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First-principles theory of the temperature and compositional dependence
of atomic short-range order in disordered Cu-Pd alloys
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We combine the first-principles, Korringa-Kohn-Rostoker coherent potential approximation based calcula-
tions of compositional fluctuations with a statistical mechanical ring approximation to study the temperature
(T) and compositioric) dependence of the atomic short-range of&RO in disordered, face-centred cubic,
Cu-Pd alloys. The fourfold splitting of SRO peaks around the equivaédtl,0) points in reciprocal space is
obtained in a widd'-c region. Such splitting is shown to be an “energy” effect caused by the absolute minima
of the Fourier transform of the effective atomic interactions and related previously to the existence of nested
sheets of the disordered alloy’s Fermi surface. However, we find thaTl ttiependence of the SRO peak
position is mostly an “entropy” effect. Both the calculat&dndc dependences of the SRO peaks position are
in good correspondence with the experimental data. The real-space effective atomic interactions and SRO
parameters indicate the tendency for longer-period structures with increasing Pd concentration, as observed.
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. INTRODUCTION ting phenomena in G#d was developed. This theory is
based on the mixed-space cluster expansion fitted to LDA

Diffuse scattering and atomic short-range or(®RO in  full-potential total energies of ordered compounds. From the
disordered fcc CyPd, alloys around the concentratian  calculations, a temperature dependence of the splitting was
=0.25 have been subjected to intensive experimental andbtained which compared well with experimental data.
theoretical study. Experimentafty!® it has been observed However, a narrow temperature interval was considered
that the fourfold splitting of the diffuse scattering intensity and the compositional dependence of the splitting was not
(related to the SRO Fourier transform pedksat the X  studied at all.
points (0,1,0 and equivalent positions in reciprocal space In Ref. 18, a first principles concentration-wave approach
(see Fig. 1 takes place over a wide range of temperaturedased on a finite-temperature, electronic density functional,
and concentrations. The size of the splitting is both tempera-
ture and concentration dependent. In particular, at thermal 020
equilibrium, this magnitude increases with temperature ®
and/or concentration.

In Ref. 12, the atomic interaction parameters for the dis- or
ordered fcc Cu-Pd alloys were extracted from experimental LISpitpess |
SRO data corresponding to one particular temperature and s
concentration, using the analyticatexpansion method of O
Refs. 13 and 14 to describe the statistical mechanics of con-
centration fluctuations. Then, by use of these fixed param- OO -
eters, the fourfold splitting of the SRO Fourier transform was
investigated for a number of temperatures and concentra-
tions. As a result, an increase of the size of the splitting with [
temperature was obtained in agreement with experiment.
However, in contradiction with more recent experimental
datal® the temperature dependence was found to grow with
concentration.

In Refs. 15—17, a local density approximatirDA) de-
rived first-principles electronic structure theory of the split-  FIG. 1. A schematic picture oh(k,0) plane in reciprocal space.
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mean-field grand potential of a random alloy was used ta@omparison of the advantages and shortcomings of both ap-
investigate the SRO of Cu-Pd alloy for a number of concenproaches.

trations. The electronic structure calculations were carried

out with the Korringa-Kohn-Rostoker coherent potential ap- Il. CONFIGURATIONAL DESCRIPTION

proximation (KKR-CPA) methodolog}® (see also Ref. 19
and electronic state filling including Fermi-surface effects

were focused upon. Good agreement with the experimentall tom, Using this in the framework of the lattice gas mddel,

measured size of the splitting of the SRO peaks aboukthe | iitoni f disordered
oints was obtained and this was linked naturally to the nesq genera Hami tomahl ora twojcomponervt\-l?: Isorgere

P . : alloy with a Bravais crystal lattice can be written in the fol-

ing of flat, parallel sheets of alloy Fermi surface. This featurelOWing form:

has recently been measured by two-dimensional angular cor- '

relation of annihilation radiatiotD-ACAR) experiment$® . . 1 ,

However, not all electronic effects on an ideal fcc lattice H=® ”; DL)(Cr,—0)+ > R% D) 2 (Cr,—C)

were considered in Ref. 18. This was done in a later paper ! 12

Any binary alloy configuration may be represented as
r=1 (or 0) if the siteR is (is not)occupied by arA-type

but for Cy,_.Pd. alloy only at one concentration=0.25. 1 3)

