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Diffuse x-ray scattering under grazing incidence was measured of a Ni-23.2 at. % Pt�110� surface at 923 K.
The modulation of in-plane and out-of-plane scattering is characterized by the maxima in short-range order
scattering located at positions of the X type �as for the bulk microstructure�. The Warren-Cowley short-range
order parameters from diffuse scattering are in good agreement with theoretical simulations based on bulk
effective pair interaction parameters from first-principles theory. The nearest-neighbor interaction parameter is
dominant also when determined from short-range order scattering. Its value is larger than for the bulk micro-
structure of Pt-rich alloys, what might reflect the difference in composition and is not compellingly due to the
near-surface microstructure. Allowing for the presence of a tetragonal site occupation, indications for a segre-
gation profile are weak in diffuse scattering and hardly resolvable for the Warren-Cowley short-range order
parameters. This is consistent with the findings for layer-resolved short-range order parameters from theory.
Theoretical simulations also demonstrated that the strong Ni enrichment of the surface layer has the same
origin as the segregation reversal for the �110� surface in the case of Ni-50 at. % Pt.
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I. INTRODUCTION

Surfaces of Ni-Pt alloys have attracted much interest be-
cause of their catalytic potential. Both, Ni and Pt, exhibit
specific catalysis properties and the idea of modifying these
properties by alloying appears attractive �see Ref. 1 for a
review on Pt-alloy surfaces�. The most striking feature of
Ni-Pt surfaces is the segregation reversal among low-index
planes with Ni enrichment in the top layer of the �110� sur-
face but Pt enrichment for �100� and �111� surfaces. The
subsequent layers show an oscillatory segregation profile as
found typically with locally ordered alloys.2,3

Because of the large size difference between the Ni and Pt
atoms amounting to about 11%, interplanar relaxation is con-
nected with the segregation profile. For Ni-50 at. % Pt, e.g.,
the two top interplanar spacings of the open �110� surface
deviate by −19% and 11% from those in the bulk while there
is a contraction of just 2% for both top interplanar spacings
with the close-packed �111� surface.2,3 With increasing Ni
fraction the interplanar relaxation of �110� and �111� surfaces
decreases as seen for Ni-10 at. % Pt.4,5

Reconstruction is known to appear for pure Pt, not for
pure Ni. In the case of Ni-Pt alloys, superstructures corre-
sponding to �12�1� and �19�1� reconstructions were ob-
served for the Ni-50 at. % Pt�100� surface with a quasihex-
agonal atomic mesh.1 �see also Ref. 6 for Ni-40 at. % Pt�
For Ni-25 at. % Pt�100�, a local reconstruction with shifted
rows was found.7 No investigations were performed for the
�110� and �111� surfaces.

The experimental methods for surface analysis mainly
comprised low-energy electron diffraction �LEED�, low- and
medium-energy ion scattering �LEIS, MEIS�, also in combi-
nation with shadowing and blocking, incidence-dependent
excitation for Auger spectroscopy �IDEAS�, and scanning
tunneling microscopy �STM�.1–8 Information from any such
analysis is restricted to the first few top layers. The atomic

arrangement from a deeper region, that still might differ from
the bulk microstructure, is accessible if diffuse scattering un-
der grazing incidence is employed. Elastic diffuse scattering
with x rays and neutrons may be used that has proven to be
a fruitful tool in characterizing the bulk microstructure �for
reviews, see Refs. 9–13�. Then the near-surface microstruc-
ture comprising a few ten layers may be analyzed.

Diffuse x-ray scattering experiments under grazing
incidence with a quantitative evaluation of the near-
surface microstructure were until now only reported for
Cu-25 at. % Au �Ref. 14� and Pt-48 at. % Rh �Ref. 15�.
These investigations under grazing incidence were restricted
to in-plane diffuse scattering. Thus, only two-dimensional
�2D� Fourier coefficients or a restricted number of three-
dimensional �3D� Fourier coefficients of local order could be
determined. More detailed information also requires out-of-
plane diffuse scattering to be measured. Furthermore, if a
strong segregation profile and thus a distinct direction is
present, an orthorhombic anisotropic site occupation �instead
of a cubic isotropic one as used for a cubic bulk microstruc-
ture� might be better suited.

In the present investigation a Ni-23.2 at. % Pt�110� sur-
face in a state of thermal equilibrium above the order-
disorder transition temperature �i.e., a solid solution is
present� was selected. This composition was preferred over
Ni-50 at. % Pt, as the transition temperature is lower and
there is a cubic to cubic order-disorder transition, no recon-
struction is known that will render data evaluation more
complex, and a distinct direction is still expected because of
the lattice plane relaxation for the open �110� surface.

In this investigation a technique that has been successful
in determining the �homogeneous� bulk microstructure, will
be applied to characterize a region where heterogeneities in
displacements and atomic arrangements are present. The mi-
crostructural heterogeneity will be reflected in diffuse scat-
tering in an indirect way, as averaged pair correlations are
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extracted. No direct comparison with the bulk microstructure
is available for the given composition, only for states close to
the Ni-Pt 1:1 and 1:7 stoichiometries.16–18

Much information is available for Ni-50 at. % Pt. Here,
theory was successful to describe the �111� and �110� segre-
gation profiles known experimentally �see Gauthier1 and ref-
erences therein�, the Warren-Cowley short-range order pa-
rameters of Saha and Ohshima16 and the order-disorder
transition temperature in the bulk. It was also shown that
interaction parameters do not differ much between the bulk
and near the surface.

The experimentally well-established segregation reversal
among the three low-index surfaces of Ni-Pt has attracted the
interest of theoreticians.19–22 The origin of this phenomenon
had been identified in ab initio calculations first by Abriko-
sov et al.,20 and later confirmed by Pourovskii et al.22 In
particular, it was found that Pt segregation was actually pref-
erable on all three low-index surfaces, including the �110�
surface, if only the segregation energy was taken into con-
sideration. The segregation reversal on the �110� surface was
attributed to the fact that the segregation energy of Pt into the
second layer of this surface was much lower than to the first.
Thus, Pt segregated actually to the subsurface layer and then
the strong ordering effective interactions at the first coordi-
nation shell led to the Pt depletion in the first and third sur-
face layer.

The work by Abrikosov et al.20 was based on the
Connolly-Williams-type cluster expansion of the surface en-
ergy of a random Ni-50 at. % Pt alloy. The effective inter-
actions obtained in this way were coefficients of expansion
of the surface energy of an alloy in terms of the layer con-
centrations rather than the ‘real effective interactions’ which
can be associated with atomic ordering on the lattice. Nev-
ertheless, the use of such interactions in the consequent
single-site mean-field simulations of the concentration pro-
file was justified since the atomic short-range order was ne-
glected in such a consideration.

