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Metastability of the segregation-reversal composition profile at the Pt„Ni, „(110)surface:
A low-energy electron-diffraction study
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A low-energy electron-diffraction study of the surface segregation at Pt&ONi90(110) is presented.

The Pt concentrations in the first and second layers are, respectively, 6 and 52 at. %%uo . Th ecorre-
sponding interlayer spacings differ from the bulk values by —4.5% and +3.6%. This oscillating

behavior is similar to that reported previously for Pt»Ni»(110), the most spectacular result being

that the segregation is also reversed with respect to the (111)face. Our results are discussed in the

light of theoretical models which predict Pt segregation for Ni-rich alloys, Ni segregation for Pt-
rich alloys, and a metastable situation in the range 30—60 at. %. We also discuss the inhuence, on
chemical reactivity, of (i) the segregation reversal, (ii) the strong Pt enrichment in the second layer,
and (iii) the two-dimensional ordering tendency.

I. INTRODUCTION

Surface alloys as well as surfaces of bulk alloys are a
subject of great interest: on fundamental grounds, segre-
gation mechanisms are still to be understood quantita-
tively for a class of potentially important alloys, and on
technical grounds, many applications like catalysis by
metallic particles or multilayered metallic structures re-
quire a good understanding of the segregation behavior at
surfaces or interfaces.

Very few alloy surfaces are well known in detail: one
of them, Pt-Ni has been extensively studied recently in
the solid-solution phase. The (111)surface' is found to
exhibit a systematic behavior: whatever the bulk concen-
tration is, the composition profile is oscillatory with a Pt
enrichment in the top layer (Ci) followed by a Pt de-
pletion in the second layer (C2) and a slight enrichment
in the third one (C3). The largest oscillation is found in
the range 10—50 at. jo Pt bulk concentration, and is ac-
companied by enhanced catalytic properties and
modified reactivities.

The (110) face of the Pt~oNi~o alloy has been shown re-
cently to exhibit a total segregation reversal as compared
to the (111) face. The top layer is found to be almost
pure nickel, while the second layer is almost pure plati-
num, the oscillation being damped out only at the fifth
layer. This extreme sensitivity of the segregation phe-
nomena to the face orientation, in the case of Pt-Ni, has
called for theoretical models.

Two theoretical studies of the segregation profile have
been reported ' which concluded to a relatively satisfac-
tory picture for the (111) face. However, the (110) face
was not quantitatively accounted for but a complex be-
havior was suspected: the tight-binding Ising model
(TBIM) concluded to a reversal with the bulk composi-
tion (Pt enrichment for Ni-rich alloys but Pt depletion for
Pt-rich alloys). The embedded-atom method (EAM) pre-
dicted the occurence of a metastable state in the range of
Pt bulk concentration Cb =30 to 60 at. %: one "branch"

exhibiting Pt enrichment Cb =0 to 60 at. %%uoan d th eothe r
branch exhibiting the observed segregation reversal
Cb =30 to 100 at. %. Experimentally, only one point ly-

ing on the Ni-rich branch was known and a central ques-
tion was thus to investigate the segregation on the nickel
side, where the Pt-rich branch is expected: it was decided
to study Pt, ONi90(110).

This is the topic of the present paper which is organ-
ized as follows: Sec. II reports on the experimental as-
pects, Sec. III deals with the low-energy electron-
diffraction (LEED) analysis (structural and composition
parameters), while Sec. IV discusses the present results
against the predictions of the above models with some
possible consequences in terms of reactivity and finally
suggests some new investigations.

II. EXPERIMENT

All experiments have been carried out in an experimen-
tal setup consisting mainly of an ultrahigh vacuum
(UHV) stainless-steel chamber, equipped with an ion gun
and a two-grid system used for both LEED and Auger-
electron spectroscopy (AES). A detailed description has
been given previously. The half-sphere-shaped grids and
screen of the device allows beam intensities to be mea-
sured in the entire half-space above the crystal, for any
incidence direction. Incidence, polar, and azimuthal an-
gles can be set up within an accuracy of 0. 1'. The sample
is heated by electron bombardment and the temperature
is measured by means of a (W —5 at. % Re)/(W —26
at.% Re) thermocouple fixed on the surface. The work-
ing pressure is in the 10 '" Torr range. The partial pres-
sure of contaminant gases was kept very low owing to a
titanium sublimation device, maintained at liquid-
nitrogen temperature during the whole period of cleaning
and data collection.

