
1 © 2016 IOP Publishing Ltd Printed in the UK

1. Introduction

Short-range order (SRO), i.e. a partial degree of order within 
length scales comparable to interatomic distances, affects 
materials properties in many macroscopic ways. Its effects 
can be found in the optical conductivity and reflectivity [2, 3], 
magnetism [4], plasticity [5], and electronic structure [3, 6–9]. 
A systematic study of SRO in AgcPd1−c alloys is part icularly 
informative, because their experimental phase diagram shows 
continuous solid solubility within the whole concentration 
range [ ]∈c 0, 1 , in a randomly substitutional face centered 
cubic (fcc) structure [10]. Several theoretical predictions of 

stable long-range order (LRO), i.e. perfectly periodic, lower 
energy phases, have been also made in this system [1, 11]. 
These include in particular unit cell types L12, L11 and so-
called L +11  (a variation of the L11 case, with its original Ag 
layer hosting 50% Pd atoms [1]) at c  =  0.75, c  =  0.5 and 
c  =  0.25, respectively (see figure 1).

The present study adds to our previous qualitative invest-
igation of SRO effects on elastic and Fermi surface properties 
of AgcPd1−c [12] a quantitative analysis of various degrees of 
SRO in AgcPd1−c. The theoretical approach used in [12]—the 
multi-sublattice extension of the dynamical cluster approx-
imation [13] / non-local coherent potential approximation 
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valence bands as a function of SRO in the alloy. These spectral variations should be traceable 
in modern photoemission experiments.
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(MS-NL-CPA) [14, 15]—extends the original single-site 
coherent potential approximation (CPA) allowing the evalu-
ation of SRO modeled as local environments up to a given 
‘cavity’ size ×N Nc sub. Here, Nsub is the number of sublattices 
in a reference unit cell while Nc counts multiple instances of 
that unit cell (so-called reciprocal space ‘tiles’). The SRO 
character is then included via the variation of possible occu-
pation of the sublattices by alternative atomic species. It is 
typically described through the introduction of an order para-
meter. One example of a SRO parameter, α, is offered by the 
Warren–Cowley definition [16, 17], which has been previ-
ously used for proof-of-concept evaluations of SRO effects in 
CuZn alloys [14], in comparison with actual neutron scattering 
experiments on β brass [18], and in the first-principles study of 
electrical conductivity [19, 20]. Temmermann et al [21] found 
from theoretical calculations that the order-disorder transfor-
mation in β brass should be visible in photoemission spectra.

In this work, we further develop such parametrization of 
the SRO and target a more quantitative comparison with past 
experiments on AgcPd1−c alloys. These alloys are on the one 
hand easy to handle model systems, since they show inter-
mixing at variable concentrations, but might also stabilize in 
various geometrically periodic yet substitutionally disordered 
phases. On the other hand, practical reasons of interest for 
such compounds are given by possible application for fuel 
cells, catalysts, hydrogenation, sensors and biosensors and 
dental implantology [22]. Besides bulk properties, other areas 
of current interest entail the structure of Pd-Ag nanoparticles 
(see [23] and references therein).

We calculated the total density of states (DOS) for the 
 different SRO settings and compared the predicted SRO changes 
with available experimental photoelectron spectroscopy (PES) 
data. Much more features, which would allow a specific finger-
print of a SRO scenario, were visible in the theoretical predic-
tion than in the measured PES. Since the available exper imental 
material is quite old and the present day high-resolution PES 
methods will allow better differentiation, we expect that changes 
in SRO will be traceable within PES experiments.

In the following section 2, we describe the adopted theor-
etical method in its essential details. The formulation of a 
suitably general SRO parameter is given in section 2.1. We 
use it in section  3 to compare between theoretical DOS 
results at different ordering regimes and the experimental 
peak positions from PES. Our conclusions are summarized 
in section 4.

