear to have been previously noted. The range . Y.

over which an interstitial site fraction is large may be very!n Which N is the number of atoms or defects of tyjeon

sharply peaked at or near the stoichiometric composition irfuPlatticed, N is the total number of unit cells, argj is the

samples equilibrated at low temperature. Gibbs frge energy per unit cell of the perfect cryﬁlls the
change in free energy of the crystal that occurs whe), a

defect is formed, and similarly for the other defects and for
solutes. Eacly can be written in terms of a formation en-
This work was supported in part by the National Sciencethalpy and vibrational formation entropgs=h3—Tss. The
Foundation under Grant No. DMR 00-9168Wetals Pro-  configurational entrop.qnrig=Kkg In ( is given in terms of
gram). We thank Bonner C. Walsh for assistance with somethe number of way€) in which defects and solutes can be
measurements. arranged at random on the various sublattices:

ACKNOWLEDGMENTS

N, ! N ! Ngp ! N,!

Q= . A2
NATNS NGNS NG, NG ENE ENG NG, NG, TN T NG, ENY NSNS TN (A2)
[
Equilibrium values oﬂ\l§ are obtained by minimizing the NA N§+ Ngl + Néz + N{j 2 +Bx
crystal Gibbs free energy with respeclNé, subject to struc- = = (AS5)

n : ] ! NB T NB, +NB,+NE+NB  3-5x
tural and compositional constraints. Consistent with the BL = g2 T e
structure of NjAl, total numbers of sites on the four sublat-

' . . For simplicity, it will m low that!,=g¥%, an
tices are in the proportions or simplicity, it be assumed below thalg, =gg, and

g’gl:g’gz. As a consequence, fractional concentrations of va-
N,:NgpiNgiN, = 2:1:2:1. (A3)  cancies on the twg sublattices are equal and concentrations
) . ~__of antisite atoms on the tw@ sublattices are equal. This
The solute concentrations will be assumed to be negligible igjmpjification is easily removed for a complete treatment.
comparison with those of the principal intrinsic defects, in  Equilibrium concentrations are found by minimizing the
which case one finds from EGA3), for example, crystal Gibbs free energy subject to the constraints given by
NA+NE -+ NY = 2(NA + NB+ NY), (A2) Egs. (A3)—(A5)_. This is _accomplished by the method of
« e e oo T Lagrange multipliers, which leads to a set of coupled equa-
with analogous equations involving other pairs of sublatticestions involving defect and solute concentrations. Host atom,
If the composition is assumed fixed A&, 5,B5_s,, in whichx  defect, and solute concentrations will be defined as fractional
marks the deviation from stoichiometry, then the ratio of theconcentrations on the sublattices and written in square brack-
total numbers ofA andB atoms is ets so that, for example, for the numbéyf of vacancies on
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the « sublattice out of a total number of sités,, [V,] among defect concentrations in a,Ni; phase of composi-
ENf,f/Na. Elimination of the multipliers among the above tion A,.5B3_s:
equations leads to a large set of equations involving defect
and solute concentrations. 2[B,] + (2= 29[V, ] + (¢ +x)[B,] + 5x
Some equations in the set do not involve solutes and rep- 2 3
resent formation of defect combinations that can be created = Asil * 2Az] + (5 + X[Vl + 2[Vp]) + (5~ X[AJ.
without altering the composition of the phase. For example, (A10)
one such equation describes formation of the antisite pair:
With the above assumption that concentrations of intrinsic
,= [Asl[B.] = exp(~ ( g@ + 92) IksT) = exp(— GylksT), defects on sublattice8; and ﬁz are equal'an_d an additional
[A.][Bg] assumption that the deviation from stoichiometry is small,
(A6) x<1, Eq.(A10) simplifies to

in which K, is the equilibrium constant. The pair can be 2[B.]+ gV, ]+ g[BX]+5X:3[AB]+ S[Vﬁ]+ AL
considered to arise via the exchange reaction (A11)

In the approximation of small defect concentratiops,]