The Pt&ONi90 sample was cut to within less than 0.2' of
the required (110) plane, out of a Pt-Ni single crystal rod
having a nominal bulk concentration of 10 at. % plati-
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num, x-ray analysis showing a lattice parameter in agree-
ment with the tabulated value, 3.572 A (bulk interlayer
spacing: 1.263 A) which was used in the calculations.
Once mounted in UHV conditions, the crystal was first
cleaned by repeated argon ion bombardments and anneal-
ings at 1200 K in vacuum, until the AES spectrum was
checked to be free of contaminants and the LEED I( V)
curves were reproducible (the latter criterium proved to
be more relevant and constraining than Auger analysis).
After this preliminary treatment, a 20-min argon bom-
bardment followed by a 5-min annealing at 1070 K was
sufhcient to meet appropriate working conditions, before
collecting data. Though it has been proved that no or-
dered phase is formed in the Pt-Ni alloy around 10 at. %
platinum, it was checked by x rays that the above treat-
ment resulted in the solid-solution phase, as expected
from a recently published phase diagram. '

Observed by LEED, the crystal displayed a pattern
with sharp spots (Fig. 1) typical of a clean fcc (110) sur-
face. In addition, within large energy ranges, halfway be-
tween the [100] rows of the (1 X 1) structure, the
diffraction diagram showed dim continuous streaks in the
[100] direction, indicative of a tendency to (1X2) atomic
arrangement, which occasionally turned into diffuse spots
ordered as for a c(2X2)-like superstructure. The pres-
ence of contaminants being unambiguously discarded by
AES analysis, the additional features were attributed to a
tendency to chemical ordering of the alloy surface, com-
parable to that observed on Pt, oNi9o(111) (see discussion
in Sec. IVD2). Tentatively, we tried to better organize
this two-dimensional (2D) ordering: the crystal was an-
nealed for longer and longer periods (up to 4 h) at 900'C
but these cycles did not change the appearance of the
LEED pattern. This partial ordering seems the most

stable situation for this alloy. However, these extra
features showed intensities which were mostly lying more
than an order of magnitude lower than the intensities of
the main (1X1) spots. The decision was thus made to
take only into account these latter spots and to neglect
the former ones. A full understanding of this partial or-
dering falls within the ability of diffuse LEED, but, nev-
ertheless, a tentative interpretation is proposed in Sec.
IV.

The data collection was computer controlled and beam
intensities were recorded at energies ranging from 30 to
280 eV, in steps of 1 eV, at normal incidence and at a po-
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FICx. 1. Typical LEED pattern from Pt»Ni9O(110) close to
normal incidence (see text). The spots correspond to the bulk
periodicity. Additional weak streaks are visible along the [100]
direction. (The small spurious satellites are artifacts due to
reAection in the glass screen. )

FIG. 2. Pt»Ni9o(110) normal incidence measured spectra.
The solid and dashed lines denote spectra recorded at two
di6'erent places on the sample and illustrate a very good repro-
ducibility. Beam indices are indicated in the upper-right corner
of each panel.
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lar angle of 20 along the [100] azimuth. The symmetri-
cally equivalent beam intensities proved very similar.
They were, however, averaged to yield even better data,
leading to six and twelve nonequivalent I(V) curves for
the normal and the oblique incidence, respectively. After
background substraction the spectra were normalized to
constant incident current. Reference data —incident
current, AES spectra, and LEED intensities —were
recorded to control any drifting that could occur during
the process. As the specular beam intensity showed no
detectable change, the inAuence of carbon contamination
which was occasionally detected at a very low level
((0.05 monolayer) was considered as sufficiently low to
be neglected. Moreover, normal incidence spectra were
recorded on two different locations on the sample in or-
der to control the homogeneity of the surface concentra-
tion profile. The two sets of I(V) curves (Fig. 2) appear
very similar apart from some very tiny shifts in peak po-
sitions and relative intensities. From our own experience,
no inAuence could be suspected from visual inspection,
but both sets were however considered in the analysis.

III. LEED ANALYSIS

A. Dn the calculations

A layer-by-layer Korringa-Kohn-Rostoker (KKR) pro-
gram fitted with a layer-doubling routine (LDM) was em-
ployed for the LEED calculation. "' High Pt content
coupled with small interlayer distances (~ 1 A) made
compulsory a check of convergence in the LDM stacking
in the case of PtsoNi&o(110). In the present study, the
bulk Pt concentration is much smaller, and visual com-
parison of LEED spectra with corresponding ones of
Ni(110) (Ref. 13) allowed us to conclude qualitatively to
an overall low-Pt concentration in the selvedge. More-
over, on Ni(110), the contraction of the first interlayer
distance is much smaller than that of Pt5oNi5o(110),
(
—

S%%uo instead of —
19%%uo) As a .consequence, a posteriori

confirmation is given by our Anal conclusions, we es-
timated LDM could be used safely for the surface under
analysis.