Another shortcoming of both studiéé! is the use of a X(CRz_CHERZR PR, R, .rR(Cr,~C)(Cr,—C)
mean-field-like spherical model approximation for the com- 1

positional fluctuations that leads to the temperature depen- X(CRg—c)+ S (D)

dence of the splitting being missed. ) _
In this paper, we study the SRO in disordered Cu-Pdvhere®Q) . o (n=12,...) are theeries expansion

alloys by use of the same KKR-CPA concentration wavecoefficients,

approach as in Ref. 2lsee also Ref. 22but in a wide

concentrational interval. To describe the temperature de- c=(Cr)=Na/N, @)

pendence of the splitting, we use an accurate and simplge sign(- - -) means the statistical average, andnd N,
analytical ring approximation developed by one of us andgre the concentration and total numberefype atoms in the
co-workers?*~** This approximation has been shown to be ajloy, correspondingly; the summations on the real-space lat-
able to describe the temperature dependence of the posice vectorsR; (i=1,2, ... N) are carried over alN crystal
tions of SRO peaks for simpler models even with con-|attice sites.

stant atomic interactiof$? (in contrast to the widely In this work, we investigate the behavior of the
used Krivoglaz-Clapp-Mo$§™®  and spherical Warren-Cowle§®*¢ SRO parameterar:
modef?21:24.2536-405nproximations  Within the ring ap-

o . ; _ e oyt
proximation, it is possible to take into account the long-range ag,-r,=((Cr,Cr,) —C)[c(1-C)] . ()

contributions to the atomic interactions without major com-

plications (in contrast to the cluster-variati$hand Monte " fact, ar is a normalized pair correlation function. The
Carld*2 methods, because it is the lattice Fourier transform POSitive or negative values af correspond, respectively, to

of the effective atomic interactions which appears in the for{N€ correlated attraction or repulsion Aftype atoms sepa-
malism. Moreover, it has been shof®it that the numerical rated by the vectoR. Besides, we study the behavior of the
accuracy of this approximation improves with an increase of ourier transformy, of the SRO parametersy :
the effective range of the atomic interactions.
This reliance that the ring approximation makes directly =2, apexp —ikR),
on the Fourier transform of the SRO parameters means that R
there is no need to neglect parameters from coordination
shells with large radii. This is important for the description of _ .
such a sensitive effect as splitting of the SRO peaks in wave- ar=N 1% aq exXpiaR). )
vector space about a symmetry point because it requires a
large number of SRO parameters in direct spaée®The  In Egs.(4) and below, the summation apis carried over all
advantage of the ring approximation compared to the analytiN points specified by the cyclic boundary conditions in the
cal y-expansiof® and a-expansioff* methods is thatat the ~ corresponding first Brillouin zone.
same or higher numerical accurd®$?*J we have to solve To calculate_the SRO, we use the analytical ring
only one simple nonlinear integral equatifsee below Eq. approximatiof®~?° developed by use of the thermodynamic
(11)] instead of the complicated system of equations as in thuctuation method*>***"**Here a modified thermody-
y-expansion methotf namic perturbation theoty*’~1is carried out to first order.
We note that our approach used in the present p@er The small parameter of eXpanSion is the inverse of the effec-
joint implementation of KKR-CPA linear-response and ring tive number of atoms interacting with one fixed atdfrin
approximationsmay be considered as complimentary to thatthe framework of the ring approximation,
used in Refs. 15-17. So, besides the comparatively more
exter_lded investigation performeq in the pr_esent paper, it is ak=1—N‘1E Bt B (5)
also important to study the same issues as in Refs. 15-17 for q
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where 07 1 1.3 16 19
180 ‘ | ‘
Bi=[Act R+ X ], (6)
140 R
c(l-c)
Ay=14 ———=—(®P+ ), 7 .
« o (20w @ N
, £
(1-2¢) (1 e g0
oca—o i, 1) 8 &
20
=N ARl 9
®(? is the Fourier transform ob) =) ¢ |
DP=2 d@Pexp —ikR), (10)
R
w is the quantity to be found from the equation &
N1 [A =1, (12) . 3 ¢=0.10, T=920 K
q —e (=0.20, 7=1050 K
. ) - -—9¢=0.30, T=800 K
T is the absolute temperature, akglis the Boltzmann con- ——< ¢=0.40, T=600 K
stant. 0'40.7 ‘ 1 ‘ 1.3 1.6 1.9
Equations(5)—(11) are the generalization of Eqé7.6)— RVa

(7.10 in Ref. 27 by taking into account the chemical poten- _ o )
tial fluctuations and using the correct equation for determi- FIG. 2. The valuesa) of the effective atomic interactio®
nation of the chemical potentidt. The expression foK, is  (@tT=1000 K) and(b) of the SRO parametersy calculated for a

presented in Ref. 29. It consists of the sum of the term&umber of fcc coordination shells in a disordered fcc, G#Pd,
proportional to the Fourier transforms c) and alloy at four concentrations. Note that in pés, the vertical axis is
i Ri.Rp.Rg inverted for comparison witlia).