The later work of Pourovskii et al.22 has improved on
several issues relative to the work by Abrikosov et al.20 First
of all, the pair and higher-order effective cluster interactions
in this work were obtained by the screened generalized per-
turbation method �SGPM� �Refs. 23 and 24� and therefore it
was possible to perform more accurate thermodynamic simu-
lations. Second, the attempt was made to take into consider-
ation local relaxation effects in random alloys, whose ener-
getics had been ignored by Abrikosov et al.,20 and which
should have a strong effect on the alloy energetics and con-
figuration. Finally, the grand-canonical Monte Carlo method
was used to calculate the surface concentration profile of the
�111� and �110� surfaces using interactions from ab initio
calculations. The conclusions of the work by Abrikosov et
al.20 about the origin of the segregation reversal still re-
mained unaltered.

In this work, a theoretical framework similar to that used
by Pourovskii et al.22 is employed, with some additional fea-
tures concerning the treatment of the high-temperature state
of Ni-Pt and a different ansatz for the relaxation effects that
are taken into consideration using the formalism of the
strain-induced interactions.

II. METHODOLOGY OF THE FIRST-PRINCIPLES-BASED
SIMULATIONS

A. Statistical thermodynamics method

The configurational energy of Ni-Pt alloys has been
mapped onto an Ising-type Hamiltonian with concentration-
independent effective cluster interactions, which, when gen-
eralized for surfaces, can be written in the following way:

H = �
i�

Ṽ�
�1��i� +

1

2 �
i�;j��

Ṽ���;p�ij�
�2�

�i�� j��

+
1

3 �
i�;j��;k��

Ṽ�����;t�ijk�
�3�

�i�� j���k�� + ¯ , �1�

where spin variables �i� are used that take on values 1 if site
i in the � layer is occupied by Pt and −1 if it is occupied by

Ni. Here Ṽ�
�1� is the on-site interaction in the �th layer,

Ṽ���;p�ij�
�2� the effective pair interaction �EPI� of type p be-

tween � and �� layers, and Ṽ�����;t�ijk�
�3� the three-site interac-

tion of type t. The tilde is used to distinguish spin-variable
interactions from the GPM interactions, V�n�, defined in the
concentration-variable basis, ci=1 /2��i+1�; they are con-

nected by Ṽ�n�=2−nV�n�.
The use of the concentration-independent form is very

convenient for the kind of problems where the alloy compo-
sition may change. As has been pointed out in Ref. 25, such
an approach is unjustified in systems where the interactions
depend strongly and nonlinearly on concentration. The latter
is usually the case if alloys are composed of atoms with
different valence states. However, this is not the case of iso-
electronic Ni-Pt alloys and this will be demonstrated below,
and therefore this particular form of Eq. �1� will be used in
the present theoretical simulations.

The on-site interactions can be determined for each layer
from the surface energy of the equiatomic homogeneous ran-
dom alloy as

Ṽ�
�1� =

�Esurf

���

�2�

or equivalently as half the difference in the surface energies
of two surface alloy systems being equiatomic and random in
every layer but the � layer: that layer should consist of pure
Pt or pure Ni. On-site interactions are then normalized to
have V�

�1�=0 for the deep bulklike layers.

B. Electronic structure and total-energy calculations

A number of different first-principles techniques were em-
ployed in this work. In particular, bulk and surface Green’s
function techniques in the framework of the Korringa-Kohn-
Rostoker �KKR� method in the atomic sphere approximation
�ASA� combined with the coherent-potential approximation
�CPA� for treating random alloys as described in Refs. 26
and 27 were used to calculate the effective cluster interac-
tions. The locally self-consistent Green’s function �LSGF�
method28,29 was used to determine on-site and intersite
screening constants in random bulk and surface Ni-Pt
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alloys.30 The Green’s function exact muffin-tin orbital
�EMTO� method31,32 was used in the calculations of the
ground-state properties and effective interactions in Ni-Pt al-
loys. Finally, the full potential projector augmented wave
�FP-PAW� method33,34 as implemented in the Vienna ab ini-
tio simulation package �VASP� �Refs. 35 and 36� was used to
determine the strain-induced interactions in Ni-Pt alloys.

All the first-principles calculations related to the effective
cluster interactions were done for a lattice spacing of
3.68 Å, which is an experimental estimate at about 900 K.
Note that this value is in reasonable agreement with the
theoretical estimate of 3.70 Å, obtained in the Debye-
Grüneisen model37 from the generalized gradient approxima-
tion �GGA� �Ref. 38� total energies of a Ni-23 at. % Pt ran-
dom alloy calculated by the EMTO method using the full
charge-density approximation.32 Other details of the first-
principles calculations are as follows.

All the Green’s function calculations of the effective
chemical interactions were done in the local-density approxi-
mation �LDA� using the Perdew-Wang parametrization for
the exchange-correlation potential and energy.39 The partial
waves were expanded up to lmax=3 inside atomic spheres
while the multipole moments of the electron density were
determined up to lmax

M =6 for the multipole moment correc-
tion to the Madelung potential and energy. The Fermi func-
tion with T=925 K was used during energy integration over
the contour. The core states were recalculated after each it-
eration. Integration over the Brillouin zone has been per-
formed using the Monkhorst-Pack scheme.40

In the LDA single-site CPA self-consistent calculations
the screened Coulomb interactions were taken into consider-
ation by including the on-site Coulomb screening potential
vscr

i defined as30

vscr
i = e2�scr

qi

S
, �3�

where qi is the net charge of the atomic sphere of the ith
alloy component, S is the Wigner-Seitz radius, and �scr
��scr�R=0� is the on-site screening constant. The on-site
screening constant in Ni-25 at. % Pt is 0.74 as has been
obtained in the LSGF self-consistent calculations30 for a
1024-atom supercell modeling a random Ni-25 at. % Pt al-
loy.

The screening charge was also used to determine the in-
tersite screening constants, �scr�R�, needed in the calcula-
tions of the electrostatic part of the SGPM effective pair
interactions,24,30 i.e., the screened intersite Coulomb interac-
tions, which in the case of a binary A-B alloy can be defined
as

Vscr�R� = e2�scr�R�
qeff

2

S
, �4�

where qeff=qA−qB is the effective charge transfer. The whole
SGPM interaction is then

Vi � V�R� = Vone−el�R� + Vscr�R� , �5�

where Vi is the SGPM interaction at the ith coordination
shell, given by a set of vectors R, and Vone−el�R� the one-
electron contribution to the SGPM interaction.23,24,30

The surface energy calculations for the on-site effective
cluster interactions, V�

�1�, were done by employing a semi-
infinite geometry with 16 surface and eight vacuum layers
for the �110� surfaces. The calculations of the SGPM inter-
actions for the first two surface layers in the case of alloy
surfaces were done by the bulk Green’s function technique
for slabs consisting of 16 atomic and eight vacuum layers.