Assuming a random occupation of the lattice sites, the
Pt-Ni alloy can be represented by averaged nickel-
platinum scatterers, each surface layer being given its
particular concentration. ' ' At each layer, the LEED
scattering amplitudes are calculated within the
averaged-t-matrix approximation (ATA), ' since the
sliced ATA fits in with the KKR approach. The scatter-
ing amplitudes are derived from linear muon-tin orbital
(LMTO) potentials and platinum is treated relativistical-
ly. Up to ten phase shifts were included in the whole
course of the study. The inner potential Vz(E), which is
energy dependent, is assumed to be identical for all layers
and is allowed to be shifted rigidly by AV~, as usual in
LEED. The absorptive potential, V, (E), and the Deby.e
temperature were given the values used in previous
works. "'

B. Parameters

The principle of the search for a surface structure con-
sists in fitting the parameters of a structural model, sam-

pling narrower and narrower areas centered around the
estimated best solution by means of denser and denser
grids. The model involves a bulk having the nominal pla-
tinum concentration, topped by surface layers whose pa-
rameters C; (platinum concentration of layer i) and d;;+,
(interlayer distance between the ith and the (i + 1 )th lay-
er), i =1,2, 3, are allowed to vary, as well as the inner po-
tential shift b Vz. The curves resulting from LEED cal-
culations are compared to experimental data via five
different metric distances for which a full description has
been given previously D1, D2, D4, D2y, D4y. The
metrics D2y and D4y were included in the last step of the
analysis only. All the combinations of parameters which
can be obtained within the framework of the chosen grids
are systematically examined against each metric distance
as to minimize it and do determine the best set of param-
eters.

C. Search for an optimum model

The LEED analysis was performed in three successive
steps. In the first step, we restrict ourselves to normal in-
cidence data to find out approximately what the segrega-
tion profile is, covering the whole range of concentration
for the two outermost surface layers. The crystal is as-
sumed to be bulklike from the third layer on and we use
the loose grids of Table I for the concentrations C& and
C2. According to the usual behavior of the fcc (110)met-
al faces' and to the similarity between Ni(110) and
Pt, ONi9O(110) spectra, the first interlayer spacing was sup-

C2 (at.%Pt)
50 50

70

90

FIG. 3. Metric distance D& contour plot, for normal in-
cidence data, showing a unique minimum in the C&-Cz space.
The relaxations dd» and dd23 are fixed at near-optimum
values. The levels have been chosen according to
[D;„+(D,„D;„)X 2"/100]. D—,„and D;„denote the
maximum and minimum value of the metric distance in the
whole range of parameters.
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TABLE I. Preliminary model of Pt&ONi90(110) determined by LEED and metric distances. Normal-
incidence data only. The optimum parameter values are taken directly from the grid and not interpo-
lated.

Metric
(%)

C)
(at. %)

Step 1

hd)2
(% of db„lk)

Ad23 hVR
{eV)

10(20)90
10-30

10(20)90
50

—19(3)+1

7

—4(2)+ 8
3

—3(1)3
1

Grid
D1 = 14.0
D2 =4.2
D3 =8.7

00(10)50
10
10
10

30(10)70
50
50
50

Step 2
—12(2)—2

—6
—6
—6

—2(2)+ 6
2
0
2

—3(1)3
1

—1

3

posed to be contracted. The relative relaxation Ad, 2 was
varied from +1% to —19%, the latter being the large
value found for Pt50Ni&0(110). Likewise, it was assumed
that the multilayer relaxation is attenuated towards the
bulk. The first step led to the following crude estimates
of the parameters under study: C, =10 to 30 at. % Pt,
C2=50 at. %%uoP t, hd~2= —7%, an db, d2 3=3%. Th eex-
amination of the (C, , C2) charts associated to the three
metric distances, D1,D2,D4, proUed the minimum to be
unique throughout the entire C, -C2 space, as illustrated in
Fig. 3 for the metric D1.

As we kept on optimizing the metrics solely against the
set of spectra recorded at normal incidence, we defined a
second set of shorter grids. In addition, the relaxation
between the third and fourth layers was allowed to vary.
As evident from Table I the optimized values, not inter-
polated, are very consistent from one metric to the other
and are very close to those of the previous step. The
grids to be used in the final calculations were logically de-
duced from these estimates (see Table II). The final op-
timization was based on the entire set of experimental
I( V) curves, which involved six spectra recorded at nor-

cg (at.%Pt)
30 50 60

mal incidence and twelve spectra at 20' incidence along
the [100]azimuth. The result of the LEED analysis is re-
ported in Table II for five metrics (for the two experimen-
tal normal incidence data sets, we do get exactly the same
answer, which is not surprising in view of the very good
agreement of the data, shown in Fig. 2). The geometrical
parameters and concentrations are averaged over the
metrics and the standard deviations follow from the
dispersion among metrics. All five metrics end with quite
small figures, equivalent to what came out from our pre-
vious studies of the same alloy' ' and are significantly of
a good level of agreement. Cuts in the parameter space
are illustrated for the metric D1 in Figs. 3—5. In the
(C&, Cz) plane, the metric shows equal sensitivity to both
concentrations (Fig. 4), while the sensitivity is much
larger to the interlayer spacing than to the concentration

Metric
(%%uo)

Ci C~
(at. %)

Ad l~ Ad23 Ad 34

(% of db„)k)
~VR
(eV)

