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Determination of the position and vibrational amplitude of an adsorbate
by means of multiple-order x-ray standing-wave measurements

M. J. Bedzyk' and G. Materlik
Hamburger Synchrotronstrahlungslabor at Deutsches Elektronen-Synchrotron, D-2000 Hamburg 52, Germany

(Received 10 January 1985)

For a submonolayer of Br atoms adsorbed onto a real Ge(111) surface, x-ray interference fields were
used to determine the Br position with respect to the substrate (111) and (333) diffraction planes. The
results from both the (111) and (333) measurements are consistent with the onefold-atop-site surface
model. The increase in local sensitivity from using the (333) diffraction planes also enabled us to demon-
strate the use of x-ray interference fields for determining the vibrational amplitude of an adsorbate.

The possibility of using x-ray interference phenomena to
study the bonding geometry of surface adsorbates has re-
cently been demonstrated by using dynamical diffraction in
both the Bragg' and Laue geometries. As shown in these
demonstrations, an x-ray standing-wave field can be created
in the surface region of a single crystal by the interference
between two coherently coupled plane waves. The antinodal
planes in this interference pattern are parallel to and have
the same periodicity as the acting diffraction planes. Most
importantly, the phase of the standing-wave field relative to
the diffraction planes can be adjusted by changing the rela-
tive phase between the two plane waves. Thus the position
of an adsorbate can be measured, relative to the substrate
diffraction planes, by monitoring a characteristic fluores-
cence signal from the adsorbate, while moving the
standing-wave field continuously across the atomic planes.

The high intensity of synchrotron x radiation (SXR)
proved to be an essential requirement for the Laue-case
measurement, since an x-ray interferometer is needed to
generate the two coherent and independently traveling wave
trains that impinge on the analyzed surface. For the Bragg
case, there are certain favorable measurements that can be
carried out with a conventional x-ray source, but the neces-
sary measuring periods of at least 10 h are rather long for
performing systematic surface studies. With the high brilli-
ance of SXR, such favorable measurements can be reduced
down to minutes.

Until now, standing-wave measurements on surface ad-
sorbates have used only the fundamental diffraction planes.
By going to higher-order harmonics, the spatial periodicity
of the excited standing wave field is reduced and therefore
one is able to obtain higher-order Fourier components for
the spatial distribution of the adsorbate atoms. This addi-
tional information is necessary for completely describing the
adsorbate distribution, when there is more than one pre-
ferred position, and for measuring the kinetics of an adsor-
bate atom in terms of its vibrational amplitude. In our
present investigation we have used two reflection orders for
a Bragg-case x-ray standing-wave analysis of the Br/Ge(111)
surface adsorbate system.

Prior to Br deposition, the symmetrically cut Ge(111)
sample crystal was Syton polished and etched in hydrofluor-
ic acid. The sample was transferred into a 0.05% by volume
Br methanol solution and treated with a Br-methanol non-
abrasive-pad polishing procedure followed by a thorough
rinse in methanol. The sample was then kept in a dry-
nitrogen atmosphere until the end of the measurement.
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FIG. 1. Br/Ge(111) x-ray spectra collected with a Si(Li) detector
(shown in inset). Spectra (a) and (b) were accumulated in angular
intervals 15 and 8 of Fig. 2, respectively.

The experiment was carried out with the x-ray standing-
wave setup installed at the ROEMO instrument4 of the
Hamburg Synchrotron Radiation Laboratory. Using the tu-
nability of this instrument, the measurements were per-
formed at an optimal incident photon energy just above the
Br E absorption edge. This choice in energy, partially re-
duced5 the overpowering influence of the Ge Kn and KP
fluorescence (at 9.9 and 11.0 keV) relative to the Ka
fluorescence yield (at 11.9 keV) from the Br. As illustrated
in Fig. 1, a double crystal monochromator was used to
prepare the incident plane wave for the sample crystal. The
indicated combination, of a symmetrical first crystal and an
asymmetrical second crystal, reduces the angular emittance
range and allows one to detune unwanted higher-order har-
monics from the output beam. Such a detuning was used
for the Br/Ge(111) experiment. For this measurement a
pair of Si(111) single crystals were used in the monochro-
mator, with an asymmetrical angle of qh

= 7' for the second
crystal. At the selected energy of E„=13.7 keV, the angu-
lar emittance range from the second crystal was 5.6 p, rad as
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compared to 44.3 p, rad for the acceptance angular range of
the Ge(111) sample crystal.

