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Direct Measurement of Valence-Charge Asymmetry by X-Ray Standing Waves
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By monitoring valence-photoelectron emission under condition of strong x-ray Bragg reflection, we
have determined that a majority of GaAs valence charge resides on the anion sites of this heteropolar
crystal, in quantitative agreement with the GaAs bond polarity as calculated from the Hartree-Fock term
values. In contrast, the valence-charge distribution in Ge is found to be symmetric. In both cases, the
valence emission is found to be closely coupled to the atomic cores.

PACS numbers: 78.70.Ck, 79.60.Bm
Understanding atomic bonding in a solid or film is a
classical problem of solid-state physics. While one of the
most important experimental tools for the investigation of
crystalline solids has been x-ray diffraction, the study of
valence-electronic structure lies at the limit of what x-ray
diffraction can probe [1].

The difficulty encountered in such x-ray diffraction mea-
surements arises from the fact that all of the electrons
within the crystalline-unit cell contribute to the elastic scat-
tering of photons; consequently, the elastic scattering aris-
ing from the valence electrons cannot be experimentally
discriminated from the elastic scattering arising from the
electronic cores. Although detailed valence-charge density
maps have been produced by x-ray diffraction for crys-
tals of low atomic number [2], the methodology by which
this information is obtained is not straightforward; it relies
on the detailed theoretical calculations of the core-electron
density that must be utilized in the complex Fourier inver-
sion of the phaseless intensity measurements.

In this Letter, we examine the behavior of the valence-
photoelectron emission from two covalently bonded crys-
tals with different degrees of ionicity under the condition
of strong x-ray Bragg reflection, i.e., in the presence of the
x-ray standing-wave (XSW) interference field generated
by the incident and diffracted photon beams. Because we
employ an electron analyzer, direct energy discrimination
of this inelastic scattering channel is routine for XSW. Ad-
ditionally, because we track the different electron-emission
profiles throughout the entire Bragg-energy gap [3], it will
be shown that, due to the physical nature of the photoemis-
sion process, the phase of the reflection measured in this
way gives a direct, quantitative measure of the bond po-
larity, i.e., the degree of charge transfer between the atoms
involved in the atomic bonding.

The experiment was performed at the Stanford
Synchrotron Radiation Laboratory using the “Jumbo”
double-crystal monochromator and a standard ultrahigh
vacuum chamber. Back-reflection x-ray standing-wave [4]
electron-emission patterns were recorded in a fixed-angle,
normal-incidence diffraction geometry by scanning the
monochromator and a double-pass cylindrical-mirror ana-
lyzer (CMA) simultaneously through the photon-energy
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range of the crystal Bragg back reflection. The CMA was
operated with x-ray photoelectron spectroscopy slits and
a pass energy of 200 eV to give an electron-energy reso-
lution of �4 eV. The horizontal axis of the spectrome-
ter was aligned parallel to the polarization vector of the
synchrotron radiation, and a pair of InSb(111) crystals
provided the monochromatized photon beam. Fiducial
information on the photon energy, the photon-energy
rocking-curve width (0.7 eV), and control of the sample
alignment was obtained from the reflectivity curves which
were measured simultaneously to the electron-emission
spectra with an I0 grid upstream of the sample. (111),
(111), and �21 21 21� x-ray standing-wave data were
recorded from freshly cleaved Ge(111), GaAs(110),
and GaAs�21 21 0� surfaces, respectively. The sample
geometry was adjusted to make the incident beam normal
to either the (111) or �21 21 21� diffraction planes.

Figure 1 shows the photoemission spectrum from the
Ge(111) surface taken with photon energy hn � 1900 eV.
The emission from the Ge 3d core electrons and the
crystal-valence band are indicated. The valence emission
is composed of the hybridized Ge 4s and 4p valence
states [5].

