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Short-range order in Cu-Pd alloys 
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Institute of Applied Physics, Univenity of Bukuba, Dukuba 345, Japan 
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AbslmcL The x-ray diffuse scattering intensity was measured at mom temperature 
from disordered Cu-Pd alloys containing 8.0, 9.5, 13.0, 21.8, 28.5 and 42.0 al.% Pd. 
%ofold and fourfold splitlings of diffuuse seatlering due to short-range order (sno) 
were obse~ed at 100, 110 and their equivalent pasitions mpectively f” alloys with 
more than 13.0 at.% Pd, where the separation of the split diffuse maxima increases 
monotonically with increasing Pd mntent. No splitting of diffuse scattering was observed 
for alloys mntaining 13.0 at.% Pd or less me diffuse intensities measured in Iaue 
UnitS increase with increasing Pd content except for 42.0 at.% Pd allay, which shows a 
much lower intensity compared with that for 28.5 at.% Pd alloy. Ihe 910 paramelen 
were determined from all the six alloys. One representative set of the local atomic 
arrangements of Pd atoms in the FCC lattice which has k e n  derived from mmputer 
simulation of the observed s o  parameten is shown. Nk have calculated the Pd-Pd 
atom pain of the 61x1- and m n d - n e a r e s t  neighbours for all the six alloy, in both the 
random and the 910 case. Although the ordered stmcture for Cu-42.0 at.% Pd alloy is 
of the QCI type, no differcnt feature in the SRO smcture was o b s e ~ e d  for this alloy in 
comparison with the other alloys. 

1. Introduction 

It is important to measure the short-range order (SRO) diffise scattering intensity from 
materials to understand inherent structural fluctuations. In the Cu-Pd alloy system, 
the SRO diffuse scattering from the disordered state has been studied qualitatively 
by electron diffraction in the Pd concentration range from about 13.0 to 60.0 at.%, 
where the characteristic twofold and fourfold splitting diffuse maxima were observed 
at around 100, 110 and their equivalent positions in reciprocal space (Ohshima and 
Watanabe 1973). The result was interpreted in terms of the Fermi surface imaging 
theory proposed by Krivoglaz (1969) and it was concluded that the pair interaction 
potential in this alloy system mainly originates from conduction electrons, and diffuse 
scattering reflects the flat section of the Fermi surface. X-ray studies have been 
performed quantitatively for only one alloy of this system, namely Cu-29.8 at.% Pd 
(Ohshima ef ai 1976). 

Gyorffy and Stocks (1983) calculated the Fermi surfaces for the disordered Cu-Pd 
alloys an the basis of self-consistent-field KKR CPA calculation. They argued that the 
observed composition-dependent peaks in the electron and x-ray diffuse scattering 
intensities are due to parallel sheets of flat Fermi surface and the positions of the 
peak are directly related to the Fermi vector. Rao d ai (1984) also calculated the 
electronic structure of copper-rich Cu-Pd alloys with a KKR CPA computation. %!ana 
ef ai (1991) have discussed the effect of SRO on the electronic structure of disordered 

W53-8984/92/4910093+10$07.50 0 1992 IOP Publishing Ltd 10093 



10094 

Cu-50 at.% Pd alloy. They pointed out that the SRO should be considered when the 
band-structure energy is calculated in the disordered state. 

It is well known that the Cu-Pd alloy system forms a continuous series of solid 
solutions with FCC structure a t  elevated temperatures (Massalski ef al 1990). Below 
the compositiondependent critical temperature Tc, various types of superlattice 
structure are formed. The alloys with Pd concentrations from 18 to 28 at.% (a"-phase 
alloys) have periodic one-dimensional (Llz-s type) or two-dimensional (L12-s,,s2 
type) anti-phase domain structures in the ordered state, depending on the composition 
and temperature, the fundamental cell of which consists of a face-centred tetragonal 
atomic arrangement of the ordered Cu,Au type. The alloys with a Pd content less 
than 18 at.% (a'-phase alloys) have the ordered Cu,Au-type structure with cubic 
symmetry. The @phase, having the CsCI-type structure, was found for alloys with 
between 36 and 46 at.% Pd. 