As an alternative to the above approach that uses Lagrang:g[Bﬁ]E[VT]E 1, mass-action equations for formation of the

multipliers, one can obtain a set of equations for formation Offive defect combinations such as given in E@s5) and(A9)
defect combinations by inspection using the law of mass : . . . )
action familiar from chemical thermodynamit®s® A mod- ¢an be substituted in EGALL) to obtain a polynomial equa

: : . ! tion in a power of any specified defect concentration. For
est benefit obtained by starting from E@81)—«A5) is that . :
the free energies of reaction, suchd 92+g'2 in Eq. (A6), example, Eq(A1l) leads to the following equation that can

are clearly defined in terms of defect and solute energies. be readily solved to obtaipA,] for given values ok and all

To determine concentrations of intrinsic defects, one mustthe K's:
consider mass-action equations of a complete set of defect K 3 6KL3
combinations. Five defect combinations are sufficient to es- 321 110134 Z[a 1834 ——5_[A 173 5[ A ]°/3
tablish equilibria among the six elementary defects in the KéB " 57 5K§f
Ni,Al structure. The combinations are pairings of structural 2K 6
defects on opposing sides of the stoichiometric composition: - = =BKITA ] - —Ka[AJ2-2K3R=0. (A12)
that is, a combination o, B, or B, (for B-rich alloys with SKs S

Vg, Ag, or A, (for A-rich alloys. One such combination is the

antisite pair described above. Another is the eight-defect, |t can be seen from EqA12) that[A;] is a monotonically
increasing function of. Similarly, [As] and[V] increase

3A, < 5A.+3B,, (A8)  and[B,], [B,], and[V,] decrease monotonically with in-

in which a unit cell disappears as the reaction goes from |ef@reas:ngx. al ons in def . be si
to right. Heuristically, the reaction can be realized in steps; _F°lynomial equations in defect concentrations can be sim-

inserting the twoA atoms and threB atoms from a unit cell Plified when knowledge is available about equilibrium de-
into the interstices and then exchanging thhestoms on the fects. Experimental studies of M5 by Taylor and Doylé*

« sublattice with the three interstiti@ atoms. The corre- Were interpreted to show that the structural defects/Agre
sponding mass-action equation is and B,. The same defects were recently calculated to have

the lowest formation energies using a FLAPW electronic
B [A][B,]° structure program® These findings lead to the expectation
Ke= (AP that the dominant thermally activated defect combination in
Ni,Al; is the eight-defect, in which case the formation en-
= exp(- Gg/kgT). (A9) ergy per elementary defect of the eight-defect is less than the

To complete the set of five defect combinations, one caformation energies per defect of the other combinations. As-

choose the Schottky-like defect, obtained by removing uming that the only non-negligible defect concentrations are

molecule to the surface and leaving behind five vacanciesBal @nd[A-l, Eq. (10) reduces to

2V,+3Vg, and two types of Frenkel defect&,+V, andB,

= exp(~ (507 + 395 - go)/ksT)

+V,. Equilibrium constants for the five combinations will be 2[B,]+5x=(§ - 0[A], (A13)
written below in an obvious notation &, Kg, Kg, K54, and
K,g, respectively. and upon elimination dfB,] using Eq.(A9), one obtains the

To calculate an individual defect concentration, it is mostsimple polynomial equation
convenient to start from a general equation of constraint
among the defect concentrations. We restrict ourselves to the (2 -x[A]¥3-5xA, P2 - 2k3%=0, (A14)
dilute solute limit. Inserting the set of structural constraints
[Eq. (A4) and similar equatiorjgnto the compositional con- which can be solved as a function of composition and
straint [Eqg. (A5)] leads to the following general relation temperaturdvia Kg).
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Other equations that can be obtained using the method of [SllAd]
Lagrange multipliers or by applying the law of mass action ap2= (S.A] = exp(~ (g — 95 ~ gp)/KgT)
to transfer reactions such as given in Sec. VI involve con- all™h
centrations of solutes and intrinsic defects. For example, the = exp(= Gupo/KsT), (A16)

exchange reaction which was implicit in Eq.(8).

Finally, the above derivation was obtained assuming that
Sy tAs— SptA, (A15)  concentrations of solute are negligible relative to intrinsic
defects. One can generalize the equations of constraint given
in Egs. (A4) and (A5) in a straightforward way to include

leads to finite concentrations of solute.
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