2. Computational details

The electronic structure calculation scheme of choice was 
the Korringa–Kohn–Rostoker Green’s function (KKR-GF) 
method. Here, the HUTSEPOT code developed by Ernst et al 
[24, 25] was used. We adopted the same calculation settings 
as used in our previous work [12]. Thus, the full charge den-
sity approximation (FCDA) was applied in order to describe 
the potentials properly and the local density approximation 
(LDA) [26] was used as exchange-correlation functional. The 
expansion cut-off for the spherical harmonics in the KKR-GF 
was set to =l 3max . Relaxed lattice parameters as a function 
of the concentration have been computed from total energy 
 minimization through a fit to the Birch–Murnaghan equa-
tion of states [27, 28] (table 1).

Within the MS-NL-CPA framework, we describe the 
SRO considering a multi-site cavity, here set up with =N 1c  
tiles but ⩾N 1sub  sublattices [15]. This situation is sketched 
in figure  2. Beginning from a starting assumption for the 
coherent medium, the calculation is iterated until self-consist-
ency of the coherent medium. In general, if each disordered 
cavity site s can host ( )N sa  alternative atomic species, there 
will be in total ( )= ∏ =N N ss

N N
tot 1 a

sub c  possible local configura-
tions γ, each with weight ( )γP .

This framework allows to recover LRO results when only 
one, periodically repeated configuration occurs with prob-
ability one. On the opposite end, we obtain the fully uncor-
related scenario of a perfectly disordered lattice (which 
corresponds to the original single-site CPA picture) when all 
γ are sampled with a probability distribution

∏ ∏γ = γ
= =

P c ,
I

N

s

N

A I s
1 1

, ,

c sub

( ) ( ) (1)

only given by the factorized concentrations ( )γcA I s, , . They 
represent the single-site concentration of an atomic species 
A appearing on the (MS-)NL-CPA tile { }∈ …I N1, , c  and 
the sublattice { }∈ …s N1, , sub , when the cavity is populated 
by configuration γ. Intermediate scenarios can be described 

Figure 1. Schematic pictures of the three ordered structures found theoretically by Müller and Zunger [1] for the Ag concentrations 
c  =  0.25, 0.5, and 0.75 ((a), (b) and (c), respectively). Only (c) depicts a unit cell (red circles indicate the basis atoms). L +11  is formed of a 
Pd and a mixed Pd/Ag layer in [1 1 1] direction, whereas in L11, a Pd layer alternates with a full Ag layer in [1 1 1] direction.

Table 1. Calculated equilibrium lattice constants corresponding to 
the different alloy concentrations.

c 0.25 0.5 0.75
alat (Å) 3.890 3.929 3.970

Note: The values are taken from CPA results [12].
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adopting alternative probability values ( ) [ ]γ ∈P 0, 1i , which 
are subject to the normalization constraint

( )∑ γ =
=

P 1,
i

N

i
1

tot

 (2)

and satisfying the stoichiometry requirement for any atomic 
type A

( ) ( )∑ γ γ× =
=

N
N N

P c
1

.
i

N

i A i A
c sub 1

tot

 (3)

Therein, the factor ( )γNA i  counts how many atoms of type A 
appear within configuration γi.

We note that our results represent an upper limit for the 
influence of SRO effects on the physical effective medium, on 
top of those due to concentration alone. This originates from 
the Nc coarse-graining subdivisions of the original Brillouin 
zone in reciprocal space [29], which are chosen consistently 
with the point group symmetries of the lattice but remain 
only defined up to a systematic offset (or ‘tiling phase factor’ 
[29]) in the relative origin for the cluster momenta Kn. At the 
moment, there is no systematic KKR-GF implementation of a 
corrective, additional sampling step for the tiling phase factor. 
Therefore, single tiling phase results—such as those discussed 
in the following—might slightly broaden, when including a 
proper phase average.

