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Experimental and Theoretical Evidence for a Strong Anisotropy of the Surface
Debye-Waller Factor as Determined for a Monolayer of Cobalt
on Copper (111) by Surface Extended X-Ray-Absorption Fine Structure
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We present here the first determination of the anisotropy of the surface Debye-Waller factor in-
volved in a surface extended x-ray-absorption fine-structure (SEXAFS) experiment. It is deduced
by use of relative temperature-dependent amplitude functions for two different polarizations. The
mean square relative displacements of atoms are calculated with an elaborate lattice-dynamical
model, treated by a continued-fraction technique. The results are in good agreement which shows
the ability of SEXAFS as a valuable tool for the study of surface vibrations.

PACS numbers: 68.35.Ja, 61.10.Lx, 63.20.—e, 78.70.Dm

In the harmonic approximation, the Debye-Waller
factor which governs the temperature dependence of
the damping of oscillations in surface extended x-ray-
absorption fine structure (SEXAFS) is given by
exp(—2k?c?), where k is the photoelectron wave
number and o ,-2 the mean square relative displacement
(MSRD) between the central atom (labeled 0) and its
neighbor j: o= ([(ug—u;) -1o;12), where 1o; is the
bonding direction and u, (u;) the displacement of
atom 0 (j).'? This factor has been studied for bulk
metal both experimentally!? and theoretically.* This
Letter reports the first observations and calculations of
the anisotropy of the MSRD at the surface in the case
of a monolayer of cobalt on the (111) face of copper.
Actually, even though this effect is already present for
clean surfaces,’ the presence of an adsorbed mono-
layer is required for the SEXAFS probe.°

The SEXAFS experiments were performed at the
Laboratoire pour [I’Utilisation du Rayonnement
Electromagnétique (LURE) on the DCI storage ring at
Orsay with a Si(311) double-crystal monochromator.
Measurements were made at a base pressure of
2% 10719 mbar. The copper (111) surface was cleaned
by repeated cycles of argon-ion bombardment and an-
nealing at 800 K; then cobalt was deposited at 300 K.
The quality of the surface was monitored before and
after the evaporation by LEED and Auger spectros-
copy. It has been shown previously’ that cobalt grows
layer by layer under these conditions. Using Auger
calibration, we estimate the coverage to be 1 +0.2
monolayer. The (1x1) LEED pattern of the clean
surface of copper is conserved when the cobalt is ad-
sorbed. In a previous part of this SEXAFS investiga-
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tion,® from the polarization dependence, we have con-
firmed the two-dimensional character of this (1x1)
Co/Cu(111) monolayer system and determined the
surface bulk Co—Cu bond length as 2.47 + 0.03 A and
the surface plane Co-Co distance as 2.51 +0.03 A.
Higher-coordination shell distances fit with expected
fce lattice positions.

The variations of the x-ray absorption coefficient of
the sample were measured above the K edge of cobalt
in the total-electron-yield mode. Experimental spectra
at both 77 and 300 K are shown in Fig. 1(a) and
relevant steps of the EXAFS analysis are displayed in
Figs. 1(b)-1(d). The influence of the temperature on
the damping of oscillations is clearly put forward by
the decrease of their amplitude for large values of k.

The aim of the experiment was to compare the
MSRD of the surface atoms in directions parallel and
perpendicular to the surface. The highly anisotropic
environment of surface atoms, which have lost half of
the bonds perpendicular to the surface, heavily influ-
ences the vibrational modes and one expects vibrations
perpendicular to the surface to have a larger amplitude
than the parallel ones. We will show that SEXAFS
with polarized light gives clear information on both
MSRD.

