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Medium-energy ion scattering combined with shadowing and blocking is used to study the Pt-Ni
alloy surface. By applying three scattering geometries in which different numbers of atomic layers
are visible to the incoming ion beam, the compositions and relaxations of the first three layers of the
crystal are accurately determined. An oscillating segregation profile is found in which (75+2)% Pt
is present in the first layer, (27+3)% Pt in the second layer, and (53+5)% Pt in the third layer. The
relaxations of the first and second interlayer distances amount to (

—2.0+0.5)% and ( —2.0+0.5)%.
An enhancement of the thermal vibration amplitudes in the first three layers is found. The results

support those obtained by other methods and agree with theoretical calculations.

I. INTRODUCTION

The investigation of alloy surfaces is both fundamental-
ly interesting and chemically important. Theoretically,
mechanisms of surface segregation and relaxation are not
yet understood for many, particularly platinum-based, al-
loys. In heterogeneous catalysis there are many impor-
tant reaction mechanisms which need a more profound
understanding. Since nickel is able to crack saturated hy-
drocarbons, while platinum promotes the isomerization
of these molecules, Pt-Ni alloys can be expected to give
interesting variations in selectivity and reactivity for re-
actions involving organic molecules.

Chemisorptive and catalytic properties of Pt-Ni alloys
have been investigated on small particles' and on poly-
crystalline and single-crystalline samples. ' On single
crystals it is found that alloying, for example, increases
the activity for the hydrogenation of 1,3-butadiene, with
a favorable increase in selectivity for the formation of bu-
tenes. Also a difference in adsorption and desorption
rates for H2, C6H6, C4H4, and CO have been measured on
Pt-Ni (111)surfaces. These results called for an inves-
tigation of segregation effects in these alloys.

Surface segregation of Pt-Ni alloys has been studied for
several compositions on two different crystal orientations:
on Pt Ni, „(111) with x =0. 1, 0.5, and 0.78 and on
Pt„Ni, „(110)with x =0. 1 and 0.5. The analysis tech-
niques used were low-energy electron diffraction using
intensity-versus-voltage measurements (LEED I V), -

x-ray photoemission spectroscopy (XPS), ' ' incidence-
dependent excitation for Auger spectroscopy (IDEAS), '

and low-energy ion scattering (LEIS).'

The results can be summarized as follows: for all stud-
ied systems, a large segregation effect is observed with os-

cillating platinum concentrations in the first three —four
layers. On the close-packed (111) surface, the first layer
is strongly enriched in platinum, the second layer in nick-
el, and the third layer slightly in platinum. In contrast,
on the open (110) surface, the first layer contains almost
exclusively Ni atoms, the second layer mostly Pt, the
third layer again more Ni, and the fourth layer still a few
percent more Pt atoms. The effects are less pronounced
on the diluted alloys.

On the theoretical side, several general segregation
studies have dealt with transition metal alloys. They all
unambiguously predicted segregation of nickel, the ele-
ment having the lowest surface free energy. ' Recent-
ly, three more sophisticated approaches have been
developed which have been used on the Pt-Ni system.
These theories also take atom-size differences into ac-
count and use a new potential function. On the (111)sur-
face the prediction of these theories does match the
experiments reasonably well, but on the (110) surface
the situation is more complicated. The embedded-atom
model (EAM) (Ref. 23) predicts a metastable state in the
30—60% Pt composition range, while the tight-binding
Ising model (TBIM) gives a good prediction only for di-
luted alloys. ' The thermodynamic Monte Carlo ap-
proach, which has been successfully applied to many al-
loy surfaces, has recently been applied to Pt-Ni (Ref.
30) and has shown a reasonable agreement with LEED
I Vmeasurements on-both (111)and (110) surfaces.

Only a few techniques are suited for the investigation
of segregation effects in more than one atom layer.
LEED I- V combined with full dynamical calculations can
give a three-layer resolution. " LEIS is only capable of
measuring first-layer concentrations because of the large
cross section for scattering and strong neutralization

42 3253 1990 The American Physical Society



3254 S. DECKERS et al. 42

effects.
Medium-energy ion scattering in combination with

Shadowing and Blocking (MEIS-SB) has proven to be a
valuable technique for measuring surface structures and
relaxations. However, it has been used very rarely in
studies of alloy surfaces ' and to our knowledge no mea-
surements of surface segregation effects have been report-
ed. A full account of the MEIS-SB method is given in
Ref. 32.