C. High-temperature magnetism
of Ni-25 at. % Pt alloys

Ni-rich Ni-Pt alloys are weak itinerant magnets. The Cu-
rie temperature decreases very fast with increasing Pt con-
centration: from 623 K in pure Ni to about 350 K in
Ni-29 at. % Pt alloys.41 Thus, at the experimental condi-
tions of 923 K, Ni-23.2 at. % Pt is in the paramagnetic
state. Unfortunately, there exists quite a serious problem in
the first-principles description of such a state in the case of
weak itinerant magnets: the time-independent density-
functional theory which is used in the usual ab initio calcu-
lations cannot properly describe the existence of finite local
magnetic moments on Ni and Pt atoms: they disappear in the
so-called disordered local moment �DLM� calculations
which are based on a mean-field model of the paramagnetic
state of the system exhibiting a localized type of
magnetism.42 At the same time, the use of more advanced
methods, such as, for instance, the dynamical mean-field
theory43 is too cumbersome in this case.

A more practical solution would be the use of a mean-
field theory for longitudinal spin fluctuations, similar to that
developed in Refs. 44 and 45. In the present work a single-
site mean-field approach based on Ref. 45 is used to estimate
the average magnetic moment on Ni and Pt atoms in
Ni-25 at. % Pt at 925 K. For this purpose the on-site longi-
tudinal spin-fluctuation energy, Ei�m�, for each alloy compo-
nent i was calculated at the lattice spacing of 3.68 Å using
constrained LDA calculations with electronic excitations at
925 K included through the Fermi function and electron en-
tropy. The average magnetic moment �mi� was determined
using the corresponding partition function assuming that
there is full coupling of the transverse and longitudinal de-
grees of freedom

�mi� =
1

Zm
� m3 exp�− Ei�m�/kBT	dm ,

Zm =� m2 exp�− Ei�m�/kBT	dm . �6�

In this way the averaged magnitudes of the induced mag-
netic moment of 0.65 and 0.3 for Ni and Pt, respectively,
were obtained. It is assumed that they are the same for atoms
in the surface region. As demonstrated below, the longitudi-
nal spin fluctuations as well as magnetism itself affect the
effective interactions only slightly in this system.

III. EXPERIMENTAL DETAILS

Ingots for crystal growing were produced by arc melting
and remelting in an induction furnace, using 99.95 at. %
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pure Ni �Praxair MRC, Toulouse, France� and 99.98 at. %
pure Pt �Johnson Matthey, London, United Kingdom�.

A single crystal with a diameter of 12 mm was grown by
use of the Bridgman technique in an Al2O3 crucible. A slice
with a �110� surface normal, 11.5 mm in diameter and 3.5
mm in thickness, was cut by spark erosion. Its composition,
determined by x-ray fluorescence analysis using standards,
was Ni-23.2�3� at. % Pt. The sample was homogenized un-
der Ar at 1373 K for 69 h and quenched into ice brine. It was
mechanically polished �finally with silica sol being 0.04 �m
in grain size� employing a Logitech PM5 Autolap lapping/
polishing system. The deviation from a �110� surface normal
was about 0.02°. The sample was mounted in a portable
UHV chamber used in the scattering experiment. Sputtering
at 670 K with Ar+ ions of 0.8 keV energy and annealing at
900 K were repeatedly applied. A high annealing temperature
was selected also to reduce preferential sputtering of Ni at-
oms through thermal equilibration by diffusion.8

The diffuse scattering intensity was recorded at the �2
+3� surface diffractometer of the Materials Science Beam-
line �SLS, Villigen PSI, Switzerland�.46 Data were taken at
923 K with an incoming photon energy of 9800 eV at an
angle of incidence �i=0.30° �the critical angle of total reflec-
tion is �c=0.39°�. Intensity was registered at about 650 in-
plane positions within 0.28 to 3.1 rlu �with an angle of exit
of 0.30°� and 250 out-of-plane positions located on planes
shifted by �−0.45,0.45,0� and �−1,1 ,0�, respectively. Ex-
ploiting the vertical opening angle of the Pilatus II 2D pixel
detector, additional data could be read out for every position
displaced by at most �−0.07,0.07,0�. Typical intensities
were 500–5000 counts per 200 s. The mosaicity of the near-
surface microstructure amounted to 0.1° full width at half
maximum.

A. Diffuse scattering theory

The elastic diffuse scattering Idiff from crystalline solid
solutions is due to the presence of different types of atoms
that are not strictly periodically arranged on a lattice �short-
range order scattering ISRO� and to the static local deviations
of the atoms from the sites of the average lattice �displace-
ment scattering�. The latter scattering contribution is usually
approximated by size-effect scattering ISE and Huang scatter-
ing IH �see, e.g., Ref. 12 and references therein�. For a cubic
binary A-B alloy the diffuse scattering intensity per atom is
given by

Idiff�h�/N = cAcB
fA − fB
2�ISRO�h� + ISE�h� + IH�h�	 �7�

with

ISRO�h� = �
lmn

�lmn cos��h1l�cos��h2m�cos��h3n� , �8�

ISE�h� = �
i

hiQi�h� �9�

and, e.g.,

Qx�h� = �
lmn

�lmn
x sin��h1l�cos��h2m�cos��h3n� . �10�

Here, c� is the atomic fraction of the component �=A ,B and
f� is the atomic scattering factor. The prefactor in Eq. �7�,
cAcB
fA− fB
2, is called one Laue unit �Lu�. The scattering
vector h= �h1 ,h2 ,h3� is given in reciprocal lattice units 2� /a
�rlu, a=lattice parameter�. The quantities of interest are the
Fourier coefficients of the corresponding Fourier series. In
the case of short-range order scattering, these are the Warren-
Cowley short-range order parameters �lmn for the lmn type
of neighbors �l ,m ,n in units of a /2�.47 In the case of size-
effect scattering, the coefficients �lmn

x represent linear com-
binations of the species-dependent static atomic displace-
ments.

For a statistically uncorrelated arrangement of atoms on a
lattice, all �lmn are zero, except for �000 which is unity. The
sign of the nearest neighbor �lmn is usually taken to distin-
guish systems that tend to local order or local decomposition.

To separate the various scattering contributions, the lead-
ing Fourier coefficients were least-squares fitted, an appro-
priate procedure if scattering is weakly modulated.

B. Intensity analysis

Data were corrected for background, the variation in the
active sample area with changing scattering vector, polariza-
tion �here complete linear polarization within the horizontal
scattering plane was assumed�. They were treated within the
distorted-wave Born approximation.48 For the combined ef-
fect of detector heterogeneity and intensity transmittivity,
data from a separate measurement that mainly comprises Ni
K fluorescence, was employed.

To calculate thermal diffuse scattering �TDS�, elastic con-
stants cij were determined at room temperature for a separate
single-crystalline piece with the pulse-echo-overlap method.
Using the temperature dependence of the cij of pure Ni �from
Ref. 49�, the elastic constants of Ni-23.2 at. % Pt were es-
timated to c11=231�2� GPa, c12=173�2� GPa, and c44
=103�1� GPa at 923 K. With these values and the lattice
parameter change with composition, a−1da /dc=0.12, a value
of B=1.41�10−2 nm2 was obtained for the total �static and
dynamic� Debye-Waller factor exp�−B�h /2a�2	 in the bulk at
923 K.