The expression of the EXAFS modulations X (k) for
an atom in a discrete lattice with a Gaussian pair distri-
bution function is proportional to

23c052(0j) ~2%2%2 —2R,/L
— e
;R

xsin[2kR; +a(k)], (1)
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FIG. 1. (a) Experimental absorption spectra of a monolayer of Co on Cu (111) at the K edge of cobalt at both 77 and 300 K.
The polarization of the light is parallel to the surface. (b) EXAFS modulations [k x(k)] normalized to the height of the edge
jump. The arrows indicate the limits of the cosine window used for the Fourier transform. (c) Fourier transforms of the spec-
tra: The peaks corresponding to the first-, second-, third-, and fourth-nearest neighbors (nn) clearly appear. (d) Inverse
Fourier transform of the first-neighbor peak. (e) Logarithm of the ratio of the amplitudes at 77 and 300 K as a function of k2
for the first shell of neighbors. Points are the experimental data and the continuous line is the linear regression corresponding

to these data.

where R; is the mean distance between the central
atom and the ,jth neighbor, crj2 the corresponding
MSRD, 6; the angle between the jth bond and the po-
larization vector, a(k) the total phase shift, and L the
electron mean free path. It is customary to use this
formula in the interpretation of EXAFS spectra to
determine the temperature dependence of the Debye-
Waller factor in the case of isotropic systems.!
Nevertheless, many systems with a small degree of
disorder can be described with such a formula.” For
disordered systems, it is necessary to take into account
the high degree of anisotropy of the pair distribution
function to obtain correct values of distances and coor-
dination numbers as shown, for example, on Zn2°
(structural anisotropy), on Pt and Ir'® (thermal disor-
der), and on the Ni (100) face.!!

In the case of (1x1) Co/Cu(111), the ratio be-
tween the signal due to the adsorbate-adsorbate dis-
tance and the adsorbate-substrate distance is 9/1.5
when the polarization of the light is parallel to the sur-
face and about 3 when it is at 75° from the surface®:

We thus separate the two different contributions.

Therefore, despite the system anisotropy, it is justified
to use formula (1) for each polarization. Moreover,
since we are working at relatively low temperatures
(77-300 K), we can assume only small deviations
from the Gaussian distribution. This is justified by the
fact that we observe no modification in the frequency
of the EXAFS oscillations between 77 and 300 K [Fig.
1(d)]. Thus, we determine the variation of o2
between two temperatures by the ratio method (anoth-
er kind of ratio method has already been used in SEX-
AFS'?). For each polarization

| Xk T=7715%) ]

X (k, T =300 K)
=2k[a}(T=300K) - (T=77K)], (2)

since all the other factors in Eq. (1) are strictly identi-
cal at 77 and 300 K. The power of this method is due
to the simplicity of formula (2). We do not need any
backscattering amplitudes and phase shifts determined
from a model compound. Furthermore, the possible
presence of some static disorder at the surface could
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damp the EXAFS oscillations and lead to a wrong
determination of the Debye-Waller factor. This em-
pirical procedure eliminates this effect since the static
disorder is maintained when the sample is cooled.

In Fig. 1(e) we have represented In[x(T=77
K)/x(T =300 K)] as a function of k2. The linearity is
well confirmed in the range 10-100 A~ 2 of k2 and jus-
tifies the use of formula (1). The slope of the line
gives the variation of the MSRD parallel to the surface
(Ao?) between 77 and 300 K. Table I summarizes
the results obtained in directions parallel and perpen-
dicular to the surface (Ao} and Ac?) and these can
be compared to those obtained for bulk cobalt and
copper (Ao, and Ac%,) under the same experimen-
tal conditions. Note that the bulk values of Ao, are in
good agreement with previous ones measured in
transmission EXAFS.!3 As expected, there appears a
significant anisotropy in the Debye-Waller factors:
The MSRD of the surface cobalt atoms parallel to the
surface is close to the bulk cobalt one while the MSRD
normal to the surface is significantly larger (Ao?/
Ag? ~1.25).