2.1. A general short-range order parameter

We intend to improve our previous work [12] with a quanti-
tative description of SRO, and facilitate a comparison with 
experiments. To this end, we begin by recalling the Warren–
Cowley SRO parameter definition [16, 17]. It is computed for 
a generic −A B,c c1  binary alloy from the number nl of A atoms 
found in the lth shell around a B atom

α = −
n

c C
1 ,l

BA l

A l
 (4)

= −
p

c
1 .l

BA

A
 (5)

Therein, Cl is the coordination number of the lth shell around 
B and the second expression is obtained by inserting the 

ratio /=p n Cl
BA

l l of A atoms within shell l around a B atom. 

Complex unit cell cases can be handled through an additional 
Nsub-normalized summation across sublattices.

When considering a (MS-)NL-CPA cavity, the SRO para-
meter (4) is deployed for each configuration γi, leading to the 
global result as a ( )γP i -weighted average. This general case 
can present some difficulties, since the shell radius in (4) may 
exceed the cavity size, so that the occupation of the considered 
lattice sites lies beyond the explicit listing of a configuration 
γi (see figure  2, colored spheres are ‘inside’ and C spheres 
are ‘outside’ of the cavity). We propose therefore a general 
SRO parameter defined by the procedure below. Therein, it is 
convenient to introduce a generic occupation function σs

A for 
each atomic species A, which returns a value ‘1’, if the crys-
talline position s under examination hosts an A atom, or ‘0’,  
if not. At every instance, an example is given with respect to 
the configuration γ2 in figure 2 (middle panel) with =N 4sub  
and =N 1c  (see also section 2.3).

 (i) As long as a sublattice remains fully contained within the 
explicit configuration, the constrained probability for A 
to appear on sublattice s of the (MS-)NL-CPA cavity cell 

I is given by the occupation function σI s
A
, . When instead 

a shell’s site lies beyond the cavity, its constrained prob-
ability becomes

( ) ( )∑ γ σ=
=

p I s P, .A

i

N

i I s
A

C
1

,

tot

 (6)

  We note that in case of a disordered site, in the sense of 
the single-site CPA, =N 1tot  and the occupation function 
in (6) is substituted by a concentration.

  Example: Sites 1, 2, 3, and 4 are determined by γ2 (inside 
the cavity), while all sites marked with C are not included 
in any configuration (outside the cavity).

 (ii) The conditional probability in (5) for each configuration 
γi and across the shell l is computed by

∑γ
σ

=
=

⎪

⎪
⎧
⎨
⎩

p I s
C

p I s n

n
, ,

1 , outside,

inside,l
BA

i
l n

C A

I s
A

1

C

,

l

( )
( )  

  (7)

  where the = …n C1, , l sites are either inside or outside 
the cavity.

  Example: Site 1 has four nearest neighbor sites. The 
probability of sites 2 and 3 is taken into account within γ2 

Figure 2. Schematic two-dimensional view of the MS-NL-CPA method for =N 4sub  and =N 1c . Numbers 1–4 mark the sublattice 
positions s.
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by σA
1,2 and σA

1,3, respectively, whereas the other two sites 

are outside and their probability is ( )p 1, 2A
C  and ( )p 1, 3A

C .
 (iii) Using (7) in (5) yields the SRO parameter ¯ ( )α γl i  as a 

function of the configuration γi. The arithmetic average is 
taken over all sublattices and tiles for the lth shell (using 

( )α γ I s, ,l
AB

i  or ( )α γ I s, ,l
BA

i ).
  Example: Average over the sites 1, 2, 3 and 4.
 (iv) In a final step, the SRO parameter per shell is derived via

( ) ¯ ( )∑α γ α γ= ×
=

P .l
i

N

i l i
1

tot

 (8)

  Example: Take into account all other configurations and 
the corresponding ( )γP i  as well.

 (v) A possible average over the shells up to Nsh may include 
weighting with the coordination number Cl [30]

〈 〉 ∑ ∑α α= ×
= =

⎡

⎣
⎢

⎤

⎦
⎥/C C .N

l

N

l l
l

N

l
1 1

sh

sh sh

 (9)

  However, Nsh is not yet defined. Its value may depend 
on the lattice structure as discussed below in section 3.2. 
Thus, we restrict this study to the nearest neighbor SRO 
parameter.