It is, therefore, of great interest to obtain a series of composition-dependent SRO 
diffuse intensities and SRO parameters using x-ray diffuse scattering techniques for 
the disordered Cu-Pd alloys to understand local atomic arrangements. In particular, 
there are no reports on the nature of diffuse scattering from alloys with around 
40 at.% Pd and on the shape of diffuse scattering from alloys with less than 13 at.% 
Pd. In the present paper, we have measured the x-ray diffuse intensities from six 
disordered Cu-Pd alloys. The SRO parameters were determined after analysing the 
composition-dependent diffuse intensities. Lacal atomic arrangements of Pd atoms 
were constructed and the numbers of Pd-Pd atom pairs of first- and second-nearest 
neighbours have been tabulated. 

D K Saha et a1 

2. Experimental details 

Alloys with different compositions were prepared by melting 99.99% pure Cu and 
Pd in evacuated silica tubes and remelting several times to homogenize them. Single 
crystals were grown by the Bridgman technique. Sample slices of different dimensions 
from lOmm x 8mm x 3 mm to 12" x l0mm x 3 mm were cut parallel to a (210) 
plane from their original ingots. The slices were polished mechanically and etched 

Pd, Cu-28.5 at.% Pd and Cu-42.0 at.% Pd alloys, electrical etching was performed 
using a solution consisting of 90% GH,OH and 10% HCI with a graphite cathode. 
Chemical etching was performed for Cu-13.0 at.% Pd using a solution consisting of 
30% HNO,, 10% HCI, 10% H,PO, and 50% CH,COOH, and for Cu-8.0 at.% Pd 
and Cu-9.5 at.% Pd alloys using a solution consisting of 90% HNO, and 10% HzO. 
All the specimens were annealed separately in evacuated silica tubes at 9M)OC for 
4 d, 8oo°C for 1 d and 75OoC for 10 d successively to homogenize the specimens 
and finally quenched by dropping them into ice-water. The alloy with 42.0 at.% Pd 
could not be annealed because it has a CsCI-type structure at low temperatures. The 
surface of the specimens was etched again to remove the oxide layer. 

The lattice parameters of the specimens, which were prepared separately, were 
measured with an x-ray Debye-Scherrer camera using Cu K a  radiation. Ihe  Specimen 
compositions were determined with an accuracy of ~k0.3 at.% by comparison with the 
lattice parameter versus composition relation (Pearson 1958). The sk compositions 
were determined as Cu-8.0 at.% Pd, Cu-9.5 at.% Pd, Cu-13.0 at.% Pd, CU-21.8 at.% 
Pd. Cu-28.5 at.% Pd and Cu-42.0 at.% Pd. 

c.c*,licaiiy cicc,iiaijy iu i~cii-,Gvc GiC <k;Gitz< ;aj;i, FG: r.;-2;,o yyc 
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The x-ray intensity measurements were performed a t  room temperature using a 
four-circle goniometer attached to a rota-unit of an x-ray generator (Rigaku RU-300). 
The incident-beam Cu Ka radiation from a Cu target was monochromated by a singly 
bent HOPG crystal. In order to eliminate the X/2 harmonics, a Ross balanced-filter 
technique was used. The diffuse intensities were measured by scanning a volume of 
reciprocal space at intervals of Ahi = 8 in terms of the distance between the OOo 
and 200 fundamental spots. Both background and air scattering were estimated by 
irradiating an Si single crystal and were subtracted from the measured intensity. The 
procedure for the x-ray diffuse intensity analysis was the Same as that used in the 
study of Au-Cr alloys (Koga and Obshima 1990). 