The present data give in a theory-independent
fashion the temperature-dependent variations of the
amplitudes of the dynamical relative displacements,
both parallel and perpendicular to the surface, around
the atomic positions of the unreconstructed (1x1)
Co/Cu (111) surface. These results are complementa-
ry to those obtained by high-resolution electron-
energy-loss spectroscopy which determines the surface
phonon dispersion curves. The best related results can
be found in the evaluation from LEED of mean square
displacements of surface atoms larger than the bulk
ones.!* Note that this diffraction technique allows an
estimation of absolute mean square displacements
(u?), and so the anisotropy ratios (u?)/(u?) of
LEED and /0% of SEXAFS cannot be simply relat-
ed: Beni and Platzman? have shown that the displace-
ment correlation function which must be considered in
EXAFS is of the same order of magnitude as the mean
square displacement of atoms.

We have tested the generality of the above results
by performing a calculation in the harmonic approxi-
mation, using a rotationally invariant lattice-dynamical

TABLE I. Theoretical and experimental values of 10°A o2
(in angstroms squared); Ag?=o?(300 K)— ¢2(77 K). In
the theoretical designation of the bond type, B denotes bulk
and S, surface.

Theory Experiment
Co (B-B), Aok, 2.9 3.8+0.3
Cu (B-B), Acd. 4.7 4.7+0.5
Co/Cu (§-S), Ao} 31 39+0.3
Co/Cu (S-B), Ad? 54 49+0.5
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model involving central forces between first- and
second-nearest neighbors and angle-bending interac-
tions between triplets of first neighbors.!> The force
constants are determined from experimental'® elastic
constants. In view of the small differences of Co and
Cu lattice parameters and because of the above men-
tioned experimental data, we have considered an epi-
taxial cobalt monolayer on the copper substrate.
Therefore, in the case of Co—Co (Cu—Cu) bonds we
use the Co (Cu) bulk force constants and their geome-
trical average for Co—Cu bonds. These are the only
input parameters of the calculations.

The MSRD a—} is given as a function of temperature
by

® max n, (w )

0 %)

Fw
2kgT

o} -1 coth[ , (3)

where o is the phonon eigenfrequency and m is the
mass of a Co (Cu) atom for Co—Co (Cu—Cu) bonds
and twice the reduced mass of Co and Cu for Co—Cu
bonds. n,(w) is the normalized projected density of
modes contributing to the relative vibrational motion.
This ‘‘two site’’ density of modes is obtained analyti-
cally from the continued-fraction method'>!” so that
o can be easily calculated in the whole range of tem-
perature.

Results are displayed in Fig. 2(a). For a pair of sur-
face Co atoms the values are intermediate between
those for bulk Co and Cu, though obviously much
nearer to Co. On the contrary, the value of o; for a
Co—Cu bond is larger than o "X even for Cu. Since
the Co force constants are larger than the Cu ones,
one can wonder if the observed anisotropy is a surface
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FIG. 2. (a) Square root of the mean square relative dis-
placements as a function of temperature for bulk Co and Cu
(dashed lines) and for a surface-surface bond (S-S) and a
surface-bulk bond (S-B) (solid lines) calculated for a mono-
layer of Co on Cu (111). (b) Theoretical (open circles) and
experimental (filled circles) value of Ag?= o2(300 K)
— a2(77 K) for the different systems.
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effect or a simple bonding effect. It is clear that hy-
pothetical Co-Cu bulk would lead to o;(Co)
< 0;(CoCu) < 0;(Cu) and not o;(Cu) < o;(Co/
Cu,S-B) as is the case. Therefore, this effect is clearly
due to the presence of the surface as in the case of
clean Cu,’ and can be understood as follows. Equation
(3) shows that o is directly related to n,(w): In fact,
whereas the density of states for a bond parallel to the
surface is rather similar to the bulk one, it is perturbed
for bonds involving surface and bulk atoms. It is due
to the existence of surface modes which leads to an in-
crease of the weight of the low-frequency modes. This
obviously enhances the value of o; for a surface-bulk
pair. This effect is analogous to that found for mean
square displacements,'* but the correlation between
motions of atoms must be taken into account properly
to obtain quantitative values fo the MSRD.