2.2. Parameter space of the probabilities: an example

Although the definition of the SRO parameter consists only 
of different kinds of averages, the determination of the 
input probabilities is still an open question [31]. The con-
nection of the SRO para meter with the probabilities can be 
only visualized for a simple test case, which contains only 

=N 2sub  sublattices with = =N 2 4tot
2  possible configura-

tions. Otherwise, the number of configurations becomes too 
large. Therefore, we begin at first to consider this =N 2sub  
example for a lattice, which is described by the vectors 

( / / )=R 0, 1 2, 1 21 , ( / / )=R 1 2, 0, 1 22  and ( )=R 1, 1, 03  and 
the basis vectors ( )=a 0, 0, 01  and ( / / )=a 1 2, 1 2, 02  (see 
figure 3(a)). This lattice structure resembles an fcc lattice.

The system of equations formed from (2) and (3) has only 
one solution and yields for the four probabilities

( ) ( )γ γ=P P .1 4 (10)

( ) ( ) ( )γ γ γ= − −P P P1 2 .2 3 4 (11)

⩽ ( ) ⩽γP0 1.3 (12)

⩽ ( ) ⩽
( )

γ
γ−

P
P

0
1

2
.4

3 (13)

The two latter probabilities are free parameters. These allow a 
graphical analysis of the SRO parameter in a contour plot (see 
figure  4). The local variations inside the cavity determines 
only the nearest neighbor SRO parameter α1 (see figure 4(a)). 

It varies between − 1

12
 and + 1

12
. The highest degree of order 

is found for ( )γ =P 0.53  and ( )γ =P 04 , which means having 

the configurations (Pd Ag) and (Ag Pd) equally distributed.  
On the other hand, the highest degree of segregation in α1 is 
realized having ( ) ( )γ γ= =P P 0.51 4 .

The higher shells reflect the periodicity of the underlying lat-
tice and the coherent medium (see figures 4(b)–(e)). Due to the 
choice of the lattice and basis vectors, the first period includes 
the shells until l  =  5. However, we restrict in this study the 
average of the SRO parameter to the non-periodic contribution, 
since this represents mainly the character of the SRO.

2.3. A reasonable choice of sublattices

Although the example demonstrates well the concept of 
the SRO parameter in the MS-NL-CPA, its configuration 
space is a little bit too restricted. Therefore, we considered a 

= =N N4, 1,sub c  cavity supercell sketched in figure 3(b) (lat-
tice vectors of a simple cubic cell with the basis of ( )=a 0, 0, 01 ,  

( / / )=a 1 2, 1 2, 02 , ( / / )=a 1 2, 0, 1 23  and ( / / )=a 0, 1 2, 1 24 ).  
In this case, the corresponding probabilities of the 
Ntot  =  24  =  16 configurations can not be parametrized by two 
free values.

Figure 3. The used cells for the representation of the fcc lattice. (a) 
with two basis sites. (b) with 4 basis sites. Red arrows indicate the 
lattice vectors, and black spheres represent the basis sites.

Figure 4. (a) The nearest neighbor SRO parameter α1, color 
coded as a function of the two probabilities ( ) ( )γ =P P Pd Ag3  and 

( ) ( )γ =P P Pd Pd4 . The triangle shape follows from the restrictions 
in (12) and (13). The dashed line indicates α = 01 . (b)–(e) The SRO 
parameter for the following shells vary between  −1 and 1 and 
repeat themselves (see text). The SRO parameter not shown  
(α3, α5, α7) are completely zero.
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However, the restrictions in (2) and (3) depend only on the 
number of A or B types in each configuration (internal con-
centration), whereby several configurations have an equal 
number of atomic types, which occupy only different sublattices  
(see table 2). A new probability ˜( ( ))γNP iAg  is assigned to every 
group depending on the number of Ag atoms ( )γN iAg . With these 
5 probabilities, the system of equations (2) and (3) can be solved 
again, where two probabilities are determined by the others (see 
appendix A). In fact, each ˜( ( ))γNP iAg  describes a subset of con-
figurations, e.g. ˜( )P 3  condenses four configurations (γ2 to γ5), 
each having one Pd occupying another sublattice while the three 
sublattices left are occupied with Ag. Then, the probabilities 

( )γP 2 , ( )γP 3 , ( )γP 4 , and ( )γP 5  are free to choose but have to sum 
up to ˜( )P 3 , otherwise violating the total concentration.