In this study, we use MEIS-SB to determine the atomic
composition in the first three layers of the Pto sNio, (111)
surface. In principle, many parameters could be deter-
mined in this experiment: the Pt and Ni concentrations
of the first, second and third crystal layers (denoted re-
spectively as C, ', C, ', C2', C2', C3', and C3'), the values
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of the first and second interlayer distances (D&2 and Dz3)
and the thermal vibration amplitudes of the atoms in the
first, second, and third layers (U&, Uz, and U&). Since
the platinum and nickel data were treated separately,
both nickel and platinum concentrations are used
throughout this work.

In order to uniquely determine all variables, measure-
ments were made in three different backscattering
geometries (Fig. 1). The blocking patterns taken in these
geometries were compared, by means of a y analysis,
with Monte Carlo computer simulations of the back-
scattering experiment for a range of different concentra-
tions, relaxations and vibration amplitudes. A search
was made for the best fit to the data.

The paper is organized as follows. In Sec. II the details
of sample preparation and the MEIS-SB technique are
explained. In Sec. III the results are presented by show-
ing typical backscattering energy spectra and blocking
patterns of the platinum and nickel yields for the three
different scattering geometries. Section IV describes the
Monte Carlo simulations and the search for the best com-
position model, including relaxations and thermal vibra-
tion amplitudes. In Sec. V the results from this analysis
are compared with data from LEED I-V measurements
and with theoretical predictions. Conclusions and sum-
mary are given in Sec. VI.
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FIG. 1. Three different scattering geometries (I, II, and III),
a11 in the (110) plane perpendicular to the Pto 5Ni»(111) sur-
face. (a) In geometry I, the beam is aligned with the [001] rows
which terminate in the first atomic layer. (b) In geometry II, the
beam is aligned with the [112] rows which terminate in the first
and second atomic layer. (c) In geometry III, the beam is
aligned with the [114] rows which terminate in the first three
layers.

II. EXPERIMENT

The experiments were performed in a UHV system
(base pressure of 5X 10 " Torr), consisting of a main
scattering chamber equipped with LEED and Auger fa-
cilities, a preparation chamber with an ion gun for
sputter cleaning and a load lock for introducing samples
into the vacuum system. A detailed description of the
system is given elsewhere. ' Below the sample prepara-
tion and the experimental method are briefly described.

A. Crystal preparation

The Pto ~Nio ~ sample is the same as that studied in
Refs. 4 and 11. X-ray analysis evidenced a random sub-
stitutional alloy having a fcc lattice with a lattice con-
stant of 3.749 A, which is close to the tabulated values
for a 50% Pt —50% Ni composition (see, e.g., Refs. 35
and 36). The surface was x-ray oriented and mechanical-
ly repolished down to a surface roughness of 0.05 pm. It
was checked that the misalignment of the surface orienta-
tion with respect to the [111]direction was less than 0.2'.
The sample was mounted with Ta wires on a Ta holder
which could be heated from the rear side with a filament
biased at a potential of —500 V with respect to the sam-
ple. The assembly was introduced into the preparation
chamber and the sample was annealed for several hours
at 1200 C, in order to remove defects introduced by the
mechanical polishing. The sample was cleaned by cycles
of Ar sputtering (500 eV, 2 pA, 15 min) and annealing up
to 1000'C for 10 min. During the first few cleaning cy-
cles, a graphite overlayer was seen. After several more
cycles and by lowering the annealing temperature (last
anneal at 600'C for 4 min) no carbon was detected (detec-
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tion limit is less than 2% of a monolayer) while the
LEED diagram showed a sharp (1 X 1) pattern.

