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Medium-energy ion-scattering analysis of the Cu(110) surface
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A structural analysis of the interplanar spacing (d) of the Cu(110) surface is reported, using
medium-energy-ion scattering in a channeling and blocking experiment. Evidence is presented for a
model with a multilayer oscillatory change in d with Ad;;=(—7.5£1.5)% and
Ady;=(42.5+1.5)%. These values are in good agreement with those found with low-energy-
electron diffraction but Ad); is larger than that found by previous ion-scattering experiments. The
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model provides excellent agreement between data and Monte Carlo simulations.

I. INTRODUCTION

One of the most important advances in surface crystal-
lography in recent years has been the discovery that the
interplanar spacings between atomic layers at a surface
undergo oscillatory distortions. In most cases studied so
far, the outermost interplanar spacing was found to be
contracted, while the second layer spacing was expanded,
in qualitative agreement with theoretical predictions for
simple metals.! Experimentally, these effects have been
observed both by low-energy-electron diffraction (LEED)
and high-energy ion-scattering (HEIS). While there is
general agreement about the existence and sign of these ef-
fects, quantitative disagreements have sometimes resulted
when different experimental tools have been applied to the
same system. A case in point is the Cu(110) surface, one
of the first systems examined for multilayer contractions,
and one of the few to which both LEED and HEIS have
been applied. Two different LEED investigations>> are in
very good agreement, obtaining a large contraction of the
spacing between the first and second layers (d,,) and
small expansion of the spacing between the second and
third layers (d,3) from the bulk value of 1.278 A (Table I).
It has been suggested” that the agreement between the two
LEED studies was only limited by the choice of an ap-
propriate reliability (R) factor. This was further under-
scored by the spread of values quoted,? obtained by simply
evaluating the same data set with different R factors.
HEIS,* on the other hand, yielded Ad;,=—5.3% and
Ad,3;=+3.3%. These results differ not only in the actual
magnitude of the changes, but there is also significant
disagreement about the rate at which the changes decrease
into the bulk. Theoretical studies of Al(110) have predict-
ed a decrease in the distortion of the interplanar spacing
with a relatively steep decay into the bulk.! It is obviously
important to determine the scale of decay. Also, it is im-
portant to resolve differences between different structural
techniques. We believed therefore that it would be useful
to further investigate the surface geometry of Cu(110) in
order to clarify these points. We report here a medium-
energy ion-scattering (MEIS) study of the surface
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geometry of Cu(110), using channeling and blocking, a
technique not as widespread as either LEED or HEIS. A
careful examination of the Ni(110) surface structure has
been undertaken using MEIS for similar reasons and is
the subject of another paper.’

In MEIS, as in HEIS, the backscattered flux of parti-
cles that have undergone Rutherford scattering® is mea-
sured. The incident beam (in our case, 100-keV protons)
is aligned to a channeling direction of the target. Sha-
dowing by surface atoms then greatly reduces the proba-
bility of collisions with the underlying substrate. In addi-
tion, the particles backscattered by the surface undergo
fewer. quasielastic losses to electrons than those that
penetrate into the bulk. The resulting energy distribution
is therefore dominated by a surface peak composed of
particles that have not penetrated into the bulk. In a typi-
cal MEIS experiment, upwards of half of the detected
ions in the surface peak originate in the first layer visible
to the beam. The principle distinction between the experi-
ments reported below and a typical HEIS measurement is
that we have measured the angular distribution of the
backscattered particles, while keeping the incident beam
fixed in a channeling direction. The angular distributions
are marked by blocking dips, where the surface atoms
shadow backscattered particles from the second and third
layers of atoms. A change of interplanar separation at the

TABLE I. Results for the change in layer spacing (Ad) on Cu
(110).