To calibrate diffuse scattering, the intensity close to Bragg
reflections �within 0.25 rlu� was employed, where thermal
diffuse scattering and Huang scattering are dominant for a
locally ordered alloy. A separate investigation on an in-house
four-circle diffractometer using MoK� radiation was per-
formed and the ratio between the measured intensity �cali-
brated with polystyrene� and TDS was determined to be
about 2.5 at room temperature. Employing the temperature
dependence of the elastic constants and of the B value
�0.49�10−2 nm2 at room temperature�, this ratio changes to
about 1.6 at 923 K.

To obtain the elastic diffuse scattering, the calculated
thermal diffuse scattering up to third order and Compton
scattering50 were subtracted. Atomic scattering factors and
Hönl corrections were taken from Refs. 51 and 52.
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IV. EXPERIMENTAL RESULTS

The elastic diffuse in-plane scattering is given in Fig. 1,
an example of out-of-plane scattering is shown in Fig. 2.
Diffuse maxima much broader than the scattering from the
crystal truncation rods, are visible at positions of the X type.
The general increase in intensity for larger scattering angles
stems from the increasing contribution of static atomic-
displacement scattering. There is also an asymmetry in dif-

fuse scattering around the diffuse maxima and an increase
toward Bragg reflections because of size-effect scattering
and Huang scattering, respectively.

Data were transferred to Laue units �this presents a global
unit as the average composition of the sample was em-
ployed� using B=2.0�10−2 nm2 for the total Debye-Waller
factor. A calibration factor of 2.5, comparable to the range of
1.6–2.5 estimated on the basis of the elastic constants, was
required to reach a value of �000 close to the theoretical value
of 1 in the subsequent least-squares fitting to the leading
Fourier coefficients. Variation in B between the estimated
bulk value of 1.4�10−2 nm2 and an assumed increase up to
3�10−2 nm2 for the near-surface microstructure modified
the values of the �lmn and �lmn

x just within one standard de-
viation while the Fourier coefficient �000

x of Huang scattering
varied by seven standard deviations. A larger number of Fou-
rier coefficients of quadratic displacement scattering could
be neglected as the range of data not considered in the least-
squares fitting, was set to 0.4 rlu around Bragg positions.

A. Cubic isotropic site occupation

A set of 16 �lmn, 12 �lmn
x , and 1 Fourier coefficient of

quadratic displacement scattering was employed. The quality
in the fit was R=0.14. The recalculated diffuse in-plane and
out-of-plane scattering is also given in Figs. 1 and 2.

The Warren-Cowley short-range order parameters are
summarized in Table I. The sign sequence of the �lmn follows
that of the L12 superstructure with �110 reaching 45% of its
maximum value at the given composition. Short-range order
scattering recalculated with the �lmn of Table I for the �100�
plane is shown in Fig. 3. A disk-shaped pattern of isointen-
sity lines around the diffuse maxima �about 4 Lu� is most
striking, a feature that is usually connected with local ele-
ments of antiphase regions �Ref. 53, see also the discussion
of Clapp configurations below�.

As model crystals, films with a �110� normal, 64�64 in
cross section and just 32 layers in thickness, were used. This
thickness corresponds to about twice the length over which
the z component of the evanescent wave decays to 1 /e. Pe-
riodic boundary conditions were only applied parallel to the
surface while the top and bottom surfaces were kept free.
Crystals were modeled incorporating or neglecting a segre-
gation profile at both free surfaces. For the segregation pro-
file, a top layer of Ni-0 at. % Pt and a second layer of
Ni-60 at. % Pt were used while the other layers had bulk
composition �see Gauthier,1 the data are based on LEED in-
vestigations and might differ from those valid at 923 K�. The
�lmn of model crystals with a segregation profile had a
slightly lower quality in fitting than those without a segrega-
tion profile. However, the �lmn of all model crystals were
always within 0.1 standard deviations.

The abundance of Clapp configurations54 does not differ
much among the two crystal types considered. Subsequently,
data were taken from those with a segregation profile. In
Table II, the Clapp configurations most enhanced with re-
spect to a statistically uncorrelated arrangement of the same
composition, are summarized. They are given for the case of
Pt atoms around a Ni atom, as this case is best suited to

(b)

(a)

FIG. 1. Elastic diffuse scattering from Ni-23.2 at. % Pt�110� in
0.1 Lu, taken under an angle of incidence and exit of 0.3°. The area
close to Bragg reflections, the direct beam and the crystal truncation
rods is marked in the experimental data �a�. Diffuse scattering was
recalculated using the fitted parameters of Tables I and III �b�.

(b)(a)

FIG. 2. Elastic diffuse scattering from Ni-23.2 at.% Pt�110� in
0.1 Lu, taken under an angle of incidence of 0.3°. The out-of-plane
scattering refers to a plane shifted by �−1,1 ,0� �a�. Diffuse scatter-
ing was recalculated using the fitted parameters of Tables I and III
�b�.
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consider elements of the L12 structure: the building elements
of the L12 structure and an antiphase region within such an
L12 structure are C16 and C17, respectively. The seven con-
figurations listed may be grouped into one related to L12
�with more or less Pt atoms than for C16: C34, C7, and C59�
and another similarly related to C17 �C35�. C18 is related to
both groups. With 24% these seven configurations comprise
a major fraction of all Clapp configurations.

Concerning fingerprints of other superstructures, one
might envisage L10 known for bulk Ni-Pt. As the character-
istic feature for the case of Pt atoms around a Ni atom is C16
for both superstructures, one now considers the case of Pt
atoms around a Pt atom, where the configurations are C1 and
C16 for L12 and L10, respectively. Both are the most en-

hanced configurations, C16 with 3.2 �0.5%� and C1 with 3.7
�17%�, with totally different abundances �numbers in brack-
ets�.

Species-dependent static atomic displacements are not ac-
cessible from the present data, only the linear combinations
�lmn

x . The data of the first six shells are given in Table III.
Comparing them with those from an earlier x-ray investiga-
tion of Ni-87.8 at. % Pt �Ref. 18�, they are found similar in
magnitude. This is surprising as relaxation is known for the
�110� surface: a Ni-10 at. % Pt�110� showed variation in
the top interlayer spacings by several percentages from the
bulk interlayer spacing.4 A bulk x-ray measurement with the
same composition is indicated to highlight the relaxation ef-
fects due to the surface.