3. Results and discussion 

The SRo diffuse intensity distributions in h u e  units for all the sk alloys are shown 
on the (hkO) reciprocal lattice plane in figure 1. As seen in figures l (d ) - ( f ) ,  twofold 
splitting at the 100 position and fourfold splitting at the 110 position appeared. 
The separation between the split diffuse maxima at the 110 position relative to the 
distance between the two fundamental spots OOO and 200, which was denoted by m 
and defined in figure I f ) ,  was measured for the samples and is shown in table 1. The 
distance m shows a monotonic increase with increasing Pd content. The separation 
m was estimated from the energy band-structure calculation by GyorRy and Stocks 
(1983) and these values  are also given in table 1. The agreement between the two 
is fairly good. On the other hand, no splittings were found in figures l(a)-(c). The 
separation m for the 8.0 and 9.5 at.% Pd alloys should be very small on the basis of 
the simple model used by Ohshima and Watanabe (1973). Because of the weak SRO 
diffuse intensities for the two alloys, it was difficult to obtain the value of the split 
dif€use maxima. 'lb compare the intensity maxima and to see their splittings clearly, 
bird's-eye views of figure 1 are shown in figure 2. In particular, the small mlue of m 
is visible in figure 2(d), but it is not obvious in figure l (d) .  As seen in figure 2, the 
SRO diffuse intensity increases with increasing Pd content except for the Cu42.0 at.% 
Pd alloy, which has a much lower intensity. We could not observe any extra diffuse 
scattering in addition to split diffuse scattering for the Cu42.0  at.% Pd alloy. 

Table I. Values of lhe separation m measured in terms of lhe distance between h e  WO 
and 200 spots and thnse estimated from the band cllculadon. 

~~ 

Pd m m estimated [ram the band 
anlent  measured in calculation ty GyorffY and 
(at.%) quenched state Stocks (1983) 

- 8.0 0 
9.5 0 - 

13.0 0 0.010 
21.8 0.042f0.005 0.060f0.01 
28.5 0.107fO.W5 0.120*0.01 
42.0 0.201fO.W5 0.225f0.01 

By Fourier inversion of the SRO diffuse scattering intensities shown in figure 1, 
the Warren-Cowley SRO parameters almn were determined up to the fiftieth shell 
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Figure t The SRO diffuse scattering intensity distributions on thc (hkO) reciprwal lattice 
plane in h u e  units for (0 )  Cu-8.0 at.% Pd, (b) Cu-9.5 al.% Pd, (c) Cu-13.0 at.% Pd, 
(d )  Cu-21.8 at.% Pd, (e) Cu-28.5 at.% Pd and (f) Cu42.0 at.% Pd alloys (Im;" = 2.0 
and A I  = 3.0 h u e  units). 
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Figure 2 Bird's-eye views of figure 1 
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for all the six disordered Cu-Pd alloys, with an error estimated to he less than &lo%. 
These values are listed in table 2, where 1, m and n are integers. The values of a," 
are very close to unity for all the data. The absolute values of become smaller 
with decreasing Pd content from the 28.5 at.% Pd alloy. It is thought that the SRO 
state has a tendency to become more random with decreasing Pd content. However, 
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lsbk 2 SRO parameters cqmn determined from the Fourier transfom of the SRO 
diffuse scattering intensities and one set of these parameters ior CU-13.0 al.% Pd alloy 
calculated from the model by wmpuler simulation wkn N b the shell number. 

SRO parameter olmn 

13.0 at.% Pd 

8.0 9.5 21.8 28.5 42.0 
N Imn at.% Pd at.% Pd Erperiment Simulation at,% Pd at.% Pd at.% Pd 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 

17 

18 

19 
24l 
21 
22 
23 
24 

25 
26 

27 
28 
29 

30 
31 

32 

33 

OM 1.023 
110 -0.003 
zoo 0.046 
211 -0.043 
220 -0.MO 
310 -0.016 
122 0.017 
321 0.007 
4w 0.017 
330 -0.017 
411 0.010 
420 0.013 
332 0.005 

431 -0.003 
510 0.019 
521 0.003 
440 -0.005 
433 -0.002 
530 0.015 
442 -0.003 

532 -0.002 
611 0.002 
620 0.011 
541 -0.006 
622 -0.005 
6Jl -0.004 
444 0.002 

550 -0.008 
710 -0.012 
MO 0.001 
552 0.001 
633 0 . m  

642 0.002 
no 0.004 

n2 0." 
m -0.011 
554 0.001 
741 0.003 
811 -0.009 
6-44 0.002 
820 -0.005 
653 0.Ow 