2.4. Comparison with experimental PES

We compare below our calculations of the DOS for different 
SRO regimes with experimental valence band PES of Ag-Pd 
alloys by McLachlan et al [32]. The mean positions of the exper-
imentally observed spectral peaks are considered as the electron 
binding energies and are given in table 3. We preferred in part-
icular the experimental He II (40.81 eV) spectra. Although the 
He II technique is in general rather surface sensitive, we expect 
that its application to metals with a highly efficient electronic 
screening can lead to useful insights on the bulk properties from 

analysis of the spectra. This is further confirmed by comparison 
of the specific He II results used in this study against the calcu-
lated XPS spectra of Winter et al [33], and the typical probing 
depth of about 50 Å reported in experiments by Caroli et  al 
[34], thus including substantial bulk contributions.

3. Results

3.1. Broadening of the theoretical spectrum

When comparing theoretical DOS data with experimental 
results, the experimental resolution broadens the measured 
spectra and may hide some spectral features. The exper-
imental resolution in the study of McLachlan et  al [32] is 
given by ±0.3 eV. However, in the modern high-resolution 
photoelectron measurement equipment, the energy resolution 
can go down to the range of few meV at low temperatures 
around 10 K [35, 36]. The influence of the experimental reso-
lution on the calculated DOS can be simulated by the convolu-
tion of the DOS with a Gaussian. The resolution is understood 
as the full width at half maximum (FWHM) and is translated 
to the standard deviation σ of the Gaussian distribution by 

σ=FWHM 2 2 ln 2 .
For two extreme SRO regimes, α = 01  (totally uncor-

related) and the L11 structure (order), the calculated and 
broadened DOS are depicted in figure 5. The first choice of 

=FWHM 0.6 (red solid lines) corresponds to the resolution 
of the older experiment [32], whereas the =FWHM 0.2 (light 
blue lines) matches with modern resolutions at room temper-
ature. Already the latter resolution is sufficient to represent 
all significant peaks in the calculated DOS (black dashed 
line), even for the spiky DOS of the ordered structure (see 
figure  5(b)). It shows that this resolution would be in prin-
ciple enough to differentiate between different SRO regimes 
with the combination of first-principles calculations and PES 
measurements. This is difficult with the older resolution, since 
the number of peaks and their variation is hardly distinguish-
able for the two examples α = 01  and L11 (compare red lines 
in figure 5). A comparison with the experimental peak posi-
tion (see table 3) does not reveal a clear conclusion about the 
particular state of order.

3.2. Varying the short-range order

As a second step, we varied the degree of SRO at the AgcPd1−c 
alloy concentrations c  =  0.25, 0.50, 0.75. We started with only 

Table 2. All 16 possibilities for the occupation of =N 4sub  
sublattices in fcc AgcPd1−c.

Configurations γi

i a1 a2 a3 a4 cAg cPd ( )γN iAg

1 Ag Ag Ag Ag 1 0 4 ˜( )P 4

2 Ag Ag Ag Pd 3

4

1

4
3 ˜( )P 3

3 Ag Ag Pd Ag 3

4

1

4
3

4 Ag Pd Ag Ag 3

4

1

4
3

5 Pd Ag Ag Ag 3

4

1

4
3

6 Ag Ag Pd Pd 1

2

1

2
2 ˜( )P 2

7 Ag Pd Ag Pd 1

2

1

2
2

8 Ag Pd Pd Ag 1

2

1

2
2

9 Pd Ag Ag Pd 1

2

1

2
2

10 Pd Ag Pd Ag 1

2

1

2
2

11 Pd Pd Ag Ag 1

2

1

2
2

12 Ag Pd Pd Pd 1

4

3

4
1 ˜( )P 1

13 Pd Ag Pd Pd 1

4

3

4
1

14 Pd Pd Ag Pd 1

4

3

4
1

15 Pd Pd Pd Ag 1

4

3

4
1

16 Pd Pd Pd Pd 0 1 0 ˜( )P 0

Note: The last column defines the new probabilities ˜( ( ))γNP iAg .