B. Ion scattering

After the cleaning procedure, the sample with heating
assembly was transferred from the preparation chamber
into the scattering chamber and mounted in a high pre-
cision goniometer providing three independent rotations
and two translations. A beam of 100-keV H+ ians en-
tered the scattering chamber through a differentially
pumped beam line and a set of collimating diaphragms,
and was aligned with an axis of the crystal. Ions, back-
scattered in an angular region of 20' in the (110) scatter-
ing plane were energy selected by a toroidal electrostatic
analyzer and detected on position sensitive channel plates
(the angular resolution is 0.3, the precision of positioning
the detector is 0.05' and the energy resolution, AE/E, is
0.4%). A set of 64 angular spectra covering 20' was mea-
sured simultaneously. During data acquisition, care was
taken not to damage the crystal by moving to a new beam
spot after each 200 pC/cm of beam dose. Measurable
damage occurred after a beam dose of 400 pC/cm, as
seen by a 5% increase in the platinum surface peak con-
tent and an increase of the minimum yi.eld below the
nickel peak.

Data analysis involves the extraction of the platinum
and nickel surface peak areas from the energy spectra at
the different exit angles. With the use of standard cali-
bration procedures ' the surface peak areas were con-
verted into the number of visible monolayers of platinum
and nickel. In this way, angular distributions of the num-
ber of visible atoms ("blocking patterns") were obtained
for the three different scattering geometries, labeled I, II,
and III in Fig. 1. In geometry I, the beam is incident
along the [001] atom rows and a surface peak area of one
visible atom per [001] row is equivalent to one visible
monolayer or 1.6X10' atom/cm (which is the atomic
density in a single Ptc sNic ~(111) layer). In the two other
scattering geometries, II and III in Figs. 1(b) and 1(c), the
beam is incident along the [112] and [114] rows which
terminate in the first two and the first three atomic
planes, respectively. Hence, a yield of one visible atom
per [112] row is equivalent to two monolayers or
3.22X10' atom/cm and one visible atom per [114] row
equals three monolayers or 4. 83X10' atom/cm . The
geometries II and III provide sensitivity to the deter-
mination of platinum and nickel concentrations in the
second and third layers, respectively.

III. RESULTS

The energy spectra reveal a strong segregation effect.
Typical spectra are shown in Fig. 2. Bath spectra were
taken in double alignment, in geometry I along the [110]
exit angle and in geometry II along the [332] direction.
The exit angles are measured with respect to the surface
plane. To allow for a direct comparison of the Pt and Ni
surface peak intensities, the Ni peaks in Fig. 2 have been
multiplied by the ratio of the Pt to Ni Rutherford cross
section ( X7.8). The Pt peak in the spectrum taken in
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FIG. 2. Two energy spectra measured in geometry I (D)
along the [110] direction (54.7' exit angle) and in geometry II
( X ) along the [332] direction [29.5' exit angle, shown in Figs.
1(a) and l(b), respectively]. The Ni peaks are multiplied by a
factor of 7.8 to correct for the difference in scattering cross sec-
tion between Pt and Ni. Both spectra are scaled to equal Pt
peak contents. The energy shift between the two spectra is

caused by a difference in scattering angle. Spectrum II is rnea-

sured with a larger scattering angle and therefore the Pt and Ni

peaks appear at lower energies.
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FIG. 3. Number of visible monolayers of Pt (C) ) and Ni (6 )

atoms vs exit angle, measured in geometry I. The solid lines

represent best-fit computer simulations for the cornpositional
and structural parameters listed in Table I. The dashed curve in

the Pt data represents a simulation for a 5%-higher first-layer
Pt concentration, while the dashed curve in the Ni data
represents a simulation for a 10%-larger thermal vibration arn-

plitude of the first layer. These curves serve to illustrate the
sensitivity to variation of the parameters in Table I. The arrow
indicates the direction of the bulk axis as defined in Fig. 1.

geometry I is much larger than the scaled Ni peak, which
indicates a strong enrichment of platinum in the outer-
most layer. The second layer, however, must be enriched
in nickel, because in geometry II a dramatic increase in
the Ni peak intensity is observed. (For clarity, the spec-
trum for geometry II has been scaled to an equal Pt peak
area as the spectrum taken in geometry I.) Thus we are
led to a segregation model in which the first layer is
strongly enriched in platinum and the second layer is
depleted in platinum.