TABLE I. Warren-Cowley short-range order parameters �lmn for Ni-23.2 at. % Pt at 925 K: experiment
�this work� and theory �Monte Carlo simulations using first-principles effective interactions for bulk micro-
structure, see text for details�. In comparison, the parameters for Ni3Pt with L12 are given.

lmn �lmn experiment

�lmn theory

V�2–4� V�2� V1–7
�2� L12

000 0.9943�235� 1.000 1.000 1.000 1.000

110 −0.1359�48� −0.166 −0.161 −0.161 −0.333

200 0.1660�46� 0.170 0.165 0.164 0.333

211 0.0021�30� 0.038 0.033 0.034 −0.333

220 0.0519�36� 0.042 0.047 0.046 0.333

310 −0.0408�23� −0.062 −0.058 −0.058 −0.333

222 0.0066�40� −0.027 −0.014 −0.020 0.333

321 −0.0059�17� −0.004 −0.006 −0.006 −0.333

400 0.0348�41� 0.055 0.051 0.053 0.333

330 −0.0126�30� −0.016 −0.018 −0.016 −0.333

411 0.0065�23� 0.026 0.025 0.023 −0.333

420 0.0081�21� 0.016 0.016 0.018 0.333

233 0.0010�24� 0.008 0.006 0.007 −0.333

422 0.0002�23� −0.007 −0.004 −0.004 0.333

431 0.0027�16� 0.002 0.003 0.001 −0.333

510 −0.0107�23� −0.026 −0.024 −0.024 −0.333

FIG. 3. Recalculated short-range order scattering and size-effect
scattering in 0.1 Lu for the h1 ,h2 ,0 plane.

TABLE II. Abundance analysis of nearest-neighbor configura-
tions �Clapp configurations� with largest enhancement factors for
the short-range ordered state. The case of Pt atoms around any Ni
atom is considered. The nomenclature of the sites refers to Clapp
�Ref. 54�.

Clapp
configuration

Sites
occupied

Enhancement
factor

Abundance
in %

C16 5,6,7,8 29.8 3.2

C59 2,4,5,6,9,11 16.8 0.3

C17 4,6,7,9 12.1 2.6

C34 5,6,7,8,11 9.8 2.4

C35 4,6,7,9,11 5.3 1.5

C7 5,6,7 5.1 7.1

C18 5,6,8,11 4.6 7.0
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B. Tetragonal anisotropic site occupation

The same set of scattering intensities was also fitted based
on a microstructure that shows a tetragonal site occupation.
A noncubic site occupation is present as there is a segrega-
tion profile.

To limit the number of Fourier coefficients, tetragonally
averaged values were employed together with the following
further simplifications. �i� The neighbors in any shell are
sorted with respect to the orientation of their distance vector
and the surface normal; those atoms with connecting lines
closest to the surface normal are labeled as parallel, those
furthest away as perpendicular, while the rest is called inbe-
tween. This yields at most three Warren-Cowley short-range
order parameters and nine displacement parameters per shell.
�ii� Also �000 was set to 1 and not fitted to limit the number
of free parameters.

A set of 11 �lmn, 11 �lmn
x , and 1 Fourier coefficient of

quadratic displacement scattering was employed, the quality
of the fit was R=0.29 �Table IV�. This value is higher than
for the cubic fit �Table I�, as the number of Fourier coeffi-
cients has to be kept small. The �lmn of Table IV may be
compared with those for an alternating stacking of �110�
planes consisting only of Ni and Pt atoms, respectively—this
is equivalent to the L10 structure of NiPt. A large difference
exists for the nearest-neighbor case with �110 being 1 for the
parallel and perpendicular case of Table IV and −1 for the
inbetween case. These values much differ from −1 /3 for the
L12 structure �Table I�. It may be concluded that the presence

of the segregation profile suppresses the tendency toward
L12 for the direction perpendicular to the segregation profile.
A determination of �110 for the bulk microstructure will be
helpful—such a measurement is currently under way.

For the nearest-neighbor displacement parameters there is
also a large difference with �110

x being distinctly larger for
parallel �with −0.172�34�	 than for perpendicular �with
−0.065�6�	 or inbetween �with −0.072�4�	. This might be
expected, still species-dependent parameters will be required
for further conclusions.

C. Ordering energy

EPI parameters were determined using the inverse Monte
Carlo �IMC� method55 as well as the Krivoglaz-Clapp-Moss
�KCM� approximation56,57 with the corrections from the
�-expansion method �GEM� �Ref. 58�. The EPI parameters
in dependence of the shell indices l ,m ,n of an A-B alloy,
Vlmn=Vlmn

AA +Vlmn
BB −2Vlmn

AB , are connected with the ordering en-
ergy per atom, Eord, defined by

Eord =
1

2
cAcB�

lmn

Vlmn�lmn. �11�

In Table V the EPI parameters are listed. They were de-
termined with linear boundary conditions for the IMC
method. A set of eight parameters was sufficient considering
the standard deviations that were obtained on the basis of the
standard deviations of the �lmn of Table I. Employing this set
of EPI parameters in subsequent Monte Carlo simulations,
the recalculated short-range order scattering showed 100
maxima higher than those recalculated from the �lmn of Table
I; they amount to 6.2 instead of 4.1 Laue units. This is not
unexpected for the situation close to an order-disorder tran-
sition temperature. In fact, Monte Carlo simulations yield a
value of 865�10� K for stoichiometric Ni-25 at. % Pt and a
slightly lower value of 835�10� K for the present composi-
tion of Ni-23.2 at. % Pt. In both cases the starting model
crystals had a maximum degree of L12-type long-range or-
der. Both values for the transition temperature are close to
853 K, the known transition temperature for the bulk
microstructure.59

The EPI parameters were also determined by use of the
KCM-GEM method. The data are given in Table V. They are

TABLE III. Fitted parameters �lmn
x of size-effect scattering.

lmn �lmn
x

110 −0.0742�22�
200 0.0059�44�
211 0.0177�24�
121 −0.0031�16�
220 0.0194�22�
310 −0.0142�23�
130 −0.0082�19�
222 0.0026�23�

TABLE IV. Fitted Warren-Cowley short-range order parameters �lmn for Ni-23.2 at. % Pt using a tetrag-
onal site occupation. In comparison, the parameters recalculated from the layer-resolved parameters of the
top ten layers �Table IX� are given. Neighboring atoms are sorted with respect to the angle between surface
normal and the connecting vectors; as parallel �par� and perpendicular �per� if the connecting line is closest
or furthest away from the surface normal, otherwise the neighboring atoms are called inbetween �inb�.

lmn

�lmn experiment �lmn �Table IX�

par per inb par per inb

000 1 1

110 −0.116�9� −0.211�12� −0.150�19� −0.137 −0.122 −0.126

200 0.195�6� 0.192�10� 0.117 0.101

211 0.045�20� 0.038�8� −0.013�4� 0.032 0.031 0.029

220 0.017�15� 0.063�9� 0.059�3� 0.031 0.031 0.029
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expected to be of lower quality than those from IMC simu-
lations as the prerequisite of a high-temperature approxima-
tion is no longer fulfilled close to the order-disorder transi-
tion temperature. Still, a generally good agreement is seen.