Table 3. Binding energies (in eV, relative to the Fermi energy) 
of the main spectral peaks estimated from the experimental 
(He II) spectra by McLachlan et al [32] and interpolated to the 
concentrations used in the present calculations.

Ag0.25Pd0.75 Ag0.50Pd0.50 Ag0.75Pd0.25

0.5 1.0 1.4
2.4 2.3 —
4.9 4.6 4.4
5.5 5.7 6.0

Note: The upper two rows are for the Pd 4d section of the spectrum and the 
lower two rows belong to the Ag 4d section.
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5 representative configurations of table 2, in particular 1, 2, 6, 
12, 16, and varied the three probabilities, which are the free 
parameters (see appendix A), in steps of 0.05. The obtained 
SRO parameter showed again a periodicity as already dis-
cussed in section 2.2. We chose several SRO parameter values 
and calculated the valence DOS. The results in dependence 
of the nearest neighbor SRO parameter α1 and for the ordered 
structures are depicted in figures 6–8, respectively. The three 
figures  show significant changes in the DOS with varying 
SRO. Some spectral peaks vanish, move or grow. Such 
strong variations should be easily visible in nowadays PES 
measurements.

When going from the ordered regime (α < 01 ) via the 
totally uncorrelated case (α = 01 ) towards the segregation 
regime (α > 01 ), the spiky structure of the DOS looses its 
contrast and becomes smoother. Simultaneously, the band 
width is enhanced with increasing α1. Additionally, the exper-
imental binding energies (see table 3) are indicated within the 
 figures 6–8 with arrows and thin gray lines. Although it became 
obvious in section  3.1 that a direct comparison between  
the experimental and theoretical results is hardly possible, the 

binding energies can at least be related with some pronounced 
peaks in the DOS and may offer a crude estimation of possible 
SRO scenarios.

For Ag0.25Pd0.75, the best agreement with the binding 
energies would be achieved with the assumption of a slight 
tendency of SRO around α = 01 , since the double peak 
structure of the binding energies in the lower energy spec-
trum may hint to additional features coming from SRO (see 
figure 6). Nevertheless, the variation in the amount of SRO in 
Ag0.25Pd0.75 visualizes the gradually collapse or development 
of several spectral peaks when going from negative to posi-

tive α1. The minimal value for α1 is − 1

3
 and represents again 

the L12 structure (but now, Ag atoms at the corners and  Pd 
atoms at the faces of the cube). In contrast, L +11  was found 
to be energetically more favorable but has a lower degree of 

ordering in terms of α1 (α = −1
1

9
, α = −2

1

3
, α = −3

1

9
, …). 

The averaged SRO parameters are ⟨ ⟩α = − ≈ −0.1852
5

27
 or 

⟨ ⟩α = − ≈ −0.1433
1

7
. The different amount of SRO in L12 

or L +11  is directly visible in the DOS of both structures (see 
the dark blue line or the red dashed line in figure 6). While 

the DOS of L12 (α = −1
1

3
) yielded sharper spectral peaks, 

the DOS of L +11  matches better between α = −0.1411  and 

α = −0.2011 .

Figure 5. Calculated density of states of Ag0.5Pd0.5 convoluted 
with a Gaussian of different FWHM in order to simulate the 
experimental resolution. Two cases of SRO are depicted (a) α = 01  
and (b) the ordered L11 structure. The binding energies of the main 
spectral peaks of the experimental PES (table 3) are highlighted by 
arrows and vertical gray lines. The spectra for the high experimental 
resolution ( =FWHM 0.2, blue line) and the purely theoretical 
spectra (black dashed line) lie almost on top of each other.