D1 = 13.32
D2 =3.94
D2y =2.67
D4= 7.99
D4y =4.77

7
12
2.5
6
4.5

51
52
56
51
51.5

—5.4
—49
—4.0
—47
—3.7

3.3
5.5
3.0
3.6
2.8

0.5
—0.5

0.8
—0.5

0.5

1.9
2.5
2.0
3.5
3.5

TABLE II. Surface segregation and multilayer relaxation on
Pt&ONi90(110) by metric optimization on 18 spectra at normal
and off-normal incidence. Average and standard deviations
refer to metrics. Grid: C, =0(5)20 at. %, C2 =30(10)70 at. %,
hdi2 = —8(1)—4%; Ad23 = —2(1)+6%%uo, Ad34 —3(1.5)+3%;
6 VR = —2(1)4 eV.
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Average
standard
deviation

6.4
3.6

Result
52.3 —4.5
2.1 0.7

3.6
1.1

0.2
0.6

2.7
0.8 FIG. 4. Same as Fig. 3 for the overall set of data (normal plus

oblique incidence) in a restricted range of concentration C&-Cz,
around the minimum of Fig. 3.
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cy (gtgoPt)
10

I ~~ l

FIG. 5. Same as Fig. 4 in the Ad»-C& space.

(Fig. 5), which is consistent with the findings of our previ-
ous studies. In both figures, a unique and we11-defined
minimum appears. A visual comparison of experimental
and theoretical spectra, for the optimized structure,

clearly confirms the goodness of the fit (Fig. 6). More-
over the spread among metrics is very small, giving us
good confidence that we are now very close to the best
model.

The first layer is almost pure nickel with only 6.4 at. %%u%

(less than the bulk content, 10%) while the second layer
is strongly enriched, C2= 52. 3 at. %%uo . Th estandar ddevi-
ation appears to be larger for C&, the top-layer concentra-
tion, than for C2. This slightly less good precision on C&
can probably be attributed to the smaller overall scatter-
ing cross section of Pt as compared to Ni, due to much
smaller Pt content in C& than in C2.

The multilayer relaxation turns out to be alternating,
starting with a contraction (hd &2

= —4.5%) followed by a
slight expansion and vanishes on the third layer. This be-
havior is similar to what has been established for a num-
ber of (110) fcc metallic surfaces. ' One would expect re-
laxations intermediate between that of Pt&oNi50(110) (Ref.
5) and Ni(110).' In fact, the first relaxation, —4.5%,
happens to be rather small compared to the strong con-
traction, —19%, found on Pt50Nizo(110) but also smaller
than that of Ni(110), —8%. It is also worth mentioning
that the relaxation attenuation is weaker: for the above-
mentioned surfaces, the absolute value of hdz3 is about
one-half of Ad &2 while in the present case, the damping is
less pronounced. Considering hard-sphere radii from
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FIG. 6. Beam spectra from Pt&&Ni90(110) for near-optimum parameters. (a) Normal incidence and (b) oblique incidence. Calcula-
tion (solid line); experiment (dashed line).
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Pearson's handbook and using the optimum concentra-
tions of Table II, the crystal would exhibit, from the first
layer and inwards, l%%uo contraction and 9.6% expansion,
i.e., very different from the actual situation. In con-
clusion, the measured geometrical relaxations follow from
strong relaxation of interatomic bonds.

A last comment concerns the concentration on the
third layer. Owing to the large value of C2, it would not
be strange that the concentration oscillation propagate
deeper into the crystal. An attempt was made to optim-
ize the concentration within the third surface layer. The
concentration of the two top layers were set at near op-
timum values, 10 and SO at. % Pt, respectively, and C3
was varied from 0 to 50 at. %. The best fit could be lo-
cated in the range 0~ C3 ~20 at. %%uoPt, thoug h th e limit
of the resolution of the analysis was reached.

8 Qo.

0.94

0, 90

0.84

(zo)

I. I7

IV. DISCUSSION

A. Oscillation-segregation reversal: Face-dependent
composition pro6le

Segregation profiles are known for four different sur-
faces of Pt-Ni alloys' ' and a comparison of general
trends is enlightening. In particular, the composition
profile, (Ct, C2)=(6, 52), of the present work resembles
that of PtsoNiso(110), (C&, C2 ) = (0, 95 ): the concentra-
tion oscillates with a large amplitude, and the second lay-
er is strongly enriched with Pt, while C& is less than the
bulk value.

The oscillation appears to be the rule since three stud-
ied (111) faces of Pt Ni, „(x=0.78, 0.5, 0. 10) (Refs. 1

and 2) exhibit the same trend. The most striking feature
is the segregation reversal from the (111)to the (110) sur-
faces. The formers terminate with a Pt-rich top layer and
a Ni-rich second layer while the latters terminate with a
Ni-rich top layer and a Pt-rich second layer.

Although oscillations are known at Ag-Au alloys' for
instance, the Pt-Ni alloy is the first one for which face re-
lated segregation reversal has been reported. Such a be-
havior is a clear warning on the limits of studies on poly-
crystalline samples.