The measured blocking patterns confirm the oscillating
segregation model. Geometry I (Fig. 3) shows a tlat Pt
pattern which mainly originates from the Pt-enriched
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FIG. 4. Blocking patterns, as in Fig. 3, measured in geometry
II. The dashed curve in the Pt data represents a simulation for
a 20%-lower thermal vibration amplitude of the second layer,
while the dashed curve in the Ni data represents a simulation
for a 10%-larger second-layer Ni concentration.

outermost layer, and a single broad minimum in the
much lower Ni yield. This lower yield evidences a small
nickel concentration in the first layer. The pronounced
Ni blocking minimum and the lack of a corresponding
minimum in the platinum yield reflect the large concen-
tration of second-layer Ni atoms. Since in this
configuration only a small amount of nickel is seen, the
relative contribution of the background becomes of im-
portance, especially between 2' and 4' beside the [110]
direction, where dechanneling and focusing phenomena
play a role. This is reflected in the large errors in the
nickel blocking pattern, not only in this geometry but
also around the [332] direction in geometry II and
around several minima in geometry III. Due to the
larger scattering cross section, no background subtrac-
tion problems occurred with the platinum data.

In geometry II (Fig. 4), the second layer contributes as
much as the first layer; the Ni yield is much increased
and exhibits a pronounced blocking minimum, while
shallow blocking minima are also observed in the Pt
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FIG. 5. Blocking patterns, as in Fig. 3, measured in geometry
III. The dashed curve in the Pt data represents a simulation
with no relaxations in the first and second layers while the
dashed curve in the Ni data represents a simulation for a 10%-
larger third-layer Ni concentration.

yield. For exit angles outside the blocking minima, both
the Pt and the Ni yields are equal to —1 monolayer, pre-
cisely as expected for an average composition of
50%—50%. Thus the percentage of Pt enrichment in the
first layer is roughly equal to the percentage of platinum
depletion in the second layer.

Finally, in geometry III (Fig. 5), a multitude of block-
ing minima is observed, whereas the Pt and Ni yields
both equal —1.5 monolayer in single alignment. The
-0.5 monolayer increase in the Pt and Ni yield with
respect to the yields in geometry II represent the contri-
bution of the third layer which apparently has a composi-
tion close to 50%-50%. %'e conclude that the oscillation
in the platinum and nickel concentrations is essentially
damped out over a depth of three atomic layers.

IV. SEGREGATION PROFILE

The concentrations of Pt and Ni in the first three atom-
ic layers are quantitatively determined by performing
Monte Carlo simulations of the experiment for different
segregation profiles and fitting those to the measured
blocking patterns. The simulation method used is that
developed by Frenken et al. , but modified to account
for the scattering from two different, randomly distribut-
ed, atom types in the crystal. It is assumed that the crys-
tal has bulk properties beneath the third layer and that
the thermal vibration amplitudes of Pt and Ni atoms are
equal at room temperature, even in the surface layers,
where the vibration amplitudes are enhanced (with Debye
temperatures of 225'C for Pt and 425'C for Ni a bulk
one-dimensional root-mean-square thermal vibration am-
plitude of 0.066 A is calculated for both the pure metals).

Theoretical investigations evidence an anisotropy in
the thermal vibration amplitudes of surface-layer
atoms. '" Therefore, the thermal vibration amplitudes
were allowed to be anisotropic, with the component per-
pendicular to the surface three times as large as the la-
teral vibration amplitudes. Also, correlated thermal vi-
brations and connections of ingoing and outgoing trajec-
tories have been considered, but these three effects were
not taken into account in the final calculations, since the
blocking patterns and the best-fit structure parameters
appeared only very little affected by these modifications.

For a particular set of parameters, blocking patterns
were simulated for both elements and for all three
geometries. The resulting six blocking patterns were
compared with the data using a reduced y goodness-of-
fit criterion. A search was made for a cambi ned
minimum in y for all six blocking patterns. A11 parame-
ters were allowed to vary simultaneously within the range
denoted in the first column of Table I. Due to the three
different geometries, the correlations between most pa-
rameters are very small, so that in the final calculations
only four parameters were allowed to vary simultaneous-
ly.