422 aoos 

600 -0.016 

543 - o m  

ni -0.004 

651 o.wn 

1.010 
-0.021 

0.055 
-0.029 
-0.008 
-0.013 

0.018 
0.003 
0.008 

-0.015 

0.008 

0.003 
-0.004 

0.013 
0.001 

-0.003 
0.000 
0.014 

-0.uoz 

0.003 
-0.001 

0.009 

o.oin 

0.002 

-0.014 

-aoos 
-0.003 
-0.005 

0.Wl 
-0.001 
-0.006 
-0.009 
0.003 
0.002 
0.000 

-0.004 
a002 
a003 

-anas 

0.001 
0.000 

-0.002 
0.000 

-0.006 

-0.001 
-0.002 

o.ooi 

1.009 
-0.073 

0.091 
-0.024 
-0.010 
-0.016 
0.025 
0.014 
0.007 

-0.025 

0.018 
-0.006 

0.007 
-0.007 

0.005 
-0.011 

0.005 
-0.003 
0.023 

-0.003 
-0.021 

0.005 
0.009 
0.019 

-0.005 
-0.003 
-0.012 

0.001 

0.006 

0.002 
-0.016 
-0.008 

0.009 
0.001 

-0.002 
-am 

0.003 
0.007 

-0.002 
-0.001 
-0.011 

0.MX) 

-0.002 
0.002 

-0.003 

an03 

a005 

1.m 
-0.072 

0.090 
-0.024 
-0.010 
-0.016 

0.025 
0.014 
0.006 

-0.025 
0.006 
0.017 

-0.006 
0.007 

-0.007 

-0.011 
0.005 

-0.003 
0.023 

-0.003 
-0.021 

0.ow 
0.018 

-0.005 
-0.003 
-0.013 

0.001 
0.002 

-0.016 

0 . w  

n.005 

-aom 
aow 

-0.003 

0.007 

0.001 
-0.002 

0.003 

-0.002 
-0.001 
-0.011 

0.003 

0.002 
0.005 

-0.003 

n.ow 

-0.002 

1.018 
-0.088 

0.152 
-0.027 
0.044 

-0.026 
0.047 

-0.W4 
0.045 

-0.028 
-0.013 

-0.012 
0.027 

-0.008 
0.009 

-0.011 
0.017 

-0.006 
0.009 
0.015 

0.000 
-0.009 

0.017 
-0.006 

0.013 
-0.013 

0.028 

-0.005 

o.nio 
-0.003 
-a008 
-a001 

0.012 
-0.003 
-0.006 
-0.005 
0.009 
0.002 

0.000 
0.004 

-0.004 

-0.011 
0.008 

o.ono 

-0.002 

aws 
-0.003 

1.014 
-0.157 

0.171 
-0.011 
0.066 

-0.024 
0.044 

-0.008 

-0.035 
-0.013 
0.044 

-0.013 
0.024 

-0.007 
-0.005 
-0.014 

0.ow 
-0.002 
-0.003 

0.011 

0.033 

n.ox 
-n.w 
-0.Ol5 

0.014 
0.005 
0.016 
0.w1 
0.004 

-0.013 
-0.004 

-0.003 

n.om 
- o m  
-0.001 
0.W1 
0.005 

-0.008 
0.003 

-0.006 
0.0 I3 

-o.oni 
-0.002 
-n.oii 

0.002 

0.004 
0.010 

1.017 
-0.144 

0.125 
-0.W5 

0.035 
-0.009 

0.017 

-an26 

0.016 

0.007 
0.002 

0.001 

-0.013 
-0.W 

0.005 
-0.007 
-aw5 
-0.019 

0.010 
0.001 

-0.004 
ao iz  

-ami 
-0.003 
-0.004 

0.013 
-0.001 

0.008 
-0.004 
-0.001 
-0.014 
-0.004 
-0.008 
-0.007 

0.000 
0.008 

-0.007 

0.006 
-o.niz 

-a004 
0.013 
0.002 
0.005 

-0.006 
-0.002 

0.000 
0.004 
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lhbk 2. (continued) 

