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The relaxation of the surface P atoms, for both the clean and Bi-covered GaP�110� surface, was studied with
x-ray standing wave �XSW� spectroscopy using surface-sensitive x-ray photoelectron as the XSW modulated
signal. The photoemission signal of the outermost surface layer is mixed with the signal from the remaining
near surface of the underlying substrate, so further analysis is required to calculate the geometry of the
relaxation of the surface atoms. We present a general analysis method for extracting the geometry of the
surface reconstruction that minimizes the propagation of the uncertainties associated with fitting XSW data. It
takes advantage of the fact that the coherent distance may be more accurately determined than the coherent
fraction in XSW data analysis. This method makes use of the electron attenuation length, and shows that the
relaxation is only weakly dependent on the uncertainties of this parameter. Results indicate that, for the clean
GaP surface, P relaxes with a small outward rotational displacement, with the axis of the rotation located at the
second-layer Ga site, whereas, for the Bi-covered case, relaxation consists of a rotation in the opposite direc-
tion. The magnitude of the contraction is not negligible, and might be important in the interpretation of
low-energy electron diffraction data and in ab initio calculations.
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I. INTRODUCTION

X-ray standing wave �XSW� spectroscopy has been
widely employed in the study of the absorbent sites of
adatoms.1–3 It has also been successfully applied to both
clean4 and covered5–7 surface relaxation. XSW relies on the
fact that when an x-ray impinges on a crystalline substrate
near a Bragg condition, the incident beam is strongly re-
flected, and the superposition of the incident and reflected
beams forms an x-ray standing wave that has the periodicity
of the reflecting Bragg planes of the crystal lattice. The in-
tensity of the electric field is no longer uniform throughout
the crystalline unit cell, but depends strongly on the crystal-
lographic position and on the phase of the standing wave.
Because the photoelectron emission from an atom is propor-
tional to the electric-field intensity at the position of its core
�dipole approximation�, the XSW yield �Y� from an atom
under XSW excitation obeys the following relation:8

YH�E,�� � 1 + RH�E,��

+ 2fc
H�RH�E,�� cos��H�E,�� − 2�

Dc
H

dH
� , �1�

where H is the crystal vector of the reflecting Bragg planes,

�H is the phase difference between the incident and reflected
beams, RH is the intensity of the reflected beam �the latter
two are both functions of the energy �E� and angle ��� of the
incident beam�8,9 and dH	1/ 
H
 is the interplanar distance.
The structural information is contained in the coherent dis-
tance �Dc

H� and coherent fraction �fc
H�, which are structural

parameters that can be extracted from the XSW spectra.
They are defined as the phase and amplitude of the Fourier
integral of the distribution function PH�D� over an interpla-
nar distance, with wave vector equal to the Bragg plane vec-
tor, as follows:

�
0

dH

dDPH�D�exp�–2�i
D

dH
 = fc

H exp�–2�i
Dc

H

dH
 , �2�

where D is the perpendicular distance to the closest atomic
plane �i.e., parallel to H�, and the product PH�D�dD is the
fraction of atoms that reside between D and D+dD. The
normalized coherent distance Dc

H /dH can be viewed as an
“averaged” distance in units of the interplanar spacing, so it
can take values between −0.5 and 0.5. The periodicity of the
XSW electric field is equal to the interplanar distance of the
reflecting planes. The coherent fraction then depends on the
spread of positions taken by the atoms of interest in the in-
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terplanar period; its value is maximum �equal to 1� when the
distribution function is sharp, i.e., when all atoms take
equivalent positions; its value is minimum �zero� when the
atomic distribution is constant between the crystal planes. In
principle, it is possible to reconstruct the distribution func-
tion in real space from a large enough number of reflections
�H�, allowing the back transform of Eq. �2�.10 For less com-
plex systems, such as the subject of the present study, it is
possible to model the distribution function in terms of a finite
and small number of parameters, such as the coordinates of
the atomic sites. This allows for the determination of the
geometry with a finite number of Bragg reflections.