In comparison, the EPI parameters from diffuse scattering
experiments of other Ni-Pt alloys are provided. Two points
are to be noted. �i� The nearest-neighbor EPI parameter in-
creases with increasing Ni fraction. Such an increase was
predicted by Paudyal et al.60 although their calculations were
restricted to bulk microstructures. �ii� The ordering energy
for Ni3Pt �L12� amounts to −47.8 meV, lower than for NiPt3
�L12� with about −35 meV �see Ref. 18�. This is consistent
with the finding that Ni3Pt with L12 is well known experi-
mentally while indications for NiPt3 with L12 were only re-
cently noted following a thermal treatment where
quenched-in vacancies were provided prior to aging at tem-
peratures below 650 K.18

V. FIRST-PRINCIPLES RESULTS

A. On-site interactions (surface segregation energies)

On-site effective interactions of Hamiltonian �1� are in
fact the surface segregation energies of an equiatomic homo-
geneous random alloy �half in value due to the use of spin
variables�. Within the KKR-ASA method these energies have
already been obtained in Ref. 22 but for the lattice parameter
of bulk Ni-50 at. % Pt. They have been recalculated for the
lattice spacing of 3.68 Å taking into consideration one-
electron thermal excitation at 925 K through the Fermi func-
tion. The values of the on-site interactions are given in Table
VI. For comparison the values obtained for Ni-50 at. % Pt
in Ref. 22 are also given. One can see that they are very
close to each other with a negative shift of the surface seg-
regation energy �for Pt� in the present case. This shift is
consistent with the strong decrease in the �110� surface en-
ergy of Pt with decreasing lattice spacing �see Table III of
Ref. 22�.

The major drawback of these calculations is the unac-
counted contribution from local lattice relaxations. In order
to estimate this contribution, FP-PAW slab-supercell calcula-
tions of the surface segregation energy of Pt on the �110�
surface of Ni were performed. First, GGA ferromagnetic cal-
culations of the pure Ni�110� surface were done. Although
the GGA produces quite a substantial error for the surface
energy compared with the LDA, it produces more accurately
the ground-state properties of the 3d metals, and one can get
a better description of the relaxation geometry for the
Ni�110� surface. The supercell comprised 14 atomic layers
separated by about three lattice spacings. A substantial relax-
ation of interlayer spacing for the �110� surface of Ni was
found: the first two layers are contracted toward each other
by 10.4% while the interlayer spacing between the second
and third layers increases by 3.4%. The relaxation energy for
the pure Ni�110� surface is about 0.04 eV per surface atom.

Next, the segregation energy of Pt for the first two layers
was determined by putting a Pt atom into these layers and
into the seventh layer, which is supposed to represent the
bulk in this case. For each case total-energy calculations
were done allowing for local lattice relaxations of all the
atoms. The supercell for these calculations comprised 14
atomic layers separated by about three lattice spacings and
consisted of 168 atoms �4�3�14�. The segregation ener-
gies of Pt in the first and second layer are then −0.298 and
−0.321 eV. The LDA nonmagnetic values of the segregation

TABLE V. EPI parameters Vlmn as determined from the set of �lmn of Table I. The IMC method as well
as the Krivoglaz-Clapp-Moss high-temperature approximation including the corrections by the �-expansion
method �KCM-GEM� were used. In comparison, the results from Ni-48 at. % Pt �Ref. 17� and
Ni-87.8 at. % Pt �Ref. 18� are given. In comparison with Refs. 17 and 18 data were multiplied by 2 to stay
consistent with Eq. �11�.

lmn

Vlmn �Ni-23.2 at. % Pt�
�meV�

Vlmn �Ni-48 at. % Pt�
�meV�

Vlmn �Ni-87.8 at. % Pt�
�meV�

IMC KCM-GEM KCM-GEM IMC

110 85.4�24� 87.6�18� 53.2�24� 24.4�8�
200 −28.6�26� −29.6�16� −10.6�18� −16.6�4�
211 0.2�12� 5.2�14� 3.0�20� 11.8�6�
220 −0.2�14� 4.4�14� −7.0�0� −9.2�2�
310 1.0�10� 6.2�18� −1.6�26� −1.2�4�
222 3.8�26� 6.6�6� −0.6�18� 4.6�2�
321 0.8�6� 4.6�16� 0.2�20� −1.2�2�
400 −0.4�14� −7.0�12� 5.4�24� −0.4�4�

TABLE VI. Effective on-site interactions of the surface Hamil-
tonian obtained in first-principles calculations.

V�
�1�

�meV�

�= 1 2 3 4

Ni-23 at. % Pt �this work� −20.5 −103.4 −23.7 16.9

Ni-50 at. % Pt �Ref. 22� 14.4 −76.0 −22.8 14.0
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energies were then calculated using the geometry from the
GGA ferromagnetic calculations in order to better adapt to
the real experimental geometry. The resulting values are
−0.055 and −0.329 eV for the first and second layer. Both
results agree in one important point: the segregation of Pt in
the second layer is more preferable than in the first. This is in
accord with the surface segregation energies from Green’s
function calculations.

B. Effective cluster interactions

1. Chemical part

The chemical part of the effective cluster interactions
were obtained by the SGPM method23,24 for the lattice spac-
ing of 3.68 Å by use of the KKR-ASA and EMTO method.
Here the EMTO results are presented, which are supposed to
be more accurate �particularly owing to the correct spatial
normalization of the electron density� although both methods
produce practically the same results. In Table VII bulk effec-
tive pair interactions obtained in three different magnetic
states are presented: nonmagnetic �NM�, ferromagnetic
�FM�, and paramagnetic �DLM� for Ni-25 at. % Pt. One no-
tices that the EPIs are not much affected by the magnetic
state. This especially concerns the difference between the
effective pair interactions in the nonmagnetic and paramag-
netic �DLM� states. The interactions are relatively short
ranged. The rest of the EPIs are less than 0.14 meV.

In this table the EPIs for three other alloy compositions
are also shown that were obtained for the same �DLM� mag-
netic state and lattice spacing �3.68 Å�. One can see that the
concentration dependence of the EPIs is weak. In real alloys
it is, however, quite strong �see Table V�, which is clear
when comparing ordering in the cases of Ni-25 at. % Pt and
Ni-75 at. % Pt. While it is quite pronounced in the first
case, it is rather weak in the second. This is in fact opposite

to the concentration dependence of the EPIs in Table VII.
The reason for such a dramatic weakening of the ordering in
the case of Pt-rich alloys is the very strong volume depen-
dence of the EPI parameters: with increasing lattice spacing
�which follows the increasing Pt fraction in the alloy� the
electrostatic contribution �from the screened Coulomb inter-
actions� to the nearest-neighbor EPI, which is dominant,
decreases with the volume, thereby reducing the ordering
effect. For instance, the nearest-neighbor EPI in
Ni-25 at. % Pt, which contains the greatest contribution
from the screened Coulomb interactions, drops down from
389 meV for the lattice spacing of Ni to 108 meV for the
lattice constant of Pt. This is very similar to the situation in
Cu-Au described in Ref. 24.