The resulting optimal values for the parameters are
listed in Table I. The errors are calculated from the com-
bined g values. Due to different scattering cross sec-
tions, the uncertainties in the nickel data are larger than
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TABLE I. The results of a search for the best fit between

simulated and measured blocking patterns. The parameters
used in the calculations are the Pt and Ni concentrations for the
first three layers, C, ' and C; ', the enhancement of the thermal
vibration amplitudes of the first three layers, U;, with respect to
the bulk values Ub of 0.066 A, and the changes hD» and hD»
in the first two interlayer spacings with respect to the bulk inter-

0

layer spacing of 2.164 A. This one set of values yielded the best
fit to all experimental blocking patterns simultaneously.
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Cpt
1

CNt
1

CPt
2

CNi
2

CPt
3

CNt
3

40-90
10-60
10-50
50-90
30-75
30-75

75+3
16+5
27+4
71+5
53+6
46+6

U, /Ub

U, «b
U3 /Ub

100-200
100-150
100-120

148+10
121+10
108+10

AD(2/Db
AD23/Db

—6 to 0
—6 to 0

—2.0+1.0
—2.0+1.0

the platinum errors, as is rejected in the quality of the
fits to the nickel data. This difference is taken into ac-
count in the y search.

The main result from these simulations is an accurate
determination of the composition profile. Furthermore,
the damped oscillation of the platinum concentration is
accompanied by a small inward relaxation of the first and
second interlayer distances. The thermal vibration am-
plitudes of the first two layers show a significant increase,
leading to a vibration amplitude for the first-layer atoms
of almost one and half times the bulk value.

MEIS-SB is quite sensitive to changes in any of the pa-
rameters listed in Table I. This is illustrated by the
dashed blocking patterns of Figs. 3, 4, and 5 which
represent calculations in which only a single parameter is
changed and the other parameters are kept fixed at the
optimum values.

Figure 6 demonstrates the high sensitivity of the mea-
surernents in geometry I, II, and III to the platinum and
nickel concentrations in the first, second, and third lay-
ers, respectively. In this figure, g values are plotted
which measure the goodness of fit between experimental
and calculated blocking patterns for a large range of
different concentrations. For each curve in Fig. 6 only
one concentration is changed, with the other parameters
fixed at their best-fit values. Since the analysis was done
separately for the two elements and the three scattering
geometries, six different sets of g values are shown.

The minima for the six sets of g values correspond
with the concentrations presented in Table I. It is seen
that the fits to the Pt data have a lower minimum in g
than the Ni fits. This shows that with our model the
goodness of fit to the Pt data is somewhat better than the
fit to the Ni data. Furthermore, the minimum in y be-
comes more shallow for deeper layers. This causes the
larger error bars for C3' and C3 ' in Table I.

10

20 40 60
Pt concentration (X)

80 100

FIG. 6. g' goodness-of-fit values resulting from a comparison
of the experimental Pt and Ni blocking patterns with calculated
blocking patterns for different concentrations of Pt and Ni. The
curves marked by symbols ( o ) and (~ ) display the goodness of
fit between the blocking patterns measured in geometry I from
Pt and Ni, and the corresponding patterns calculated for a
range of different concentrations C~' and C, ', respectively.
Likewise, the curves marked as ( ) and (+ ) show the goodness
of fit between Pt and Ni blocking patterns taken in geometry II
and the corresponding patterns calculated for different C, ' and

C, ' values. Finally, the curves (6) and (+) display the good-
ness of fit between the blocking patterns taken in geometry III
and the patterns calculated for different concentrations C&' and
CNi

V. DISCUSSION

The most remarkable result of this study is the plati-
num enrichment on the surface, although nickel has the
lowest sublimation energy, ' a well-known criterion to
predict which element will segregate. The inward relaxa-
tion of the first two atom layers is found on many clean
metal surfaces. The enhancements of the thermal vibra-
tion amplitudes are predicted theoretically by Clark
and Masuda. Our values are in close agreement with
their predictions and with other MEIS-SB experiments.
However, the thermal vibration amplitudes are average
values. The enhancements might partly be due to static
displacements of atoms. Yalisove et al. ' have observed
a pronounced "buckling" effect on a Ni-Al alloy surface.
However, the positions of the platinum and nickel block-
ing minima in the second and third geometries do not
differ much. Therefore we conclude that this "buckling"
effect plays a minor role in the Pt-Ni system.