In our study, the XSW yield from the P atoms at the
GaP�110� surface was obtained by collecting the P 1s photo-
electron emission. The intensity of the P 1s core line does
not arise exclusively from the P surface atoms of interest but
also from the P atoms that reside in the near surface region,
so Dc

H appears as an attenuation-length-weighted average
�see Sec. III C� of the position of the relaxed outermost layer,
the second layer, and so on. The value of fc

H reflects the
diversity of these positions.11 Surface relaxation studies
therefore require the use of surface-sensitive photoemission
or Auger electron emission that contains an appreciable con-
tribution ��30% � from the outermost layer. To extract the
atomic geometry of the outermost layer from fc

H and Dc
H, it is

necessary to assume that the remaining layers, excluding the
outermost surface layer, from the second layer on, assume
positions that do not deviate significantly from their ideal
bulk sites. This assumption is expected to be a good approxi-
mation for surfaces such as the GaP�110� 1�1 surface that
exhibits only a relaxation rather than a reconstruction. Be-
cause the surface atomic position is reflected in both fc

H and
Dc

H, it carries with it the uncertainties associated with these
parameters. Here, we use a method that avoids modeling fc

H

because the uncertainties associated with fc
H are typically

much larger than those for Dc
H, even in standard XSW mod-

eling. Woicik et al. solved the surface relaxation of InP�110�
with an analysis method that also minimized the effect of
fc

H.4

In the current experiments, we employ core-level photo-
emission as the XSW modulated data. Because the elastic
photoemission intensity arises solely from the direct photo-
excitation caused by the x-ray standing wave field, it is pos-
sible to impose consistency with electron attenuation-length
information. In Sec. III, we present an analysis method that
employs the known values of the electron attenuation length
for GaP, which in addition has the advantage that the final
result is not very sensitive to uncertainties in these values.
We performed experiments to measure the relaxation of
phosphorus atoms for clean and bismuth-covered GaP�110�
surfaces. The method we employed was particularly suitable
for substrate relaxation studies because the results were not
affected by the presence of thin overlayers, so clean and
overlayer-covered surfaces can be unambiguously compared.
This is not the case with other techniques, such as low-
energy electron diffraction �LEED�, which are significantly
more model dependent. We used reflections from three Bragg
conditions to triangulate the position of phosphorus in space.
A XSW triangulation study of the sitting position of bismuth

on GaP�110� has been reported elsewhere.12 Our results are
consistent with the epitaxial-continued layer structure
�ECLS� for group-V overlayer structure on III-V �110�
surfaces.13

II. EXPERIMENTS AND RESULTS

A. Experiment details

XSW experiments were performed utilizing the �200�,
�111�, and �111̄� reflections of GaP�110� on beamline 3-3 at
the Stanford Synchrotron Radiation Laboratory. The photon
energy was scanned across the Bragg condition with a
double crystal Si �111� monochromator. Phosphorus XSW
data were recorded by monitoring the photoemission inten-
sity of the P 1s core level and the KLL Auger line with a
cylindrical mirror analyzer �CMA�. Because both the core
level and Auger peaks ride on top of a background of inelas-
tically scattered electrons, background XSW data were also
recorded and subtracted from the on-peak data. We also si-
multaneously and independently recorded the reflectivity
�RH� and total photoelectron yield �YH

T �. The YH
T was re-

corded by monitoring the total current leaving the sample.
The ultrahigh-vacuum systems had base pressures in the low
10−8 Pa range. The chamber manipulator had one angular
and three linear degrees of freedom. Clean surfaces were
prepared by cleaving outgassed GaP crystals along the �110�
face. All cleaves were mirrorlike. Bismuth-covered surfaces
were prepared by evaporating approximately one monolayer
of Bi as measured by a quartz crystal oscillator, and annealed
at 325 °C for 10 min to desorb any Bi in excess of one
monolayer and to further enhance the interfacial order.14 For
the �200� reflection, the sample surface was at 45° from the

incoming beam, while for the �111� and �111̄� reflections, the
sample surface was facing the beam. In all cases, the �001�
crystallographic direction pointed vertically.