~ I~+I

4J

gw

..0.72

. ...0.72

0.72

tOl)

0.99
~ \ IO \ +

0.96

0.90
I ~~

(lo)

B. Ability of LKED plus ATA
to distinguish among models

In the next section we are concerned with the segrega-
tion profile of Pt Ni, „(110)as a function of the bulk
concentration and this profile is discussed in the light of
theoretical predictions. The relevance of the following
discussion depends on the reliability of the concentration at
surfaces determined by LEED, and it is quite important to
illustrate to which point I.EED coupled ~ith A TA is able
to distinguish among diferent sets of concentration,
(C&, C2). To emphasize how great the sensitivity of
LEED spectra is with respect to changes in the surface
composition, we show, in Fig. 7 the I( V) curves for three
relevant concentration profiles: (i) (C„C2) = (10,10)
which corresponds to a simple truncated bulk; (ii)
(C„C2)=(50,10) as suggested for Pt5ONi50(110) by
theoretical calculations with EAM (Ref. 17), and (iii)

I

~('.
J l
o;g l

50 l50

/
I

.i 0.95
II

I

. '0. 9l„,.0.so
250

Energy(ev)
FIG. 7. Sensitivity of normal incidence calculated spectra

(solid line) to changes in the concentration profile, in compar-
ison with experimental spectra (dashed line) for near-optimum
relaxations: Ad&z = —

6%%uo, hd23=3%. In each panel we show
three significant theoretical models: (a) Ci =10%, C~=10%%uo
(truncated bulk), bottom curve; (b) Ci =10%%u& Cg =50%% (near-
optimum solution at normal incidence), middle curve; (c)
C~ =50%, C2=10% [prediction of TBIM (Ref. 6) and EAM
(Ref. 7)j top curve.
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CtCz=(10, 50), the node of the first grid used herein
which lies closest to our final conclusion. Relaxations
and inner potential shifts are those obtained for the best
fit (Table I). As they are actually significant of the whole
data set, four beams measured at normal incidence are
presented.

The (C„C2)=(50,10) model, prediction of EAM,
clearly shows the worst agreement with measured spectra
and can be readily discarded. The (Ci, Cz ) = (10, 10)
model leads to rather big discrepancies with experimental
curves compared to (Ci, C2)=(10,50). This is particular-
ly true for the (1 1) and (10) beams. This clearly demon-
strates that even changes in the second-layer composition
substantially modify the calculated spectra. Thus, al-
though the fit relies on metric distances, the general
trends can be unambiguously drawn from a visual inspec-
tion. At last, it has to be said that additional
confirmation follows from angular Auger experiments
which yield the same oscillation. '

C. (110)face and metastability

Segregation at alloy surfaces has long since focused the
attention of scientists and a number of theories have been
proposed to explain or predict the composition profiles.
They turned out to be successful for a wide class of alloys
except for some of them, unfortunately of large practical
importance like Pt-Ni and Pt-Fe, for example. ' Among
these predictions, we consider two of them which recent-
ly could account for the actual situation at Pt, Ni, ,(111)
surfaces and are relevant to this paper: the embedded-
atom method and the tight-binding Ising model. All
other empirical theories are set aside as unable to correct-
ly describe the Pt-Ni system for different face orienta-
tions.

I. Summary ofLEED results

The present results are reported in Fig. 8 together with
our previous conclusions on Pts~Ni5o(110). The concen-
tration in the first and second layers are drawn versus the
bulk composition. The predictions of the EAM and
TBIM models are recalled also in Fig. 8.

(i) Let us first emphasize that the limit at 100 at. %%uoPt
concentration is badly accounted for; indeed, Pt(110)
reconstructs with a (1 X 2) superstructure interpreted as a
missing-row geometry. There is thus a singularity in the
concentration profile, (C, , C2)=(50, 100), at the pure Pt
side of Pt„Nit „(110).A crucial point, especially, is the
limit beyond which the alloy reconstructs like pure
Pt(110). It might be that the least Ni concentration is
enough to relax strains and remove the reconstruction as
is often the case with adsorbates: the C, profile would
then be discontinuous at the Pt side.

(ii) The main characteristic is the huge Pt enrichment in
the second layer, simultaneously with a very low Pt con-
centration in the outermost layer. As far as
Pt Nii „(110)is concerned, such a trend agrees very well
with the FAM calculations and could be explained within
the framework of TBIM provided the segregation reversal
it predicts is shifted towards low-Pt bulk concentration
by a large amount.

(iii) In contrast, the predictions for PttoNi9o(110) are re
Uersed with respect to the experimental data. Although
the oscillation comes out from the calculation, the sur-
face sandwich yields a rather rich top layer,
(C„C2)=(50,5).