c1><Rl>,R2,R3,R4. In the present paper, we assume tKatis
negligible, i.e.,X,~0, so that the contribution from this have neglected the effect of inhomogeneous static atomic
high-order term is comparatively small. It should be emphadisplacements. These are expected to be small for R,
sized that neglect of the contribution fraxy does not mean alloys. Nevertheless, we took into account tieemogeneous
the total neglect of the nonpair atomic interactions becausstatic atomic displacements by minimizing the alloy’s total
the quantitytb(pfl)R2 (and correspondinglp{?) already con-  energy with respect to the lattice parameter of the underlying

tains the contribution from such interactiofsee Eqs(B.5) lattice >
and (B.6) in Ref. 23. Below we will call the functiord)(Rz)
the effective atomic interactions. IV. RESULTS AND DISCUSSION

We calculated the functionb(®) for disordered face-
. KKRCPA'?Q?EEAE?OES;'VE ATOMIC centred-cubic Cu .Pd. alloys for a number of values of
concentratiorc at T=1000 K. Then we used these values of

Elsewheré?we have described in detail how the effec- @ to fit to a real-space expansion and give the real-space
tive atomic interaction®{? in reciprocal wave-vector space coefficients®) in Fig. 2 and in Table I. The SRO param-
can be obtained from electronic-structure calculations. Wetersag obtained by integration af, using Eqs(4) are also
start with the KKR-CPA description of the electronic struc- presented in Fig. 2. For both?) and g, we see the same
ture of the high¥, compositionally disordered stat@.(kz) is  tendency for the period of oscillations to increase with con-
determined from the response of the electronic structure ofentration. This fact is in accordance with the experimental
the alloy to small-amplitude concentration wavéae note  data that show the short-peried (L1,) and long-periody’
that the previous KKR-CPA-based thermodynamics resultstructures to appear below and above=0.285,
useSP= - @ becauss? is analogous to the Ornstein- respectively?>
Zernike direct correlation function used in the theory of non- In Fig. 3, the dependence df?) calculated for a number
uniform classical fluids®) All electronic effects are included. of different values of concentratianfor wave vectors along
In particular the alteration of charge that occurs as the atomiéhe high-symmetry lin€é in the first Brillouin zone is
are rearranged is fully accounted for. The nuclei are conshown. One can see that the position of the absolute mini-
strained to occupy ideal fcc crystal lattice positions, so wemum offb(kz) depends on the concentration. é0.10 this
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TABLE I. The values of the effective atomic interactidr? (in psop 10601 104 (€. 0,54

meV) calculated for disordered fcc €u.Pd. alloy at four concen- \

trations. The Cartesian coordinates of the ve&are given ina/2 [51-6.05]

units, wherea is the fcc lattice parameter. .

Shell R |R[/a ¢=0.10 c¢=020 ¢=0.30 c=0.40

1 110 0.707 173.338 145.038 127.650 117.404 1500

2 200 1.000 —13.919 8.123 26.164 28.613

3 211 1.225 3.840 11.030 8.904 4.470

4 220 1.414 -2525 -12.347 -5833 -—0.408 1000

5 310 1.581  3.585 2.050 4.004 4.607 -

6 222 1732 —-0.620 —2.925 2.448 7.215 g 500

7 321 1.871 1.293 2.065 0.757 —0.128 =

8 400 2.000 0.969 —-1.219 -0.069 0.725 <

9 411 2121 1.381 0.072 0.114 0.714 0
330 —4.189 2.099 4.320 2.833

10 420 2.236 —1.819 1.089 2.090 1.213

11 332 2.345 1.292 -0.713 0.665 1.312 -500

12 422 2449 -3.427 4.633 3.929 0.513

13 431 2.550 1.727 —-1.469 —2.718 -—1.668 , \
510 -0.680 1439  0.729 -0.553 1000 - ki 3

14 521 2.739 1425 —-1.725 -—1.075 0.419 1

15 440 2.828 —-1.301 —1.132 0.904 2.234 {500 A z Q A z S

16 433 2915 -1.430 0.152 —-0.158 -0.074 r X w L r KU X
530 —2.543 2.229 1.769 -0.374

FIG. 3. The wave-vector dependence of the effective atomic
interaction ®{?) along the high-symmetry lineéRef. 54 in the
first Brillouin zone for disordered fcc Gu.Pd. alloy at four
position lies on the poinX(0,1,0), whereas for the other concentrations.
concentrations, it is on the high-symmetry lizg¢0,1(].