Ady; (%) Ady; (%) Reference Technique
—10.0 + 1.9 22 LEED
—79 + 1.9 2° LEED
—9.5 + 2.6 28 LEED
—8.5 +2.3 3 LEED
—5.3 + 3.3 4 HEIS
-7.5 + 2.5 Present work MEIS

*The different results were obtained using different R factors on
the same experimental data.
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surface is observed as a shift in the position of the surface
blocking dip away from the bulk crystallographic direc-
tion. Experimentally, MEIS can prove more complex
than HEIS, in part because it involves angle-sensitive
detection to measure blocking. In addition, a low beam
energy optimizes the surface sensitivity, but it necessitates
the use of an electrostatic energy analyzer instead of a
simple solid-state detector.

The strength of MEIS, as well as HEIS, is that it is a
quantitative probe. Since the cross section for Rutherford
scattering is well known in this energy regime, the scatter-
ing yields can be converted to an absolute number of
atomic scatterers per unit area. This makes it possible to
simulate the scattering from an arbitrarily distorted crys-
tal by a Monte Carlo calculation.

II. EXPERIMENTAL

The measurements were performed in an ultrahigh-
vacuum (UHYV) chamber with operating pressures of less
than 2X 107° Torr. The scattering chamber’ was con-
nected to a 200 keV proton accelerator by a UHV dif-
ferential pumping line so that the main vacuum system
demonstrated no increase in pressure with a beam on tar-
get. MEIS depends critically on the ability to accurately
detect both the position and the energy of protons back-
scattered from a sample. Ion energies were measured with
a commercial toroidal electrostatic energy analyzer.®®
The total energy resolution, due to both the spread in in-
cident proton energies and the contribution from the ener-
gy analyzer, was approximately 700 eV for 100 keV pro-
tons. This proved more than adequate for measuring a
well-defined surface peak with little or no background
when the sample was aligned to a channeling direction.
The energy-analyzed ions were detected with channel
plates and a position-sensitive detector which simultane-
ously measured an angular range of 25° yielding an angu-
lar accuracy of ~0.2°.

The backscattered yields were normalized using poly-
crystalline metal samples for random yield spectra. This
calibration was limited by the accuracy of the literature
values for the stopping power of the sample dE /0X used
to evaluate random yields.!"® The number of neutralized
backscattered protons was determined by measuring the
ratio of ions to neutrals with a solid-state detector behind
electrostatic deflection plates. We have used a neutraliza-
tion probability of 22.6%, based on polycrystalline Ni, for
our normalization. Previous MEIS studies have found
similar values and have ascertained that no angular depen-
dence exists in the neutralization probability.!! We be-
lieve that this provides calibration of absolute yields to
about 5%, and calibration of relative yields to a few per-
cent. The beam dose per sample spot was kept below
4 10'% ions/cm?, although no beam-dose dependence was
observed.

The sample was prepared by a combination of mechani-
cal polishing, electropolishing, and a 200-h anneal at
900°C in a hydrogen atmosphere to leach out any residual
sulfur contamination. The sample was then clamped into
a copper holder, which permitted indirect heating by elec-
tron bombardment. It was cleaned in situ by several cy-

cles of Ne* sputtering and annealing. Surface cleanliness
was monitored with LEED and retarding-field Auger
spectroscopy. The annealing temperature was measured
using an infrared pyrometer. The data in this paper were
collected after flashing to ~450°C and allowing the sam-
ple to cool for 1 h to a temperature of approximately
50°C. Data obtained after different annealing conditions
did not show appreciably different relaxations. Once the
sample had been aligned to the channeling direction
(£0.1°) and had been well annealed, it was found that
realignment was rarely necessary after a sputter-anneal
cycle.

Monte Carlo simulations of ion channeling and block-
ing have been described in the past,'? and we will only
point out a few features of the program used in the
present study. We have performed a full crystal calcula-
tion that evaluates channeling and blocking independent-
ly. Our procedure includes a Rutherford term for angular
effects that may occur by focusing during blocking. The
program evaluates the probability of a collision with the
atomic core with the impact parameter necessary to
scatter the ion into the detector. The program makes use
of a one-body isotropic vibration amplitude (u). We have
not included vibrational correlations of any kind in our
calculations. Although correlation effects are doubtlessly
important, in the two-body case it is possible to model
correlation by a renormalized vibration amplitude.”® In
the simulations included in this paper, it was found to be
unnecessary to go to a depth greater than four atoms
along any atomic row (a four- or eight-layer calculation
depending on the geometry). Thus we feel justified in us-
ing a two-body renormalization to approximate full corre-
lations. The strategy of using an uncorrelated vibration,
and then renormalizing to approximate correlations, has
been applied successfully in a previous MEIS study.!! For
the remainder of this paper, the following convention will
be used: All vibration amplitudes will refer to uncorrelat-
ed, one-dimensional values. All calculated Debye tem-
peratures will include an estimated correlation.