2. Pt segregation for dilute Pt alloy

The experimental data seem to show, in fact, that C, is
lower than the bulk concentration in the whole range of

Vs=Vb

TBIM

Vs=2Vb

EAM LEED
(1x1) (1x1)

diffuse (1x2)
or c(2x2)

(1x2)

0 40 80 0 40 80 0 40 80

/
layer 2

/

/
/

/
/

/~ layer~1

0 40 80

&, Pt(110)

Cb at.%Pt

(c)

FICx. 8. Variation of the Pt concentration in the first (C&) and second layer (C2) as a function of the bulk concentration (Cb) for
Pt Ni I ( 1 10): C i ( ) C2 ( —). (a) Results from TBIM (Ref. 6) for two different surface-pair-interaction potentials V, . (b)
Results from EAM. Two C2 values only are known for Pt&ONi9O(110) (Ref. 17) and Pt&ONi5O(110) (Ref. 7). (c) Experimental results
from this work and from Ref. 5. The corresponding LEED patterns are indicated at the top. Pt(110) reconstructs with a (1X2) pat-
tern (missing-row model) with 50 at. % Pt sites in the top layer while on the alloy 100% sites are occupied.
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concentration while reversal is expected theoretically. At
the Pts&Niso(110) face, from LEED, the Pt concentration
of the first layer is almost zero and, extrapolating the
trend to PtioNi90(110) would lead to probably less than
1%. However, Ci is seen to increase from 0 to 6 at. %
when the bulk concentration C& decreases from 50 to 10
at. %. We do believe that the accuracy of both LEED
analyses is sufhcient to accept this increase as significant.
It indicates a great modification of the Pt-Ni system be-
havior on the nickel side: the actually observed concentra-
tion C, =6% is of the same order of magnitude as that in
the bulk, C&=10% A.lthough drastically reduced by
comparison with the predictions, a tendency to segrega-
tion reversal versus the bulk composition is found. More
precisely, one should speak of an "anomalous" increase
of C, at low Pt content, as illustrated in Fig. 8(c), even

though two surfaces only have been scrutinized. In that
respect, it is remarkable that a similar behavior is expect-
ed and found for low-copper concentration Cu Ni& al-

loys, as discussed in Sec. IV C4.

3. On the predictions

v/w

0.0

4Q SO

Cb(%at Pt)

FIG. 9. Variation of the surface, V, (circles), and bulk, Vb

(squares), pair-interaction potential (scaled to the bandwidth 8')
as a function of the bulk concentration for a d-band filling nd:
left panel, nd =8 electrons; right panel, nd =9.5 electrons.

have deliberately restricted our point to a constant d-
band filling, but owing to the great sensitiUity of V, and
Vb to this parameter, it is certainly a relevant task to
study the local electronic properties of alloy surfaces in
presence of large segregation effects.

It is probably too early to draw final conclusions and
additional data are necessary to fill up the uncovered re-
gions of Pt bulk concentration. Nevertheless the
discrepancy remains still large between the LEED and
EAM-TBIM results. Apart from the poorly pronounced
increase of C„the discrepancy about C2 has to be ex-
plained. Regarding EAM, one has to be aware that in
the version developed by Lundberg, only bulk properties
are used for determining the parameters of the crystal
and "if surface properties were introduced in a way to
give accurate relaxations for the pure metals, we could
expect an agreement within 1%% for the relaxation of the
alloy. "

As to TBIM, two hypotheses deserve discussion. From
the calculations, it appears that the C& profile versus Cb
is the result of a subtle balance between a size effect
(about 10% diff'erence in Pt and Ni radii) and the pair-
interaction terms. Precisely the size mismatch term is
known for pure Pt and Ni for which the signs are
different, but not for intermediate mixtures. For the al-
loy, the authors interpolate with a sine shape (see Fig. 1

of Ref. 21). This assumption has not been justified and,
owing to the large change including the sign, might intro-
duce spurious distortions in the final profiles. The solu-
tions proposed for dilute concentrations are probably
correct but are questionable in the medium concentration
range. In particular, the point where C, reaches the bulk
value [Fig. 8(b)] could be shifted in one or the other direc-
tion, depending on the actual weight of the size effect.
Similarly, the surface pair interaction V, is proved to
very efticiently alter the shape of the profile. From Fig.
2 of Ref. 22, the general shape of the pair-interaction po-
tential versus the d-band filling is very similar for the
bulk and for the different faces, and weakly dependent on
Cb. However, dealing with a specific case, for instance a
d-band filling of eight electrons, Fig. 9(a), or of 9.5 elec-
trons, Fig. 9(b), V, and/or V& happen to depend critically
on Cb and to vary in a wide range. In this discussion we