Figure 6. Calculated density of states of Ag0.25Pd0.75 for different 
degrees of nearest neighbor SRO α1, beginning with the ordered 
L +11  structure. The corresponding configurations used for the SRO 
parameter are given in table B1. An offset is added to the curves 
(horizontal gray line represents zero). The binding energies of 
the main spectral peaks of the experimental PES (table 3) are 
highlighted by arrows and vertical gray lines.
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The analysis of the DOS for Ag0.5Pd0.5 is quite similar 
as for Ag0.25Pd0.75. Several spectral peaks become wider 
and shift their positions (see figure  7). Also for this con-
centration, the proposed ordered structure L11 has not the 
lowest possible SRO parameter (minimum is α = −11 , but 
for L11 is α = 01 , α = −12 , α = 03 , α = 14 , …). The DOS 
does not seem to fit well in respect of the other DOS of the 
remaining SRO scenarios. The symmetric cubic cell with 

=N 4sub  might not be the best choice of comparing with 
the layered structure of L11. In terms of the experimental 
binding energies, the SRO regime of α = 01  agrees best with 
the theoretically calculated number of spectral peaks and 
their positions.

When further raising the concentration of Ag to 
Ag0.75Pd0.25, the SRO related widening of the spectral 
peaks observed for the ordered structure L12 can be traced 

(see energy range between -2 eV to 0 eV in figure  8). L12 
(α = −1

1

3
) has already the lowest possible SRO para-

meter and is described well by the small cubic cell. Thus, 
all spectral peaks obtained for L12 just loose their height 
and become broader, if the SRO is varied towards α = 01 . 

The comparison with the experimental binding energies at 
c  =  0.75 indicates again a mostly disordered sample rep-
resenting the crucial peaks in the theoretical spectrum well 
(see arrows in figure 8).

The good description of the c  =  0.75 case within the 
=N 4sub  supercell (see figure 3) is also verified by calculated 

total energies. Thereby, the L12 structure had the lowest total 
energy and the total energy increased just linearly (not shown) 
when varying the degree of SRO. However for the other two 
concentrations, there was no clear tendency visible. Only the 
respective ordered structures—L11 and L +11 —had the lowest 
total energies.

Finally, the calculated DOS at c  =  0.25, 0.5 and 0.75 were 
also compared with the PES measurements of Norris and 
Nilsson [37], Hüfner et al [38, 39], Chae et al [40] and Traditi 
et  al [41]. In general, the experimental spectra agree best 
with the DOS of the random (α = 01 ) or the ordering (α < 01 ) 
cases, while the clustering features (α > 01 ) are less probable. 
This is in agreement with the complete solubility of Ag and 
Pd at ambient temperatures and with the ordering tendency at 
low temperatures [1].

Figure 7. Calculated density of states of Ag0.5Pd0.5 for different 
degrees of nearest neighbor SRO α1, beginning with the ordered 
L11 structure. The corresponding configurations used for the SRO 
parameter are given in table B2. An offset is added to the curves 
(horizontal gray line represents zero). The binding energies of 
the main spectral peaks of the experimental PES (table 3) are 
highlighted by arrows and vertical gray lines.

Figure 8. Calculated density of states of Ag0.75Pd0.25 for different 
degrees of nearest neighbor SRO α1, beginning with the ordered 
L12 structure. The corresponding configurations used for the SRO 
parameter are given in table B3. An offset is added to the curves 
(horizontal gray line represents zero). The binding energies of 
the main spectral peaks of the experimental PES (table 3) are 
highlighted by arrows and vertical gray lines.
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4. Conclusions

The SRO induced changes in the DOS are significantly larger 
than the typical energy resolution in the valence band PES 
measurements [32]. We have demonstrated that the SRO phe-
nomena in alloys can be in principle discernible in valence 
band photoelectron spectra. With proper SRO calculations, 
e.g. within the MS-NL-CPA, the experimental PES data can 
be used to determine the type of the prevailing SRO. Thus, 
the PES technique can be considered as one potential exper-
imental method to investigate SRO structures of alloys.