Many peak and background data were recorded in order
to achieve good statistics. The files were then added or sub-
tracted depending on whether they correspond to the peak or
to the background. The photon energy slightly shifted with
time due to the cooling of the monochromator crystals with
decaying stored beam current. The spectra were aligned in
energy by maximizing the correlation between the measured
reflectivity curve of the different files prior to addition �or
subtraction�. For the sample orientation used for the �111�
and �111̄� reflections, the �111� diffracting planes of the Si
crystals in the monochromator were nearly parallel to the

GaP�111� �or �111̄�� Bragg planes.1 While not entirely non-
dispersive, this configuration provided better resolution than
the �200� reflection, which was acquired through back-
reflection geometry.15

B. Results

The experiments performed are listed in Table I. The P
KLL and P 1s data were taken for the same surfaces and
under identical conditions. Figure 1 shows the P 1s XSW
data for the clean and Bi-covered surfaces �see Table I� to-
gether with their best fits. The quality of each fit is represen-
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tative of the quality for all surfaces studied. The reflectivity,
which provides fiducial information on the energy calibra-
tion, energy resolution, and properties of the incident x-ray
beam, is also plotted with the data. The fittings were done
with AXSWA,16 a software that employs a deconvolution
method to subtract the characteristic effects of the incident
x-ray beam from the shape of the XSW signal.17 The ex-
tracted values for the coherent distance and coherent fraction
for all the reflections performed are also displayed in Table I.
The coherent distances are in units of the corresponding in-
terplanar distance. The origin was chosen as the location of
the crystallographic P site. The x-ray atomic structure factors
were obtained utilizing the softwares ABS �Ref. 18� and XOP

�Ref. 19�.
As shown in Table I, the values of the coherent fraction

corresponding to P 1s and P KLL were similar in each case.
This suggested that the nondipole photoemission effects
were not significant. These effects are small in general, and
were further reduced due to the angular integration of the
CMA and the low energy ��2.5 keV� of the x rays employed
in each experiment.20–22

The photon energy of the incoming beam was chosen to
maintain the kinetic energy of P 1s photoelectrons lying in
the 50–200 eV range. In this way, the attenuation length of
the outcoming P 1s photoelectrons is minimized.23 As shown
in Sec. III B, for the range of electron energies mentioned,
the contribution to the photoemission peak signal from the
atoms located in the outermost layer is appreciable ��58%
for the �200� configuration and �60% for the �111� and

�111̄� configurations�. The remaining signal comes from at-
oms located beneath the first surface layer, i.e., in the near
surface. No surface-sensitive core level was available for Ga
for the photon energies used in the experiments, so the Ga
relaxation was not determined.

Phosphorus bulk sensitive data �KLL Auger line� were
also collected. As shown in the following section, systematic
errors in the data analysis could be eliminated by comparing
the two sets of data, one containing information on the sur-
face relaxation, and the other from atoms at the remaining
bulk positions. The effective attenuation length for P KLL
electrons �1850 eV� is �32 Å,24 so the contribution of the
outermost layer to the total signal is on the order of 15%.

C. Compared coherent distances between
the P 1s and P KLL data

The analysis results for the coherent distances for the P 1s
experiments were close to zero �see Table I�, which alone
implies small relaxation; however, the P 1s coherent dis-
tances were consistently larger than the coherent distance of
P KLL for the clean surface. The opposite was observed for
the P 1s coherent distances in the presence of the Bi over-
layer, which were consistently smaller than those corre-
sponding to P KLL. This implied expansion in the clean sur-
face case, and contraction in the Bi-covered case.

Errors in the values used for the structure factors may
introduce errors comparable to the deviations of the P KLL
coherent distance from zero. Notice that the photon energy is

TABLE I. Experiments performed and fitting results. Also displayed are the final kinetic energy of the
P 1s photoelectrons as well as the corresponding effective attenuation length �EAL�.