The strongest three-site interactions are for the triangle of
nearest neighbors and for the cluster formed by the three
successive sites in the closed packed direction, which both
are approximately equal to 6.7 meV in the paramagnetic state
and 7.3 and 8.6 meV, respectively, in the ferromagnetic one.
The strongest four-site interaction is for the cluster formed
by the four successive sites in the closed packed direction. It
is about 2.7 meV in the paramagnetic state. The contribution
of the multisite interactions to, for instance, the ordering en-
ergy of the L12 structure is only about 2.7 meV while the
ordering energy �chemical part only, i.e., without contribu-
tion from local lattice relaxations in the random alloy� is
95 meV. This result is in good agreement with the direct
total-energy calculations of the L12 ordering energy of 91
meV, which was obtained for a fixed ideal fcc lattice �no
local lattice relaxations in the random alloy� and the same
paramagnetic state. Inclusion of the multisite interactions
into the Monte Carlo simulations increases the order-disorder
transition temperature only by about 20 K. Therefore, multi-
site interactions were neglected in the surface Monte Carlo
calculations.

The effective chemical interactions are not much
affected by the surface, which has also been found for

TABLE VII. Chemical part of the EPI parameters Vlmn
�2� obtained in the first-principles calculations. The

values for Ni-23 at. % Pt in parentheses are the total EPIs, which include the strain-induced interactions.

lmn

Vlmn Ni-25 at. % Pt
�meV�

Vlmn Ni-23 at. % Pt
�meV�

Vlmn Ni-50 at. % Pt
�meV�

Vlmn Ni-75 at. % Pt
�meV�

FM NM DLM DLM DLM

110 240.27 240.46 238.38 237.26�116.57� 255.87 278.85

200 19.71 4.88 7.82 8.08�−12.46� 4.92 2.80

211 −12.01 −17.88 −15.54 −15.62�−12.63� −14.23 −11.78

220 −18.39 −22.03 −20.54 −20.25�−10.72� −24.86 −30.12

310 2.35 1.31 1.41 1.40 1.75 2.08

222 5.90 4.87 4.88 4.85 5.47 6.29

321 1.63 1.50 1.54 1.54 1.51 1.64

400 −0.50 0.12 −0.01 −0.01 0.05 0.32

411 −0.01 −0.11 −0.08 −0.08 −0.07 −0.01

330 −0.10 0.64 0.15 0.03 −0.52 −2.22

422 0.42 −0.23 −0.04 −0.05 −0.04 −0.05

431 −0.29 −0.23 −0.22 −0.20 −0.42 −0.75

440 0.41 0.87 0.63 0.60 1.07 1.61
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Ni-50 at. % Pt�110� in Ref. 22. The largest renormalization
of the interactions is found for the nearest-neighbor ones in
the surface plane: it is reduced by about 54 meV. The renor-
malization of other interactions is relatively small, similar to
that found in Ref. 22. Note that the interactions presented in
Ref. 22 are factorized by the corresponding number of the
interactions of a given type. This allows one to easily see the
resulting effect leading to the strong nearest-neighbor inter-
layer ordering in the case of the �110� surface compared with
the intralayer ordering and ordering between second nearest-
neighbor layers.

2. Strain-induced interactions

Strain-induced interactions at the first four coordination
shells for the bulk alloy were obtained in the dilute limit of
Pt in Ni in the FP-PAW calculations in the ferromagnetic
state for the lattice spacing of 3.68 Å in the GGA as de-
scribed in Ref. 18

Vsi�R� = 	Erel
Pt−Pt�R� − 2	Erel

Pt . �12�

Here, 	Erel
Pt−Pt and 	Erel

Pt are the local relaxation energies of a
Pt pair at the corresponding coordination shell R and a single
Pt atom, respectively, in Ni �the volume and the geometry of
the supercell are kept fixed�. As in Ref. 18, 256-atom super-
cells were used �4�4�4 supercells, built on four-atom fcc
cells� consisting of a Pt pair in Ni and a single Pt atom,
respectively.

The values obtained are −120.7, −20.5, 3.0, and 9.7 meV
for the first to the fourth coordination shell. They were added
to the chemical part of the EPIs in both surface and bulk
Monte Carlo simulations. As one can see in Table VII, they
give substantial contributions to the total EPIs at the first two
coordination shells. Including strain-induced interactions the
ordering energy is then reduced to −49.3 meV, which is in
very good agreement with the value of −47.8 meV �see Sec.
IV C� from experimentally evaluated EPIs. Note that in spite
of such agreement between the theoretical and experimental
estimate of the ordering energy, the EPIs employed are quite
different, which is clear if one compares the total interactions
given in parentheses in Table VII and the interactions in
Table V. The origin of the differences is unknown and addi-
tional investigation is required. As shown below, the first-
principles interaction parameters still reproduce reasonably
well the Warren-Cowley short-range order parameters from
experiment.

Although the strain-induced interactions near the surface
can be substantially different from these bulk values, as will
be shown below, this fact is not important owing to the very
strong segregation of Ni atoms in the surface layer which
eliminates the contribution to the ordering energy from the
surface layer. The long-range tail of the strain-induced inter-
actions was ignored in this study.

The EPI parameters of Tables V and VII do not show such
a close agreement as previously achieved on the Pt-rich side
of Ni-Pt alloys �see Tables V and VI of Ref. 18�. Again, the
strain-induced interactions are important especially for the
nearest neighbors. As shown below, a close agreement is still
observed in the order-disorder transition temperature of
Ni-25 at. % Pt using the various sets of EPIs in Monte

Carlo simulations; always values close to 853 K, the value
known for the bulk microstructure, were obtained.

C. Concentration profile and atomic distribution functions
from ab initio effective interactions

Bulk Monte Carlo simulations based on the Metropolis
algorithm were performed with different sets of effective in-
teractions for 25 at. % Pt using a simulation box containing
16 384 atoms �16�16�16 of four-atom fcc unit cells�. If
the whole set of interactions is used, i.e., effective pair inter-
actions up to the 30th coordination shell and the strongest
three- and four-site interactions, the order-disorder transition
temperature is about 840 K, which is in excellent agreement
with the experimental value of 853 K. If only effective pair
interactions are included, the transition temperature is about
820 K. This result is practically unchanged if only the first
seven effective pair interactions are used. For Ni-23 at. % Pt
the order-disorder transition temperature is about 800 K
when using the whole set of interactions.

The calculated Warren-Cowley short-range order param-
eters for Ni-23 at. % Pt at 925 K are presented in Table I.
The column, designated as V�2–4�, shows the results when the
total effective pair interactions �chemical plus strain induced�
up to the 30th coordination shell and some of the strongest
three- and four-site interactions are included. In the next col-
umn, designated as V�2�, the results with only 30 effective
pair interactions are shown. As one can see the multisite
interactions play a minor role in this system and therefore
they will be neglected in the surface Monte Carlo simula-
tions. And finally in column V1–7

�2� the short-range order pa-
rameters calculated with inclusion of only the first seven ef-
fective pair interactions are given. One can see that the first
seven EPIs reproduce almost exactly the short-range order
parameters in Table I that were obtained with 30 EPIs.

A general agreement is observed in sign and magnitude
between the calculated and the experimental Warren-Cowley
short-range order parameters in Table I. The slight variation
is taken as an indication that the differences between the bulk
�for which the theory data stand� and the near-surface micro-
structure are small and high-quality data together with the
presence of a long-range segregation profile are required to
state a difference in microstructure beyond any doubt.