III. RESULTS

We have obtained data for 100-keV protons incident in
two different experimental geometries. Figure 1 shows a
top view of the Cu(110) surface indicating the two scatter-
ing planes, as well as side views. _

The first scattering geometry is a (111) plane with chan-
neling in a [011] direction and blocking in a [101] direc-
tion ([011]., [101],). Here, if we were able to confine
the copper atoms to a static lattice, we would find only
the first layer of atoms visible to the incident beam. With
the addition of vibrations the second layer becomes visi-
ble. Consequently, we expect this geometry to be chiefly a
measure of Ad ;.

The second scattering geometry is a (001) plane with
channeling in the [100] direction and blocking in the [010]
direction. With this incidence direction, the ion beam
would hit both the first and second layers of a static lat-
tice, encountering two inequivalent scattering planes. The
plane terminated by the first layer also contains the third
and subsequent odd-numbered layers. The backscattered
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FIG. 1. Views of the Cu(110) surface. (a) Top view. The second-layer atoms are shaded. (b) The (T11) plane, showing channeling
and blocking directions. (c) The (001) plane, showing the two inequivalent scattering planes, one terminating in the top layer, the oth-

er in the second layer.

flux from the third layer will be blocked by atoms in the
first layer. Angular shifts from this plane will contain in-
formation about Ad;;. The second set of planes is ter-
minated by the second layer, and contains atoms in even-
numbered layers. Scattering from this plane will therefore
be a measure of Ad,,. The data from this geometry there-
fore depends on Ad 3+ Ady,.

In order to assess the agreement of the data with the
Monte Carlo simulations, we have used an R factor
analysis. In keeping with earlier work,* a scaled R factor
was defined as follows:

172
R =(100/N) [z(wnx,,t YWY )? |,

where Y, (Yq) is the experimental (calculated) scatter-
ing yield at a particular angle, w is a scaling constant, and
the summation is to be carried out over the N measured
data points in a blocking dip. The scaling constant w was
used to reduce the importance of absolute accuracy in the
normalization of the calculations, and serves to emphasize
the importance of angular shifts. In our final model the
scaling constants for the two geometries are 1.01 and 1.02.
It is possible to calculate an overall R factor for more
than one geometry by summing the R factor over all data
points collected. We will refer to this as a total R factor.
A surface blocking dip for the [011], [101),; configu-
ration is shown in Fig. 2, along with our best-fit simula-
tion. Here the data have already been normalized to the
Rutherford cross section, including an angle-independent
screening term.'* The angular shift from the bulk [101]
direction is —1° (negative numbers indicate a shift to-
wards smaller scattering angles), which would translate to
a contraction of d;, by about 4%, if one were to consider
the scattering from only the first two layers. However,

such a simple analysis neglects the strong contributions
from lower layers that may occur for a surface with a low
Debye temperature. Scattering from deeper layers in the
crystal has the effect of bringing the blocking dip back to
the bulk value, i.e., towards larger scattering angles. Thus
a strongly vibrating crystal may undergo a much larger
contraction than one would expect from just examining
the shift in the blocking dip. The minimum of the sur-
face blocking dip in Fig. 2 is at 1.55 monolayers, signifi-
cantly higher than the 1.35 monolayers found in the same
geometry on Ni(110).°> We attribute this to a higher
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FIG. 2. Blocking dip in the (T11) plane in the geometry of
Fig. 1(b) for 100 keV protons. The bulk blocking direction is at
60°. A contraction will cause a shift to smaller scattering angles.
The solid curve is a Monte Carlo simulation for Ad;=—7.5%
and Ady; = +2.5%.
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thermal vibration amplitude on the Cu(110) surface. If
we were to restrict ourselves to using a single Debye tem-
perature for both the bulk and the surface in fitting our
data, this value would be 0.097 A, much greater than the
value of 0.07 A used for all layers on Ni(110).