4. Segregation reversal and rnetastability

Notwithstanding, it was emphasized that, within the
EAM framework, multiple solutions to the segregation
equations can occur, leading to two branches in the segre-
gation profile versus Cb. One of the branches looks like
the proposed behavior of TBIM [Fig. 8(a)]. The branch
starting on the nickel side is called metastable, the stable
state being the one observed in LEED, the two branches
coexisting in the range C, =30—60 at. %. The concept of
metastability was used by Lundberg since there is quite a
small energy difference from one branch to the other and
since, in the free-energy map (C„Cz),a saddle point ap-
pears between the two minima. Till now, this metastable
state (or rather a segregation reversal versus Ci, ) has not
been observed throughout our studies or in other experi-
mental works by ion-scattering spectroscopy (Ref. 23). In
the case of Pt(110), two states have been observed: the
stable one, where the surface is reconstructed with a
(1 X 2) periodicity and a metastable (1 X 1) phase. As re-
gards the alloy, the stable state corresponds to a non-
reconstructed surface: the presence of two chemical
species with difFerent radii is probably at the origin of this
difference between the pure metal and the alloy. Howev-
er, the existence of a metastability shows up perhaps as a
bump in the C, profile versus Cb. The parallel has to be
made with very recent TBIM predictions by Legrand
et al. For the (110) face studied herein, they show that:
two branches occur in the dependency of the surface con-
centration Ci versus the bulk concentration, C& (see Fig.
10); at low bulk Pt content, 10~ C& ~50 at. %, the sur-
face enriches with Ni; at Cb = 10%, there is a discontinui-
ty in the surface concentration: slightly above Cb = 10%,
C, shows a tendency to increase and reaches the bulk
value at C& =10%%uo. Below 10%, a marked Pt enrichment
is predicted. For the surface studied by LEED so far, the
general trends of TBIM predictions happen to be in close
concordance with our results. One could wonder if such
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FIG. 10. Pt„Ni& (110): prediction of the TBIM model for
the surface Pt concentration, C&, as a function of the bulk con-
centration, Cb', ( ) stable and ( ———) metastable state.
Compare with the LEED results of Fig. 8(c).

D. Surface composition and catalysis

The basic interest of bimetallic alloys is their use in ca-
talysis to promote some specific products, and it is of first
importance to improve the selectivity and activity for a
number of reactions. Selectivity and activity obviously
depend on the electronic arrangement at the surface and
it is quite easy to understand that different geometries
and/or composition in the top layer will lead to different
chemical and catalytic properties.

1. Influence offace orientation and bulk composition

It has been demonstrated that the selectivity and ac-
tivity can be modulated at the (111) face of Pt„Ni& „al-.
loys by changing the bulk composition. ' When C&
varies from 10 to 78 at. % Pt, the surface concentration
increases from 30%%uo to 99%, the geometry being almost
the same but for the lattice parameter improved prop-
erties are found in the range Cb = 10—50 at. %%uo . Similarly,
the orientation greatly influences the catalytic behavior
with respect to the hydrogenation of butadene into bu-
tenes: from the (111) to the (110) Pt50Ni50 surfaces the
activity is improved by a factor of 11 (Ref. 25), which is
really valuable on the economic point of view. A few
more comments come in with the (110) orientation in the
range Cb = 10 to 50%.

a metastability has any incidence on the reactivity of the
surface, or, in other words if, in the presence of some ad-
sorbate, the alloy would behave as platinum surfaces and
show structural instability: during CO oxidation, the
Pt(100) and Pt(110) surfaces reconstruct.

Finally we would like to emphasize that the reconstruc-
tion of Pt(110) has not been taken into account, which in
turn is likely to produce perturbations in the composition
profile on the very Pt-rich side. The additional pieces
which we have brought to the overall comprehension of
Pt-Ni alloys should help significantly to better predict sur-
face segregation through a better knowledge of the
surface pair inte-raction and size mismatch co-ntribution to
the total energy.

(i) In addition to variations in the lattice parameter
with Cb, the vertical spacings vary in a wide range ( —6%%uo

to —19% for b,d&z), from which one can expect possible
changes in the surface electronic properties.

(ii) From our LEED results, the first layer is almost
pure nickel, and the actual modification concerns C2,
which increases from 52% to 95%: Cz can be tuned in a
rather wide range and this effect is certainly not negligi-
ble.

(iii) Because the (110) face is open, atoms in the second
layer become visible for small adspecies, C,H, O, etc. (for
instance, S atoms on a Ni(110) surface are strongly bound
to nickel atoms in the second layer ) and it is likely that
the concentration in layer 2 plays a crucial role in moni-
toring the reactions. Detailed studies in the whole range
of bulk concentration might help improving the already
very good selectivity and activity of Pt5ONi~o(110).

2. Surface 2D ordering and active sites

Up to now, we have neglected the fact that we are deal-
ing with substitutional alloys and we have discussed in
terms of average layer composition. Let us assume that
both species, Pt and Ni, are distributed at random as il-
lustrated in Fig. 11(a), according to their optimum con-
centrations, (C&, C2)=(6, 52). In layer 1, the majority
sites, Ni atoms, are located above a layer containing very
few "isolated" atoms (Pt atoms surrounded by Ni atoms
or vice versa) but rather linear chains several identical
atoms long. There are clearly several types of sites in-
volving layers 1 and 2 leading to possibly different prop-
erties. These configurations can play a role in reactions
as specific catalytic sites or by influencing the electronic
densities at the top-layer atoms. The local environment
might be crucial for molecules needing adjacent sites to
be adsorbed and/or transformed.

In Sec. II, we have mentioned the presence of extra
features in the elastic background, between the bulk
spots: (i) streaks along the [001] direction corresponding
to a (1X2) real space ordering: (ii) c(2X2)-like broad
spots appearing at only rare conditions. Since no con-
taminants could be detected, we are left with the assump-
tion that partial ordering occurs. Two origins can be
called for to explain the ordering: geometrical recon-
struction such as the (1 X 2) missing-row model of Pt(110)
or chemical ordering of Pt and Ni atoms. Such a struc-
ture, where 50% atoms are removed, would produce
drastic changes in the integer-order beams —that we
have considered in our calculations. This is clearly
demonstrated by the differences in the spectra recorded
on the (1 X 2) and (1 X 3) reconstructed Pt(110) surfaces.