As the Ge sample crystal was repetitively rocked7 in angle
8, the reflected intensity, as -monitored by the NaI detector
shown in Fig. 1, and the fluorescence spectra, were collected
in a multi-spectrum-scaling mode, which subdivided the an-
gular scan range into 16 equally spaced intervals. Spectra
(a) and (b) in Fig. 1 were accumulated in angular interval
15 and 8, respectively, during the 7.5-h Br/Ge(111) experi-
ment. The reflectivity data and Br fluorescence yield data
for all 16 angular intervals of this scan are shown in Fig. 2.

For the Br/Ge(333) standing-wave measurement it was
necessary to eliminate the nearby (444), (555), (777), and
(888) harmonics, as well as the (111) fundamental. Since
asymmetrical detuning, as previously described, was not suf-
ficient, we chose to use a pair of monochromator crystals
with d spacings similar to Ge(333), but with nonmatching
(h, k, l) indices. Thus we used a Ge(440) reflection at the
first crystal and a Si(333) asymmetrical reflection at the
second crystal. With an asymmetrical angle of P = 21.5' and
a selected energy of E~=13.6 keV, the angular emittance
range from the monochromator was 1.3 p.rad as compared
to 9.2 iM, rad for the Ge(333) sample. The corresponding
theoretical curves and experimental data are shown in Fig.
3.

For a perfectly collimated. monochromatic x-ray beam be-
ing Bragg diffracted by a symmetrically cut single crystal and
polarized perpendicular to the -reflection plane, the angular
variation of the E fluorescence yield from a specific type of
atom near the surface is

YH(8) =1+R~+2+RHf, H cos(~H —2mipH)

The angular dependence of Eq. (1} is contained in variables
RH(8) and v~(8), which correspond to the intensity and
phase of the diffracted plane wave relative to the incident.
The phase ~H decreases continuously by m radians when the
crystal is advanced in angle 8 through the total reflection
condition. Since the photoeffect for core e1ectrons is pro-
portional to the E-field intensity at the center of the atom,
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FIG. 3. Experimental data and theoretical curves for the Br K
fluorescence yield and Ge(333) reflectivity vs Bragg reflection angle.

parameters f, H and ipH, in Eq. (1), are the amplitude and
phase of the (h, k, /) Fourier component AH =f', H

xexp( —2ni@~) for the normalized distribution of
fluorescence-selected atoms. f, H and ipH, which are re-
ferred to as the coherent fraction and coherent position,
respectively, are determined from the x2 fit of Eq. (1)' to
the normalized fluorescence yield data as shown in Figs. 2
and 3.

From the Br/Ge(111) data, the coherent position of the
Br atoms with respect to the underlying perfect Ge(111) dif-
fraction planes was determined to be 4~~~ = 0.80 + 0.01.
And from the Br/Ge(333) data, the coherent position with
respect to the Ge(333) diffraction planes was 4333
=0.95+0.03. In Fig. 4 the 4))) and 4333 scales are shown
along with a bulklike Br/Ge(111) surface inodel. This
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FIG. 2. Experimental data and theoretical curves for the Br E
fluorescence yield and Ge(111) reflectivity vs Bragg reflection angle.