SRO parameter aimn 

13.0 at.% Pd 

8.0 9.5 21.8 28.5 42.0 
N Ivnn at.% Pd at.% Pd Experiment Simulation at.% Pd at.% Pd at.% Pd 

34 650 -0.006 -0.003 -0.003 -0.003 0.003 -0.001 -0.003 
822 0.w1 0 .m 0.006 0.o(H 0.009 0.W 0.002 

35 743 0.001 0.002 0.002 0.002 0.000 0.003 0.004 
750 om2 0.W1 0.001 0.001 -0.002 -0.002 0.W4 
831 0 . m  -0.w2 -0.004 -0.004 -0.008 -0.006 0 . m  

36 652 0.W1 0.001 0.002 0.002 0.003 -0.001 -ami 
31 152 0.003 0.003 0.003 0.003 0.000 -0 .M -0.002 
38 840 0.002 0.001 0 . m  0.000 0.006 0.005 -0.006 
39 833 0.001 0.001 -0.004 -O.w -0.004 -0.005 0 . m  

910 0.037 0.003 -0.002 -0.002 0.001 0.ow 0.001 
40 842 O . m  0.001 0.001 0.001 0.006 0.001 -0.004 
41 655 -0.001 -0.002 0.000 - -0.004 -0.002 0.002 

761 0.000 0.000 0.000 - -0.001 0.004 0.000 
921 0.004 0.003 0.003 - 0.003 -0.004 0.w1 

42 654 -0.001 -0.001 -0.001 - 0.005 0.003 -0.001 
43 754 0.000 0.ow -0.002 - -0.001 -0.004 -0.W4 

930 -0.W5 -0.004 -0.002 - 0.001 0.004 -0.004 
a51 0.001 -0.001 -0.002 - -0.005 0.003 0.003 

44 763 -0.WI 0.000 0.000 - -0.002 0.001 0.000 
932 0.w2 0.001 0.001 - -0.001 -0.001 0.000 

45 844 0.001 0.001 0.002 - 0.005 0.004 0.003 
6 no 0.002 0.002 0.005 - 0.003 -0.007 -0.005 

853 0.000 0.000 0.000 - -0.003 0.002 0.W2 
941 -0.001 0.000 -0.003 - 0.M)O 0.003 0.006 

47 860 0.w1 0.m1 0.004 - 0.001 -0.m -0.001 
1w0 0.000 0.000 0.0w - 0.000 0.000 0.000 

48 772 - 0 . ~ 2  -o.ooi 0.001 - -0.001 -0.003 -0.Wl 
1011 0.W3 0.002 -0.004 - -0.005 -0.005 -0.006 

49 862 0.001 0.001 0.001 - 0.004 -0.002 0.000 
1020 -0.002 -0.oal -0.001 - 0.000 0.001 0.000 

50 943 -0.W2 -0.001 0.000 - -0.001 0.000 0.000 
"<,, ,.," ".M" """C "."E e..""" "W " E x  

the absolute values of almn for the 42.0 at.% Pd alloy are small compared with those 
for the 28.5 at.% Pd alloy. The nature of the SRO parameters in the non-splitting 
cases are similar to each other and are only a little different from the parameters in 
the splitting cases. Tb investigate how the split diffuse maxima are reflected in armn, 
the diffuse intensity map was synthesized using a limited number of these parameters. 
We have noticed that the sign and magnitude of higher-order parameters play an 
important role in the appearance of split diffuse maxima, although their absolute 
values are very small compared with those of the lower-order parameters. 

A possible local atomic arrangement could be constructed using the observed SRO 
parameters and a simulation program (Suzuki et RI 1982, Ohshima el a! 1987). SRO 
parameters bcyond the thirtieth shell were adjusted so as to fit the experimentally 
determined almn-values for the atomic arrangements of 10 x 10 x 10 FCC unit cells. 
For reference, one set of results for Cu-13.0 at.% Pd alloy is shown in figure 3. 
figure 3(a) for the ideally random arrangement in which all the a-values are fitted to 
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zero except for am = 1, and figure 3(b) for the observed SRO structure. Pd atoms 
are represented by circles, and these are linked together by red and green solid lines 
to their first- and second-nearest neighbours, respectively. The computer-simulated 
a,,,,,, were compared with those determined by experiment, and one set of these 
parameters is shown in table 2 in order to see the agreement between them. This 
confirms that the agreement is fairly good. Similar results were found for other 
Cu-Pd alloys in this study. 