Clean surface Bismuth covered

P KLL P 1s P KLL P 1s

�200� Sample
1

Dc 0.019 0.023

fc 0.86 0.87

EK, EAL 1850 eV, 32 Å 125 eV, 4.3 Å

Sample
2

Dc 0.016 0.024

fc 0.88 0.90

EK, EAL 1850 eV, 32 Å 125 eV, 4.3 Å

Sample
3

Dc 0.007 0.019 −0.005 −0.02

fc 0.81 0.83 0.86 0.84

EK, EAL 1850 eV, 32 Å 125 eV, 4.3 Å 1850 eV, 32 Å 125 eV, 4.3 Å

�111� Sample
1

Dc 0.001 0.004 −0.008

fc 1 0.99 0.97

EK, EAL 1850 eV, 32 Å 170 eV, 5 Å 170 eV, 5 Å

Sample
2

Dc 0.001 0.003

fc 1 1.01

EK, EAL 1850 eV, 32 Å 170 eV, 5 Å

�111̄� Sample
4

Dc −0.004 0.008

fc 0.94 0.934

EK, EAL 1850 eV, 32 Å 165 eV, 5 Å
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within 200 eV of the P 1s edge. The atomic structure factors
are strong functions of energy near an absorption edge and
are therefore theoretically less reliable. The difference be-
tween the coherent distance of the P 1s measurements and
the coherent distance of the P KLL measurements was be-
lieved to help better avoid systematic errors. The differences
were small, but still detectable by eye in the raw XSW data
�see Fig. 2�. The software AXSWA allows for a direct deter-
mination of the difference in Dc

H by simultaneously fitting
the spectra for P 1s and P KLL.16 The difference between the

coherent distances of the two sets of data was one of the free
parameters, while the other related free parameter was the
average. The results of the analysis are summarized in Table
II.

The uncertainty of the corrected coherent distance was
assessed from the level of reproducibility of the results, and
is displayed in the column for the averaged values in Table
II. For the experiments that were done once, the uncertainty
was chosen as the largest value. As shown in Sec III A, the
values of the coherent fraction were not employed in the
relaxation calculations.

III. ANALYSIS AND DISCUSSION

A. Modeling the distribution function and solving for the
geometrical parameters

The position of bulk atoms in perfect crystals is periodic,
holding positions corresponding to the perfect lattice per-
turbed only by temperature vibrations. The termination of a

TABLE II. Differences in the coherent distance �Dc
H� between the P 1s and P KLL XSW data in inter-

planar units. The last column shows the results for DS
H obtained through Eq. �8�.

H �Dc
P 1s−Dc

P KLL� /dH Averaged DS
H /dH

Clean surface �200� 1 +0.004

�200� 2 +0.008 +0.008±0.004 +0.019±0.009

�200� 3 +0.012

�111� 1 +0.0025 +0.002±0.001 +0.005±0.002

�111� 2 +0.0022

�111̄� 4 +0.012 +0.012±0.004 +0.026±0.009

With Bi �200� 3 −0.015 −0.015±0.004 −0.035±0.008

�111� 1 −0.008 −0.008±0.004 −0.017±0.008

FIG. 1. P 1 s XSW data and theoretical fit for the �200� reflec-
tion for a clean surface �sample 1�. The bottom curve is the
reflectivity.

FIG. 2. Comparison between the P 1 s and P KLL XSW signals.
The shift, although small, was visible from the rough data. The
experimental reflectivity curves were stacked one on top of the
other.
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crystal induces relaxation, which is larger for the substrate
layers closer to the surface. The complete determination of
this relaxation, and how it is changed by the presence of an
overlayer, is an extremely difficult and important problem. In
this analysis, it was considered that only the last substrate
layer deviates from the ideal lattice positions, an assumption
that is supported by LEED studies.25 As mentioned earlier,
the LEED pattern for both the clean and Bi-covered GaP
surface held a �1�1� symmetry, implying that the deforma-
tion was only a relaxation of the surface atoms. Thus, the
problem was reduced to finding the relaxation coordinates of
the surface �1�1� unit cell.

Because the P 1s signal recorded had contributions from P
at the surface layer ��60% � and from the rest of the P in the
crystal ��40% �, two positions—the relaxed outermost sur-
face layer and the bulk—were considered in the distribution
function. Ignoring thermal vibrations, the distribution func-
tion can be written as follows:

PH�D� = �	�D − DS
H� + �1 − ��	�D − DB

H� , �3�

where � is the fraction of the signal coming from the outer-
most P atoms, and DS

H and DB
H are the distances of the sur-

face and bulk atoms from the local Bragg planes. Because
the bulk P position DB

H is known �equal to zero�, the problem
was reduced to finding DS

H. This was done independently for

the �200�, �111�, and �111̄� Bragg reflections. These three
vectors are noncoplanar, so it was possible to triangulate in
space the coordinates of the relaxed surface atoms.