In Fig. 3 we present a contour plot of the scaled R fac-
tor for scattering in the [111] plane that was calculated by
use of the Monte Carlo simulation. In this calculation the
scaling constant varied between 0.96 and 1.05. The two
axes are the interplanar spacings of the first two layers. It
can be seen that there is some sensitivity to second-layer
movements in this geometry.

Data from the second geometry, the (001) zone, along
with the Monte Carlo simulation for the best-fit model,
are shown in Fig. 4. The surface blocking dip shows an
angular shift significantly smaller than in Fig. 2, indicat-
ing that Ad;, and Ad,; have opposite signs. In Fig. 5 we
show a contour map of the R factor for the (001) zone as
a function of the first two interplanar spacings. In this
calculation the scaling constant varied between 0.99 and
1.06. The minimum R factor defines a trough that cuts
across the graph. The slope of the trough reflects the fact
that we are measuring Ad 3 and Ad,, with approximately
equal weighting. When attempting to model the crystal
with a single vibration amplitude, these data were best fit-
ted by an amplitude of 0.085 A, somewhat smaller than
the value of 0.097 A found in the [111] plane. The reason
for this difference is that the (001) geometry probes deeper
into the crystal, and hence the vibrations are more bulk-
like.

Obviously, it is unsatisfactory to use different vibra-
tional amplitudes in the two different scattering
geometries. Instead, we have used a model with two vi-
bration amplitudes: a bulk amplitude and a larger surface
amplitude.!! The latter decays exponentially into the bulk
with a decay constant equal to one interplanar spacing.
The best fit for the combination of both geometries is
given by a bulk vibration amplitude of 0.072 A and an
enhancement of the surface vibrations by 55%. The bulk

ADys (%)

FIG. 3. Contour map of the R factor for the (111) geometry
as a function of the first and second interplanar spacings.
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FIG. 4. Blocking dip in the (001) plane in the geometry of
Fig. 1(c) for 100 keV protons. In this plane, both the first and
second layers of the surface are directly visible to the incident
beam. The bulk blocking direction is at 90°. The solid curve is a
Monte Carlo simulation for Ad ;= —7.5% and Ad;;=+2.5%.

Debye temperature of Cu is approximately 320 K. This
corresponds to # =0.072 A for our crystal temperature of
~320 K, assuming a correlation coefficient of 0.3 (Ref.
4). The surface Debye temperature, assuming the same
correlation as the bulk, is then 205 K. Both the contour
maps and the best fits shown in this paper use these
values for thermal vibration amplitudes.

In Fig. 6 we display the total R factor for both
geometries as a function of vibrational enhancement. In
this case, the scaling constant has been confined to 1.00
(i.e., an unscaled R factor). There is a clear minimum for
the enhancement given above. Performing the same
analysis for each blocking dip independently, the data are
best fitted by a 60% enhancement in the (111) plane and
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FIG. 5. Contour map of the R factor for the (001) geometry
as a function of the first and second interplanar spacings.
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TABLE II. Vibrational parameters of selected fcc (110) surfaces, measured by ion scattering.

Bulk Surface Vibrational
Debye Debye Amplitude
Surface Technique Ref. Temp. (K) Temp.? (K) Enhancement® (%)
Ni(110) HEIS 15 375 325 15
MEIS 5 355
Ag(110) HEIS 16 215 149 44
Cu(110) HEIS 4 320 250 27
MEIS 17 315 250 25
MEIS Present work 320 205 55

See the text for details of the way the surface enhancement of the vibrational amplitudes was modeled

in different studies.

50% in the (001) plane, in very satisfying internal agree-
ment.