This seems far less probable than the other explana-
tion, namely, chemical ordering in layers containing
100%%uo atoms. The second layer just contains the amount
(C2=52%%uo) necessary to produce (1X2) or c(2X2) su-

perstructures. As such, it appears to be the probable ori-
gin of the weak-diffuse streaks rather than the first and
third layers which contain very little Pt atoms. The
streaks are elongated and continuous in the [001] direc-
tion but are rather narrow in the [110] direction. This
means that in the latter, the atomic arrangement is al-
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most periodic while disorder occurs in the former direc-
tion. In other words, the second layer can be viewed as a
set of similar rows with a [110] orientation: these rows
are made of alternating Pt and Ni sites giving rise to the
(1X2) periodicity. However, stacking faults are very
likely to occur from one row to the adjacent one and less
frequently within the row itself as shown in Fig. 11(b).
This distribution contains (1 X 2) unit cells as well as
c(2X2) ones although less frequent. In contrast to the
previous assumption (a totally random distribution in all
layers), Pt and Ni atoms alternate along the [110]rows so
that now, most Pt sites have only Ni first neighbors and
vice versa. Roughly speaking, one type of Pt catalytic
site is present in this case.

The actual picture describing best the actual surface is
more likely the structure of Fig. 11(b), but intermediate
situations cannot be ruled out definitely. However, alter-
nating species along the [110]rows lowers most probably
the elastic energy associated to Pt enrichment in this
second layer, as opposed to long chains of adjacent Pt
atoms. A more detailed analysis of the extra features
visible in the background is required but is out of the
scope of this paper. In that regards, diffuse LEED might
help to distinguish among the various possibilities. To
conclude on this point, it seems that a direct comparison
of substitutional and perfectly ordered crystals would
probably bring in important pieces of information on the
in6uence of 2D ordering in the context of catalysis.
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FIG. 11. Pt Ni, „(110):schematic real-space picture of sur-
face layers having respective concentration (C&, C2 ) = (6,52),
corresponding to the optimum model. (a) Totally random dis-
tribution of species: small Pt and Ni aggregates and chains. (b)
Partially ordered structure: high periodicity within rows in the
[110]direction and random distribution of the rows in the [001]
direction: white circles, Pt atoms in 1ayers 1 and 2; grey, black
circles, Ni atoms in layers 1 and 2, respectively.

V. SUMMARY

We have reported a LEED investigation of the segrega-
tion on the substitutionally disordered alloy
Pt, oNi9o(110), as a crucial test of the occurrence of a
metastable state at Pt„Ni, „(110).The calculations are
performed in the framework of the averaged t-matrix ap-
proximation, using a layer-by-layer program fitted with
layer doubling for the LEED analysis and metric dis-
tances for spectra comparisons. We conclude that the
concentration and interlayer spacing oscillate and are at-
tenuated, from the surface and inwards, over three layers.
The final parameters are

C =6.4+3.6 at. %, dies=1. 206+0.09 A

C =52. 3+2. 1 at. %, d23 = 1.308+0.14 A

C3 = 10+10 at. % d s4
= 1.265+0.09 A

The segregation happens to be reversed with respect to
the (111)face. These results make more general the ten-
dency observed on Pt5oNiso(110) which exhibits a well-
defined Ni-Pt surface sandwich: the (110) face favors Ni
enrichment contrary to the (111) face which enriches
with Pt.

Although the metastable state predicted by TBIM and
EAM is not observed in the LEED experiment, the C&
versus Cb profile exhibits a small increase for dilute bulk
Pt concentration with respect to Cb =50 at. %%uo . Thi spar-
ticular behavior agrees quite well with the one expected
in TBIM calculations and might be the first experimental
evidence of metastability in a segregation process.

In addition to the oscillating concentration, which cor-
responds to a 1D chemical ordering perpendicular to the
surface, 2D ordering is observed parallel to the surface.
This ordering tendency, appearing as features in the
LEED diffuse background, is clearly attributed to a par-
ticular atomic arrangement in the second layer which
contains 50 at. %%uoP t an d5Oat . %Ni . Weconclud e that,
very likely, among different possibilities, a specific active
site is largely predominant. This site is such that Pt
atoms have only Ni first neighbors in contrast with other
sites having one or two Pt first neighbors. This fact has
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certainly important consequences in the context of ca-
talysis.

Our results call for some new investigations: (i) the
problem of reconstruction, in the Pt-rich region, should
be studied in order to find the limit where the alloy starts
to reconstruct; (ii) whether the chemisorption sites are
unique has to be considered; high-resolution electron-
energy-loss spectroscopy as well as thermal-desorption
spectroscopy should valuably contribute; (iii) finally,
diffuse LEED, extended to the alloy surfaces, could yield
much information on the correlations among species in
mixed layers.
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