In the case of alloy surfaces, the direct exchange Monte
Carlo method22 was used. This is a grand-canonical en-
semble technique simulating the exchange of atoms between
the bulk and the surface region. The size of the simulation
box for surface calculations was 24�24 in the planes paral-
lel to the surface and 24 layers in thickness. The calculated
surface segregation profile is presented in Table VIII. The
surface layer and the third layer mostly consist of Ni atoms
while the Pt fraction in the second layer reaches 75 at. %.
This result is in good agreement with experimental data.1

Note that the mechanism of the Ni enrichment of the surface
layer is exactly the one for the segregation reversal described
in Refs. 20 and 22, i.e., Pt segregation in the second layer
and a strong interlayer ordering due to the interactions at the
first coordination shell.

To characterize ordering in inhomogeneous systems, one
can use layer-resolved short-range order parameters, defined
as
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�p
�,�� = 1 −

�c��0��1 − c���R�	�

c��1 − c���
, �13�

where the lattice vector R belongs to the pth coordination
shell between layers � and ��.

In Table IX we show �p
�,�� for the first four shells of the

fcc lattice and the first ten layers. Very small SRO param-
eters are seen in the first and third layer, as well as for the
corresponding interlayer SRO, due to the fact that they prac-

tically do not contain any Pt atoms. One can also see that
surface segregation substantially affects short-range order in
at least seven to eight layers near the surface.

The layer-dependent short-range order parameters of
Table IX were converted to �lmn as accessible from diffuse
scattering and presented in Table IV in the following way;
they were weighted over the first ten layers according to the
exponentially decaying evanescent wave. The agreement
seen in Table IV mainly refers to the general strength of the
parameters. A much larger number of registered scattering

TABLE VIII. Pt composition near the �110� surface of Ni-23 at. % Pt alloy at 925 K: Monte Carlo
simulation results with ab initio interactions.

Layer 1 2 3 4 5 6 7 8

at. % Pt 0.01 0.75 0.08 0.14 0.35 0.15 0.27 0.22

TABLE IX. Layer-resolved short-range order parameters near the �110� surface of Ni-23 at. % Pt alloy, �p
�,��, obtained in Monte Carlo

simulations using ab initio effective interactions. Here, p�lmn� refers to the fcc bulklike coordination shells.

p�lmn�=110 200 211 220

��=� �+1 �+2 � �+3 � �+1 �+2 �+3 � �+2 �+4

�=1

−0.002 −0.050 −0.001 0.010 0.018 0.002 0.010 0.026 0.011 −0.001 0.008 −0.004

�=2

−0.171 −0.140 −0.230 0.043 0.101 0.053 0.036 0.010 0.054 0.050 0.010 0.020

�=3

−0.046 −0.068 −0.132 0.093 0.091 0.035 −0.007 0.008 0.021 0.004 0.021 0.053

�=4

−0.110 −0.158 −0.070 0.099 0.101 0.026 0.064 0.067 0.031 0.017 0.031 0.001

�=5

−0.239 −0.155 −0.245 0.132 0.202 0.028 0.038 0.020 0.042 0.070 0.038 0.078

�=6

−0.088 −0.139 −0.114 0.160 0.123 0.043 0.014 0.036 0.025 0.013 0.042 0.032

�=7

−0.210 −0.169 −0.179 0.140 0.180 0.029 0.056 0.041 0.036 0.073 0.041 0.052

�=8

−0.142 −0.156 −0.157 0.173 0.156 0.033 0.024 0.029 0.034 0.022 0.046 0.042

�=9

−0.169 −0.161 −0.162 0.154 0.165 0.043 0.036 0.038 0.034 0.056 0.043 0.042

�=10

−0.161 −0.160 −0.163 0.163 0.164 0.032 0.032 0.031 0.035 0.044 0.048 0.046

Bulk, average

−0.161 −0.161 −0.161 0.164 0.164 0.034 0.034 0.034 0.034 0.046 0.046 0.046

Bulk, L12 ordered

�=1

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

�=2

−1.0 0.0 −1.0 −1.0 1.0 1.0 0.0 1.0 0.0 1.0 −1.0 1.0

NEAR-SURFACE MICROSTRUCTURE OF Ni-23 AT. % Pt: … PHYSICAL REVIEW B 81, 054205 �2010�

054205-11



intensities is required to allow for more �lmn to be fitted and
an R value to be obtained, that is, at least as good as for a
cubic site occupation.

VI. DISCUSSION

In this investigation, a 3D microstructural analysis was
performed on the basis of out-of-plane scattering in addition
to in-plane scattering. The strategy to explore larger and
larger volumes in reciprocal space resembles the develop-
ment known from bulk measurements; in the beginning, se-
lected linear scans or just one plane were analyzed providing
a limited amount of information. Later on, adding informa-
tion from several planes or, even better, measuring a mini-
mum volume in reciprocal space, became the basis to obtain
increasingly stable systems of equations.

The scattering close to Bragg reflections was employed
for calibration as in the previous investigation of the near-
surface microstructure of Pt-48 at. % Rh.15 Owing to the
larger displacements in Ni-Pt alloys, Huang scattering now
had to be considered besides thermal diffuse scattering. Its
contribution to the total scattering in this range was esti-
mated from bulk measurements. Presumably because of the
larger modulation of short-range order scattering, the B value
of the Debye-Waller factor was no longer such a sensitive
quantity in the fitting procedure, in contrast to the previous
in-plane measurement of Ref. 15.

In the diffuse scattering, signs of a noncubic site occupa-
tion were noticed for the near-surface microstructure. Their
strength depends on the range and amplitude of the oscilla-
tory segregation profile and thus on the closeness to the
order-disorder transition temperature. The present finding for
the nearest-neighbor site occupation must also be reflected in
the enhancement of selected Clapp configurations. For the
case where L10 and L12 are distinguishable �i.e., for Pt at-
oms around a Pt atom�, the building elements of L10 and L12
both showed largest �and comparable� enhancement—L10 is

taken as an extremum of the segregation profile of the �110�
surface.

The question whether near-surface microstructure and
bulk microstructure differ in Ni-25 at. % Pt may not be fi-
nally decided. The present layer-resolved short-range order
parameters from ab initio calculations indicate that very pre-
cise measurements are required to resolve a tetragonal local
order within the average over a few ten layers that is acces-
sible from diffuse scattering under grazing incidence. Diffuse
scattering shows that at best the nearest-neighbor short-range
order parameter might be sensitive to the presence of the
segregation profile. A comparison with the bulk microstruc-
ture will provide further insight, also with respect to the dis-
placement parameters.

The present first-principles simulations support a finding
previously reached on the segregation reversal of Ni-Pt�110�
surfaces: it is the segregation of Pt in the second layer to-
gether with the strong nearest-neighbor interaction. The
strength of the interaction is reflected in the high order-
disorder transition temperature of Ni-25 at. % Pt.
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