17 442  3.000 1.001 -0.737 0.320 0.668

. L to thermal equilibrium and are qualitatively different from
Th.ere IS a tenderjcy for the absolute mlnlmumdmf) tq those data which correspond to a nonequilibrium irradiated
shift along the lineZ[0,1£] monotonously from point yigordered stat®. Concerning the experimental data, it
X(0,1,0) to pointW(0,13) with increasing concentration. should be noted that they are quite scattéfeda review see
Note that our results in Fig. 3 are in qualitative agreemenfig. 3 in Ref. 12 and only available for a small temperature
with those presented in Fig. 3 in Ref. 55. The quantitativeinterval[see(h) and(i) curves in Fig. 4 It is important that
difference is caused by the more complete account of thene experimental datipresented in Fig. 4 correspond to the
electronic effects in the present study? diffuse scattering intensity rather than to the functiep.

We have investigated the Fermi surfaces of the correExtraction of the contribution caused by static atomic dis-
sponding disordered alloys and find that the positions oplacements can change the dta.
these minima correlate perfectly with the spanning vector In Fig. 5, the calculated SRO Fourier transfoag along
between parallel sheets. Full details of these studies of thghe linez[0,1/] in the appropriate first Brillouin zone in the
Fermi surfaces can be found in Ref. 52 and a comparisopase of disordered fcc Gy, ,; alloy is shown at some
with experiment in Ref. 20. temperatures(This concentration is the same as that quoted

In Fig. 4, we present the dependence of the peak positiofh the experimental work?) In Fig. 6, we present both the
{o of @ (see Fig. 1 on temperature for a number of con- theoretical and experimenfalependences of the peak posi-
centrations. The available experimental d&&e also shown tion lo of a, on the concentratiorc of disordered fcc
in Fig. 4. In each case, the lowest temperature for which they, _ Pd, alloy at T~1000 K. The theoretical result foF
calculations were performed corresponds approximately te-=10000 K is also shown in Fig. 6, because at such a high
the critical temperature of the order-disorder phase transfofemperature the peak position @f corresponds to the posi-
mation obtained within the ring approximati®h.At ¢ tion of the minimum of®{® . This is easy to see from the

=0.10, there is no splitting at any temperature that was confg|lowing high-temperature approximation obtained from
sidered. The strongest temperature dependence of the pegls. (5)—(9):

position is observed foc=0.20, when the splitting of the

peak at theX(0,1,0) point disappears at=1100 K. For c(l-c)
concentration€=0.20 upwards, there is a tendency for the a~1- kB—Tq)
temperature dependence of the peak position to diminish. As

shown in Fig. 4, this is in good agreement with experimt@nt.  As our calculations show, the temperature dependence of
Both our calculations and the experimental datarrespond <I>,(<2) is weak and we can use the same function over a wide

@ (12
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FIG. 4. The dependence of the peak positfgrof «, and of the
diffuse scattering intensityin the case of experimental dataith
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0.40 T
A (a) T=10000 K
* (b) T=1026 K
e (c) T=1023 K, Experiment
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FIG. 6. The dependence of the peak positignof «, with
respect to the concentration calculated for disordered fcc

respect to the temperature for a number of different concentrationéul Pd. alloy at (a) T=10000 K and(b) T=1026 K. (c) Ex-
—c .

c of the disordered fcc Gu .Pd. alloy. (c) The data calculated at
¢=0.20 but with®{?) corresponding tac=0.30. (h) and (i) the
experimental datéRef. 10.

temperature rang¥. Thus, the temperature dependence of

the peak positiori, of «, is primarily an “entropy” effect.
One can see from Eq$5)—(9) that the shift of thew, peak
position from the position of minimum ob{? is possible

X
Z(01g]
c=0.21 ]
—— 7=990K

—-— T=1050K

W w

150

100

O

50

"""""

0 1 L 1
-0.2

0.2

FIG. 5. The SRO Fourier transfora, along the lineZ[0,1]
in the case of disordered fcc €u.Pd. alloy calculated for a num-
ber of temperatures at=0.21. For comparison with experimental
data, see Fig. 2 in Ref. 10.

perimental datdRef. 7).

within the ring approximation due to the presence of the
function R, (and Xy ). Therefore, it is the functiofk, which

is responsible for the denoted “entropy” effect. Note tkat

is the difference between the ring and spherical
model321:242536-4Qnnroximations. From Fig. 6, it follows
that the “entropy” effect on the peak position is strong at
low concentrations and brings the theoretical results into
closer agreement with experiment.