The concentrations and relaxations of the first three
layers of the Pto ~Nio ~(111) surface have also been deter-
mined by other methods and predicted theoretically (see
the Introduction). The results of the different experimen-
tal techniques are shown, together with theoretical pre-
dictions of the embedded-atom method and the tight-
binding Ising model, in Table II.

Both the EAM and the TBIM methods (shown in the
fourth and fifth columns of Table II, respectively) give re-
sults which are close to the MEIS-SB data presented in
this paper (given in the last column of the same table).
The LEED I V(first column) a-nd MEIS-SB results are in
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TABLE II. A comparison of our best-fit values for the Pt concentrations in the first three atomic lay-
ers and the relaxations of the first two interlayer distances with the values obtained from other experi-
mental work [LEED I V-(Ref. 11), IDEAS (Ref. 15) and LEIS (Ref. 17)] and from theoretical calcula-
tions [EAM (Ref. 23) and TBIM (Refs. 24 and 25)]. All values are expressed in %.

cpt
[

CPt
2

CPt

LEED I-V

88+2
9+5

65+10

IDEAS

95+ 10
0+20

LEIS EAM

68
31
56

TBIM

70
43
52

Present work

75+2
27+3
54+5

ED]2/Db
ED23/Db

—1.0+
—2.4+

—5.3
—1.4

—2.0+0.5
—2.0+0.5

qualitative agreement. The oscillatory behavior is found
in both cases and also the inward relaxations are equal
within the experimental errors. The oscillating segrega-
tion effect is more pronounced in the LEED I-V data.

The incidence-dependent Auger measurements
(IDEAS) (Ref. 15) (second column) are in agreement with
the LEED I-V results and not with our ion scattering
data, but the uncertainties in the IDEAS work are much
larger than those of LEED I-V and of MEIS-SB.

Low-energy ion scattering (LEIS) experiments (third
column) confirm the LEED I-V data for the first-layer
concentrations. ' ' They also observe an influence of
the annealing temperature on the first-layer concentra-
tions. However, since in these LEIS measurements no
time-of-flight detection was employed, high ion-beam
doses had to be used, giving rise to considerable sputter-
ing effects and, possibly, to different concentrations.

A possible explanation for the discrepancy between the
LEED I-V data and our results is the different prepara-
tion of the crystal. In the LEED experiments the sample
was annealed up to 1000'C, where in this study only
600'C was used, in order to avoid carbon contamination.
Apart from a possible carbon contamination after the
1000'C anneal, the thermodynamical equilibrium con-
centrations could be difFerent. Evidence for this is given
by high-temperature LEIS measurements by Temmer-
man. '

VI. CONCLUSIONS

Medium-energy ion scattering combined with shadow-
ing and blocking is well suited for studying depth-
dependent surface segregation effects in binary alloys,

provided there is a reasonable mass difference between
the two components (like most platinum-based alloys).
On the Pto &Nio &(111)surface an oscillating segregation is
found, with (75+2)% Pt in the first layer, (27+2)% Pt in
the second layer, and (53+5)% Pt in the third layer. An
inward relaxation is found for the first two interlayer dis-
tances of ( —2.0+0.5)% and ( —2.0+0.5)% with respect
to the bulk values. The enhancements of the thermal vi-
bration amplitudes of the first three layers are found to be
148, 128 and 108% with respect to the bulk values, re-
spectively. The measurements are in excellent agreement
with embedded-atom and tight-binding Ising types of cal-
culations, and are also in qualitative agreement with
LEED I-V studies of this surface. In our measurements a
less pronounced segregation effect is seen than in the
LEED I-V analysis. In particular, a much larger Pt con-
centration in the second layer is found.
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