FIG. 4. Br/Ge(111) bulklike surface model, showing Br atoms
(0) covalently bonded to Ge(111) surface atoms ( ~) which are in
ideal lattice positions, where d~~~ = 3.27 A and d~,~, ——2.27 A (Ref.
9). The (111) ( — —. ) and (333) ( ———) diffraction planes are
positioned to sense the maximum in the x-ray scattering electron
density.
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model assumes that monovalent Br atoms saturate the dan-
gling bonds of Ge surface atoms and thus occupy onefold-
atop positions on a locally unreconstructed and unrelaxed
Ge(ill) surface. Using bulk Ge and GeBr4 geometrical
parameters, this model predicts that the coherent positions
would be C&ttt=0. 82 and 4333 0.)6. This is in very good
agreement (difference ( 0.03 A) with our measured
values, ' whereas the threefold bridging sites on this ideal-
ized surface would place the Br atom several tenths of A in-
ward with respect to the onefold position. " The atop-site
bonding geometry is also consistent with standing-wave
measurements2 '2 of the chemically prepared Br/Si(111)
"real" surface and with surface extended x-ray absorption
fine-structure (SEXAFS) measurements'3 ' of the
Cl/Ge(111) and I/Ge(111) "ideal" surfaces prepared in ul-
trahigh vacuum. Note that the inferred adsorbate bonding
configuration from these measurements is identical for both
surface preparations. This is attributable to the high stabili-
ty of this configuration.

The relationship between the two scales shown in Fig. 4 is
defined by the transformation &5333=34&ttt+~ (mod 1).
The fact that our measured 4~~~ and 4333 values obey this
transformation combined with the high coherent fractions
indicates that there is only one preferred position in the
[111[ direction. The measured coherent fractions for the
two separate experiments were f, t t t = 0.78 + 0.03 and
f 333 0.73 + 0.06. For such measurements, the coherent
fraction can be divided into three fundamental factors as
f',,H=CaHDH. In this expression C represents the com-
mensurate (nonrandomly distributed) fraction of Br atoms,
aH is a geometrical factor which equals unity for the case of
one preferred position, and DH is the Debye-Wailer factor
for the adsorbed Br atom in the H direction. In terms of
the mean square of the vibrational amplitude (uH2)

DH =exp( —2n (uH)/dH). Since the commensurate frac-
tion C is approximately the same for both measurements'

and since a t t t = a 333 1 is corroborated by the high f,
values, the Br vibrational amplitude can be determined from
f, t t t and f, 333. From this we conclude that the chemi-
sorbed Br atoms vibrate in the [111] direction with an am-
plitude of (0.067+0.053) A at room temperature. In com-
parison, bulk Ge atoms at room temperature have
Dttt=0. 987 and D333 0.889 corresponding to ((ut'tt) )'
= 0.084 A.

The total coverage of Br on the sample surface for the
two different preparations was determined by comparing its
off-Bragg Br fluorescence yield with a Ge sample with a
known implanted dose of Br. From this comparison the Br
coherent coverage was 0.30 + 0.03 monolayer (ML) for the
Br/Ge(111) measurement and 0.41 + 0.06 ML for the
Br/Ge(333) measurement. These values, which are ob-
tained by multiplying the coherent fraction times the total
coverage, are significantly higher than the Br/Si(111)
coherent coverages of 0.20 ML. '' This increased coherent
coverage can be explained by the slightly larger Ge-Ge la-
teral distance for two adjacent Ge atoms in conjunction with

0
the filled-shell radii of two Br atoms. (d Pto = 4.00 A,
dtto = 3.84 A, and 2r = 3.90 A. ' ) For the bulklike

Br/Si(ill) surface, adjacent Br atoms would slightly over-
lap, thus sterically forbidding the coherent coverage to
exceed ~ of a monolayler.1

In conclusion, the use of multiple-order x-ray standing-
wave measurements with SXR has enabled us to determine
that the structure of Br chemisorbed onto a realistic Ge sur-
face is described by a one-sited Br distribution function. As
demonstrated, this method can also be used for measuring
the vibrational amplitude of an adsorbate atom. Since x-ray
standing-wave measurements have already been carried out
in a temperature-controlled environment, no obstacles are
foreseen for such experiments at higher or lower tempera-
tures.

'Present address: Cornell High-Energy Synchrotron Source
(CHESS) and the School of Applied and Engineering Physics,
Cornell University, Ithaca, NY 14853.
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