The structural difference between the SRO and random states can be Seen if a 
careful comparison of figures 3(a) and 3(b) is made and can be characterized by 
comparing the number of Pd-Pd atom pairs as the first-nearest neighbours (NI) and 
those as the second-nearest neighbours ( N 2 ) .  In table 3 we list all these values for 
the states in all the six samples. It is very clear that N I  is higher in the random case 
than in the sRO case, but N2 is higher in the SRO case than in the random case. 
In the random case, the ratio of NJN, for lower Pd contents deviates from the 
ideal value (0.50) owing to computing error. It is seen that in the SRO case the ratio 
is less than unity in the Cu-8.0 a t %  Pd and Cu-9.5 at.% Pd alloys and is higher 
than unity in the (3-13.0 at.% Pd, Cu-21.8 at.% Pd and Cu-28.5 at.% Pd alloys. 
However, in the (3142.0 at.% Pd alloy, the ratio is again less than unity. On the 
basis of Hashimoto's (1974) model, it can be deduced that tiny Cu,Au-type ordered 
regions exist in the disordered matrix and are correlated with each other if the split 
diffuse maxima appear in the diffraction pattern. Although we have tried to find such 
structural characteristics in the simulated models for the splitting cases, it was hard 
to define the baundary of the ordered regions in the disordered matrix. 

Our main aim was to study the shape of diffuse scattering from Cu-Pd alloys with 
less than 13.0 at.% Pd and the nature of diffuse scattering from Cu42.0 at.% Pd 
alloy. In Cu-Pd alloys with less than 13.0 at.% Pd, diffise intensities were observed 
with no splitting. We previously thought that the separation of the split diffuse 
maxima would be very small and may be due to a weak diffise intensity and less 
angular resolution. This is the first time that the SRO diffuse intensity from cu- 
42.0 a t %  Pd alloy has been measured quantitatively and no different feature in the 
SRO structure was observed for this alloy in comparison with the other alloys. we 
are, therefore, considering measuring the temperature-dependent diffuse intensities 

expect our experimentally determined SRO parameters to be taken into account when 
calculating the band-structure energy in disordered Cu-Pd alloys. 

::e=: C.-??,~ g.O/- ?d 2!!y i:: cx!er t" .Inr?err?nnri the $se t_..nsit;nn. F;ne!!y we. 

References 

Gyorliy B L and Stocks G M 1983 Phys. Rea LetL 50 374 
Hashimoto S 1974 Acta CIystalbq A 30 792 
Koga K and Ohshima K 1990 1 Phys.: Condou. Marter 2 5647 
Krivoglaz M A 1969 i7wot.v of X-ray mid 7hlhennol " m n  S c a n h g  by Real Cfystols (New York Plenum) 
Massalski T B, Okamalo H and Subramanion P K 1990 Binay Alby Phmc &gram vol 2 (Materials 

Ohshima K, lwao N and Harada 1 1987 1 Phys. E Met. Fhyi 17 1769 
Ohshima K and Mlanabe D 1973 Acta Cryslalbfl A 29 520 
Ohshima K Mlanabe D and Harada 1 1976 Aclo Cfyst~lloq A 32 883 
P a w n  W B 1958 A Handbwk'of Lotrice Spocirrg mid S~mcturw of Metals mad Allqys (Oxford: Pergamon) 
Rao R S, Bansil A, Asonen H and Pessa M 1984 Fhys. Rev. B 29 1713 
Suzuki H, Harada J, Matsui M and Adachi K 1982 Acta CfyslaUoq A 38 522 
?akano N, Imai S and Fukuuchi M 1991 1. Fhys. Soc. Japan 60 4218 

Park A S M  International) p 1454 