Comparing our MS-NL-CPA valence DOS of Pd-Ag 
alloys with existing PES measurements suggests that the SRO 
in the measured Pd-Ag samples has been in most cases that 
of uncorrelated disorder with some traces of local ordering. 
Nevertheless, PES measurements with resolution available 
in modern technique would be beneficial to get more definite 
information of SRO in Pd-Ag alloys.
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Appendix A.  Relation between probabilities

The redefined probabilities ˜( ( ))γNP iAg  form a similar system 
of equations as (2) and (3)

˜( ) ˜( ) ˜( ) ˜( )+ + + =P P P P c4
3

4
3

1

2
2

1

4
1 , (A.1)

˜( ) ˜( ) ˜( ) ˜( )+ + + = −P P P P c
1

4
3

1

2
2

3

4
1 0 1 , (A.2)

˜( )∑ =P i 1,
i

4

 (A.3)

⩽ ˜( ) ⩽P i0 1, (A.4)

where =c cAg and − =c c1 Pd. This system of equations has, 
in particular for c  =  0.5, a solution where the parameter space 
is spanned by ˜( )P 2 , ˜( )P 3 , and ˜( )P 4 , under the conditions

∧
∨

+ +
+ + ∧ +

+ ∧ +

P P P

P P P P P

P P P P

2 2 3 3 4 4 2

2 2 3 3 4 1 2 2 3 1

2 2 3 1 2 2 3 3 2 .

{
}

( ˜( ) ˜( ) ˜( ) ⩽ )
[( ˜( ) ˜( ) ˜( ) ⩾ ) ( ˜( ) ˜( ) ⩽ )]

[( ˜( ) ˜( ) ⩾ ) ( ˜( ) ˜( ) ⩽ )]
 

(A.5)

The remaining probabilities are then given by

˜( ) ˜( ) ˜( ) ˜( )= + + −P P P P0 2 2 3 3 4 1, (A.6)

˜( ) ˜( ) ˜( ) ˜( )= − − −P P P P1 2 2 2 3 3 4 4 . (A.7)

If ˜( )P 4  is zero, a simple solution follows from (A.5)

˜( )
˜( )

=
−

P
P

0
1 2

3
, (A.8)

˜( ) ˜( )= =P P1 4 0, (A.9)

˜( ) ( ˜( ) )
= −

−
P

P
3

2 2 1

3
, (A.10)

while ⩽ ˜( ) ⩽P0 2 1 is the only free parameter. The conditions 
and probabilities for the other concentrations c  =  0.25 and 
0.75 can be found following a similar procedure.

Appendix B. Used configurations and probabilities

The configurations and probabilities used to calculate the 
DOS shown in figures 6–8 are presented in tables B1, B2, and 
B3, respectively. Besides, the 5 representative configurations 
indicated in table 2, we chose also additional configurations in 
order to test the method.

Table B1. Nearest neighbor SRO parameter and the corresponding configurations used for fcc Ag0.25Pd0.75 with =N 4sub .

Probabilities ( )γP i  for α =1

Confs. cAg − 1

3
−0.201 −0.141 −0.095 − 1

12
−0.04 0.099 1

4

1 1 1 1 1 0 0 0.05 0.05 0 0.1 0.15 1

4

1 1 1 0 3

4
0 0.05 0 0.05 0 0 0 0

1 1 0 0 1

2
0 0.05 0.05 0 0 0 0.05 0

1 0 0 0 1

4
1 3

4
0.7 0.65 1

4
0.6 0.3 0

0 1 0 0 1

4
0 0 0 0 1

4
0 0 0

0 0 1 0 1

4
0 0 0 0 1

4
0 0 0

0 0 0 1 1

4
0 0 0 0 1

4
0 0 0

0 0 0 0 0 0 0.15 0.2 1

4
0 0.3 1

2

3

4

Note: For α = 0, all 16 configurations are used and their probabilities are given by (1).
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