As shown in Fig. 4, the temperature dependence of the
peak position ofx is remarkably different at different con-
centrations. The origin of thifsee Egs.(5—(9)] can be
traced to the dependence of baby?) (“energy” effect) and
Ry (entropy effeckton concentration. From E¢g), it follows
that the entropy effect decreases when the concentration ap-
proaches 0.5. To estimate such an entropy effect, we calcu-
lated the dependence of the peak positignof «, with
respect to the temperature @t 0.20 but with®{? corre-
sponding toc=0.30. The result is presented in Fig[aurve
(c)]. One can see that the difference between two curves
corresponding to the samb(kz) but to the different concen-
trationsc=0.20 andc=0.30 [curves(c) and (f) in Fig. 4,
respectively is quite small. Therefore, the entropy effect on
the difference between the temperature dependence af,the
peak positions for different concentrations is not dominant.

It is a feature of the effective atomic interactiah(®
which causes the effect. We studied the behavior of the func-
tions B, 1, Ax R¢, andl, at c=0.20 but with®{? corre-

064201-5



R. V. CHEPULSKIl et al. PHYSICAL REVIEW B 65 064201

X Z[01q w V. CONCLUSIONS
_______________ @ In this paper, an approach was implemented to study the
W v temperature and concentration dependences for atomic short-
X T T range order in disordered fcc Cu-Pd alloys. The method com-
Ik =0.20, I=

bines the KKR-CPA-based linear-response theory of concen-
tration fluctuations with the ring approximation to improve
the statistical mechanics descriptions. In accordance with ex-
perimental data, the fourfold splitting of the SRO Fourier
transform was found to peak at aboxf0,1,0) and equiva-
o lent positions in reciprocal space. It was shown that such a
R splitting is an “energy” effect arising from the absolute mini-
i ET mum of the Fourier transform of the effective atomic inter-
action®{? and, within the KKR-CPA calculations, is linked
directly to nested sheets of Fermi surface.
10 ~= __ It was found that the temperature dependenc@fﬁ? in
———————————————— disordered fcc Cu-Pd alloys is weak and that the temperature
dependence of the SRO peak position is an “entropy” effect.
Nevertheless, the diminution of the temperature dependence
of the SRO peak position with composition is caused by the
deepening of the absolute minimum of the Fourier transform
of the effective atomic interactio®(?), i.e., by an energy
] effect. The increase of the SRO peak splitting with compo-
ST '“ sition is caused by the corresponding increase of the splitting
e of the absolute minimum of{?; i.e., it is also an energy
effect.
Both the calculated temperature and concentrational de-
¢ pendences of the SRO peak position are in good correspon-
FIG. 7. Some characteristic functions corresponding to the ringlénce with the experimental data. Further quantitative im-
approximation(see Sec. )lpresented along the lirg{0,1¢] inthe ~ Provement may be expected by taking into account the
case of disordered fcc Gu Pd, alloy at(a) c=0.20, T=1050 K, elastic contribution upor{?) caused by the inhomogeneus
and®? for c=0.20 and(b) c=0.20, T=700 K, and®{? for ¢ static atomic displacements.
=0.30. The designations of the curves are the same for both parts of In real space, for both the effective atomic interaction and
the figure. SRO parameters we obtained the same tendency of the in-
crease of the period of oscillations with concentration. This
sponding to botlc=0.20 andc=0.30. The results are pre- feature is in accordance with the experimental data that the
sented in Fig. 7. From this figure, one can see that, in botishort- and long-period structures appear at low and high
cases, the functioR, is of the same magnitud&.But the ~ compositions of the alloy, respectively.
minimum of ®{?) [and appropriately ofA,—see Eq.(7)]
corresponding toc=0.30 is much deeper than that at

=0.20. ThUS, a similar contribution from the functim can We gratefu”y acknow'edge Support of the Roya| Society
shift the position of the minimum o8, * [and correspond- and NATO, and support from the Foundation of the Funda-
ingly of the peak ofa,—see Eq.(5)] much more atc  mental Investigations of Ukraine through Grant Nos. 2.4/965
=0.20 than at=0.30. Therefore, it is the depth of the mini- and No. 2.4/993 and from the U.S. Department of Energy
mum ofCD(kZ) that determines to which extent the peak posi-through the Frederick Seitz Materials Research Laboratory at
tion of «, depends on the temperature: the shallower thehe University of lllinois under Grant No. DEFGO02-
minimum, the stronger such temperature dependence. 91ER45439.
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