The parameters of the distribution function �Eq. �3�� are
related to the coherent distance and coherent fraction by Eq.
�2�. By performing the integrals, we obtain

fc
H = ��1 − ��exp�− 2�i

DB
H

dH
 + � exp�− 2�i

DS
H

dH
� , �4�

and

Dc
H =

dH

2�
arctan

�1 − ��sin�2�
DB

H

dH
 + � sin�2�

DS
H

dH


�1 − ��cos�2�
DB

H

dH
 + � cos�2�

DS
H

dH
 .

�5�

Equations �4� and �5� comprise a complete set for each re-
flection H, and can be inverted to obtain the values of � and
DS

H from the experimental values of the coherent fraction
�fc

H� and coherent distance �Dc
H�. However, as mentioned in

the Introduction, we avoided employing the fc
H because of its

larger uncertainty. An alternative method was to estimate �
using tabulated values of the escape depth. There is extensive
literature about the escape depth of electrons as a function of
kinetic energy.24,26 Equation �5� involves the coherent dis-
tance Dc

H, but not the coherent fraction fc
H. By evaluating �

using electron attenuation-length information, it is possible
to avoid the use of Eq. �4�. In this way, the use of fc

H was
avoided in the determination of the atomic surface recon-
struction.

B. Fraction of the photoemission signal coming from the
outermost P atoms

The elastic P 1s photoelectron peak corresponds to P 1s
core electrons that have not lost energy by electron-electron
collisions. It was shown by Spicer that the probability of
escape without electron-electron collisions �PE� of a photo-
electron generated at position r and excited with energy E is
expressed as follows27:

PE�r� = exp�−
r · n


�E�cos �
� ,

where � is the detection angle normal to the crystal surface
�n=1/�8�220��, and 
 is the attenuation length. The origin
was set at the surface to make r ·n the distance from the

FIG. 3. Fraction of the signal coming from the outermost sub-
strate layer as a function of escape depth. The calculations were
done by integrating Eq. �7� for the angle acceptance of the CMA,
for each of the sample orientations corresponding to the different
reflections.

FIG. 4. Relaxation of the outermost P atoms for the clean and
Bi-covered �110� GaP surface scaled to our results. Also included is
the previously reported geometry of the Bi adatoms �see Ref. 12�.
For visualization, the projected bulk positions close to the relaxed
positions are also drawn.
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generation of the photoelectron to the surface. The fraction
of surface signal ��E ,�� is then given by

��E,�� 	
surface signal

total signal
= 1 − exp� d�220�


�E�cos �
� , �6�

where d�220� is the distance between the atomic planes paral-
lel to the sample surface. As shown by Lindau and Spicer, for
most materials �GaP included� the escape length of electrons
with energy between 50 and 200 eV is between 4 and 10 Å,
so a considerable fraction of the signal arises from the out-
ermost layer.26 An important point is that Eq. �6� is valid
whether or not the substrate surface is covered by an over-
layer, so a meaningful comparison can be done between the
clean and Bi-covered surfaces. Equation �6� was integrated
for the angle of acceptance of the CMA �42.3° ±6° � for
the sample orientations used in the nondispersive
configuration—where the sample faced the beam—and for
the orientation used for the �200� reflection—where the
sample makes a 45° angle with the incoming beam. The
integration was calculated as follows:

� 	 ��E,�� =
� d��1 − exp�−

d�220�


�E�cos �
��

� d�

. �7�

It can be seen in Fig. 3 that the surface sensitivity � for the
sample orientations corresponding to the three reflections
�which were calculated using Eq. �7�� are very close to each
other for all values of the attenuation length 
. There has
been enormous progress in the determination of the attenua-
tion length, and effective attenuation lengths are provided
that account for inelastic as well as for elastic scattering
through the Monte Carlo method. The employed values,
which were determined using Ref. 24, are depicted in Table
I. From the curves of Fig. 3, the corresponding values for �

are 0.58 �P 1s �200� reflection�, 0.6 �P 1s �111� and �111̄�
reflections�, and 0.15 �all P KLL�. From the flat slope of the
curves in Fig. 3, uncertainties in the attenuation length intro-
duced small uncertainties in �, and did not contribute signifi-
cantly to the overall uncertainty.