It is not straightforward to compare our values for the
vibrational enhancements with those found by others
(Table II) due to the different ways such enhancements
have been modeled in the literature. In a HEIS study of
Ni(110) the data were analyzed with a bulk Debye tem-
perature of 375 K and an enhancement restricted to the
first layer of atoms.!> This resulted in a surface Debye
temperature of 325 K, i.e., an enhancement of the ampli-
tude by 15%. In a recent MEIS study’® of the same sur-
face, the data were analyzed with a single Debye tempera-
ture of 355 K. HEIS data on Ag(110) (Ref. 16) yielded an
enhancement of the first-layer vibrations of ~44%, again
using a model where the vibrations of only the first layer
of the crystal were enhanced. Analyses of earlier ion-
scattering experiments on Cu(110) have either used the
same exponentially decaying surface enhancement as in
the present analysis,” or restricted the enhancement to the
first layer only,* just as for Ni(110)." This resulted in
models with enhancements in the range of 25%, not very
different from the results for Ni(110).>!> As discussed
above, there is a strong interdependence between vibra-
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FIG. 6. Contour map of the (unscaled) total R factor as a
function of the first interplanar spacing and the enhancement of
the surface vibration amplitude.

tional amplitudes and the surface specificity of a given
ion-scattering experiment. Therefore, a larger surface
enhancement implies a larger contribution to the ion-
scattering yield from deeper layers, which in turn implies
a larger first-layer contraction for a given angular shift.
We believe that this is sufficient to account for the differ-
ences between the structural models in our work and pre-
vious ion-scattering experiments.*!” In earlier work, re-
stricted to the (111) zone, a lower yield was measured in
double alignment, and was modeled with a smaller change
in d,, keeping d»; fixed.!”

We have calculated the total R factor in Fig. 7. The
minimum of the total R factor plot lies at the intersection
of the two troughs that appear in the contour maps for
the two different geometries. The contours formed by the
total R factor are not, however, circular. There is instead
a pronounced asymmetry in the contours, indicating sensi-
tivity to the sum of the displacements of the first two
layers. This can be expressed as Adi,+Ad,;=—5%.
Similar equations have been obtained in Refs. 5 and 16,
both of which used unscaled R factors and varied the De-
bye temperature.

The final result of the analysis is a model in which the

A Dyz(%)
FIG. 7. Contour map of the total R factor as a function of

the first and second interplanar spacings. The minimum lies at
the best fit for the data, Ad;; = —7.5%, Ady»3=+2.5%.
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first interplanar spacing is contracted by (7.5+1.5)% and
the second interplanar spacing is expanded by
(2.5+1.5)%. A visual assessment showed poor agreement
between data and simulations for models outside of the
stated error bars. The error margins have been estimated
by examining the sensitivity to a 5% change in absolute
normalization. This normalization is the largest source
for errors in the structural model. A change in normali-
zation would imply different vibrational amplitudes and,
in turn, different structural parameters. For example, if
the normalization were to change 20% in the direction re-
sulting in a smaller yield, we would calculate a relatively
small enhancement of the vibrations and a first-layer con-
traction of only about 4%.

IV. CONCLUSIONS

We have performed a structural analysis of the interpla-
nar spacing of the Cu(110) surface, and found evidence
for a multilayer oscillatory relaxation with Ad,
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=(—7.5%11.5)% and Ad,;=(+2.5+1.5)%. Compared
to other results (Table I), the present model is in excellent
agreement with earlier LEED results.>® Our results re-
move the discrepancy between LEED and earlier ion-
scattering results.* The decrease in the amplitude of Ad
with depth is in keeping with that predicted for A1(110).!

We have also found evidence of a large (=~55%)
enhancement of the thermal vibration amplitude on the
Cu(110) surface. Our observation of this enhancement is
a direct consequence of the difference in depth sampled in
the (111) and (001) planes.
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FIG. 1. Views of the Cu(110) surface. (a) Top view. The second-layer atoms are shaded. (b) The (T11) plane, showing channeling
and blocking directions. (c) The (001) plane, showing the two inequivalent scattering planes, one terminating in the top layer, the oth-
er in the second layer.