The calculated Ao = o7(300 K) — o?(77 K) values
successfully compare with the experimental data
[Table I and Fig. 2(b)]. Let us notice that, since the
experiments are performed at temperatures outside of
the range of validity of simpler approaches such as
Einstein or Debye models, the elaborate calculation is
necessary for us to be confident in the numerical
results.

We have unambiguously shown a large anisotropy of
surface atom displacements on the (1x1) Co/Cu
(111) surface by a straightforward analysis of SEXAFS
measurements. So care must be taken in the interpre-
tation of polarization-dependent amplitude ratios and
low-temperature data are more advisable even to
determine geometric parameters. Independent calcula-
tions confirm the power of the technique to give quan-
titative information about the local modes of vibra-
tions. Moreover, the results enhance the confidence
in such calculations to describe clean surfaces.

We gratefully thank the EXAFS group of LURE for
help and discussions and the technical staff of LURE
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1E. A. Stern, D. E. Sayers, and F. W. Lytle, Phys. Rev. B
11, 4836 (1975).

2G. Beni and P. M. Platzman, Phys. Rev. B 14, 1514
(1976).

3R. B. Greegor and F. W. Lytle, Phys. Rev. B 20, 4902
(1979).

4E. Sevillano, H. Meuth, and J. J. Rehr, Phys. Rev. B 20,
4908 (1979).

5G. Tréglia and M. C. Desjonquéres, Surf. Sci. 162, 126
(1985).

6J. Stéhr, D. Denley, and P. Perfetti, Phys. Rev. B 18,
4132 (1978); P. H. Citrin, P. Eisenberger, and R. C. Hewitt,
Phys. Rev. Lett. 41, 309 (1978).

L. Gonzalez, R. Miranda, M. Salmeron, J. A. Verges,
and F. Yndurain, Phys. Rev. B 24, 3245 (1981).

8D. Chandesris, R. Roubin, G. Rossi, and J. Lecante,
Surf. Sci. (to be published).

9P. Eisenberger and G. S. Brown, Solid State Commun.
29, 481 (1979); see also, G. Bunker, Nucl. Instrum.
Methods Phys. Res. 207, 437 (1983).

10D, R. Sandstrom, E. C. Marques, V. A. Biebesheimer,
F. W. Lytle, and R. B. Greegor, Phys. Rev. B 32, 3541
(1985).

1IM. De Crescenzi, F. Antonangeli, C. Bellini, and
R. Rosei, Solid State Commun. 46, 875 (1983).

125 Brennan, J. Stéhr, and R. Jaeger, Phys. Rev. B 24,
4871 (1981); P. H. Citrin, P. Eisenberger, and J. E. Rowe,
Phys. Rev. Lett. 48, 802 (1982); A. Pushmann and J. Haase,
Surf. Sci. 144, 559 (1984).

13W. Bohmer and P. Rabe, J. Phys. C 12, 2465 (1979);
L. Incoccia and S. Mobilio, in EXAFS and Near Edge Struc-
ture, edited by A. Bianconi, L. Incoccia, and S. Stipcich,
Springer Series in Chemical Physics Vol. 27 (Springer, Ber-
lin, 1983), p. 91.

14M. Morabito, R. F. Steiger, and G. A. Somorjai, Phys.
Rev. 179, 638 (1969).

15G. Tréglia and M. C. Desjonqueres, J. Phys. (Paris) 46,
987 (1985).

16Q. Fischer, M. Peter, and M. Steineman, Helv. Phys.
Acta 42, 459 (1969); E. S. Fisher and D. Dever, Trans. Am.
Inst. Min. Metall. Pet. Eng. 239, 48 (1967).

175, E. Black, J. Laks, and D. L. Mills, Phys. Rev. B 22,
1818 (1980).

1275