C. Determination of the relaxation coordinates

Equation �5� provides the dependence of �Dc
P 1s

−Dc
P KLL� /dH on DS

H. This can be directly seen by rearrang-
ing that equation as follows �with DB

H set to zero�:

Dc,P 1s
H

dH
−

Dc,PKLL
H

dH
=

1

2�
arctan

�P 1s sin�2�
DS

H

dH


�1 − �P 1s� + �P 1s cos�2�
DS

H

dH
 −

1

2�
arctan

�PKLL sin�2�
DS

H

dH


�1 − �PKLL� + �PKLL cos�2�
DS

H

dH
 . �8�

Equation �8� was employed to calculate the values of DS
H

depicted in Table II. A generous range for � would not intro-
duce significant uncertainty in DS

H. Therefore, the most im-
portant contribution to the uncertainty in the value of DS

H

came from the uncertainty in Dc
P 1s−Dc

P KLL.
The coordinates of the relaxation can be obtained by tri-

angulating the results of DS
H. The coordinates of the recon-

struction, as defined in Fig. 4, depend on DS
H as follows:

X = �DS
�111�/d�111� + DS

�111̄�/d�111̄�

�8
−

DS
�200�/d�200�

2
al,

Y =
DS

�111�/d�111� − DS
�111̄�/d�111̄�

2
al, �9�

Z =
DS

�111�/d�111� + DS
�111̄�/d�111̄�

�8
al,

where al is the lattice constant. For the clean surface, all
three reflections were performed and the three coordinates of

the phosphorus reconstruction could be directly obtained
from Eqs. �9�, and are displayed in Table III. It was reassur-
ing that the value for X was within 0.01 Å from the expected
value of zero �the �1�1� LEED symmetry is consistent with
a zero relaxation or with two equivalent opposite displace-
ments that would anyway average to zero�.

The �111̄� reflection was not performed for the Bi-covered
surface. However, it was possible to solve Eqs. �9� by assum-
ing a zero displacement in the �1̄10� direction �X=0�. The
results are shown in Table III. Figure 4 shows the P relax-
ation scaled to our results. For the clean surface, the relax-
ation is a small counterclockwise rotation, while for the cov-
ered surface, it is a rotation in the opposite direction. Also
included are the positions of the Bi atoms. They were deter-
mined previously in a related work.12 There are not theoret-
ical results for the Bi/GaP system; however, the result is
consistent with theoretical calculations of the ECLS model
of a monolayer of Bi in other III-V �110� surfaces.28

The magnitude of the contraction of the P outermost at-
oms induced by the presence of Bi was not negligible �about
0.2 Å deeper than for the clean surface, see Fig. 4�. This
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might be of importance to the calculations performed to in-
terpret LEED measurements, as well as ab initio calcula-
tions. The capability of measuring such contraction directly
is unique to XSW.

D. Comparison to other techniques

Also displayed in Table III are the results from LEED
experiments25 and first-principles pseudopotential �FPP�
calculations29 for the relaxation of P for the clean GaP�110�
surface. No comparison could be made for the covered sur-
face. In comparing with other techniques, it should be kept in
mind that the XSW technique is sensitive to the displacement
of the surface atoms relative to the ideal crystal lattice, and

other techniques might be more sensitive to displacements
relative to the previous layer. Both LEED and FPP papers
reported the relaxation results in terms of the relative dis-
tance between the atoms and between the layers. Those re-
sults had to be transformed into absolute displacements to be
compared to the XSW results. Both works assumed a zero

displacement in the �1̄10� direction.
The XSW results compare to the LEED results for the

displacement perpendicular to the surface �Z�, although the
agreement is not as good for the displacement parallel to the
surface �Y�.

IV. CONCLUSIONS

The relaxation of surface P atoms for the clean GaP�110�
surface, as well as in the presence of a Bi overlayer, was
triangulated by the XSW technique using surface-sensitive
electron detection. The method presented for measuring the
position of P surface atoms for the clean GaP�110� surface
was directly applied to the Bi-covered surface, so the effect
of the Bi overlayer on the substrate relaxation could be un-
ambiguously determined. For the clean surface, the P relax-
ation was a small outward rotation with its axis centered at
the position of the second-layer Ga atom. The effect of the Bi
overlayer on the P relaxation was a small inward rotation.
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