Figure 2 compares the photon-energy dependence of
the Ge 3d core-level emission with the Ge valence-
electron emission in the vicinity of the Ge(111) Bragg

FIG. 1. Photoemission spectrum from crystalline Ge recorded
with photon energy hn � 1900 eV showing the Ge 3d and
valence-electron emission. The features at lower kinetic energy
are the bulk-plasmon losses of the Ge 3d core line.
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FIG. 2. Photon-energy dependence of the Ge 3d and the
Ge valence-electron emission near the Ge(111) Bragg back-
reflection condition. Also shown is the Ge(111) reflectivity
curve. The lines are the theoretical fits to the data points.

back-reflection condition. These are raw electron yield
curves; they have been scaled only by a constant to make
equal their yield away from the energy of the crystal Bragg
back reflection. The Ge 3d emission shows the character-
istic x-ray standing-wave pattern from this centrosymmet-
ric crystal [6]. The valence emission is startlingly similar,
showing only a small, but significant reduction in XSW
amplitude.

In order to obtain quantitative information, following
standard XSW analysis, these data were fit by the function,

Y � 1 1 R 1 2
p

R F cos�f 2 2pD� , (1)

using the photon-energy offset and photon-energy width
obtained from the fit to the reflectivity. f is the phase
of the standing wave, which is defined through the re-
flectivity R. R is obtained from the dynamical theory of
x-ray diffraction [7]; both R and f are functions of photon
energy.

The pertinent XSW fitting parameters are D, the average
position of the resulting emission relative to the diffract-
ing planes in units of the reflecting plane spacing, and F,
the coherent fraction of emission that arises from D. For
tightly bound core electrons, these parameters are closely
related to the x-ray structure factor; for an arbitrary dis-
tribution of N atoms, D and F may be interpreted as the
phase and amplitude of the charge-density Fourier coeffi-

cient for the
⇀
H reflection [8]:

Fei2pD � �1�N�
NX

n�1

eiH�?r�n . (2)

For the Ge 3d core distribution, D and F are found to be
0.010 6 0.010 and 0.69 6 0.04, respectively [9]. These
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parameters are indistinguishable from the expected val-
ues of D � 0 and F � 0.71 for the ideal, nonvibrating
[10] lattice sites shown in Fig. 3. Note that, for this cen-
trosymmetric reflection, the (111) atomic planes bisect the
Ge(111) double layer; consequently, F is not equal to 1,
but, rather, it is equal to cos�p�4� �

p
2�2 � 0.71. This

reduction in amplitude reflects the spread of positions be-
tween the two identical atoms of the diamond-unit cell,
which are displaced by a quarter of a (111) lattice constant
along the �111� direction.

In contrast to the yield from the Ge 3d core level,
the signal recorded by monitoring the crystal-valence
emission includes components of different origin. First,
there is a contribution from the valence-electron density
of states that resides close to the atomic cores. Next,
there is a delocalized, overlap component that resides
between them [11]. Had our data significantly sampled
this intramolecular region of bonding-charge density, then
the XSW profile would have been dramatically different
from the bulk-XSW pattern shown in Fig. 2. In fact, due
to the large amount of charge that is amassed between
the atoms [12], it was presumed that the amplitude of the
valence-emission pattern would be reduced by a consid-
erable fraction relative to the core-emission pattern [13].
Instead, we have determined D � 0.000 6 0.011 and
F � 0.66 6 0.05 for the valence distribution, which
shows only a small reduction in amplitude relative to
the core spectrum. Paradoxically, these data demonstrate
that little of the valence-electron emission arises from the
delocalized bonding region between the cores.

In order to reconcile our intuition with the experimental
measurement, it is useful to examine the basic physics of
the photoemission process that leads to these emission pat-
terns. From Bethe and Jackiw [14], the differential cross
section of the photoelectric effect due to a monochromatic
plane wave is

ds

dV
�u, f� ~

Ç Z
u�

feik�?r� ˆ́ ?
⇀
= ui d3r

Ç2
. (3)

u and f specify the direction of the ejected photoelectron
relative to the incident photon-beam electric polarization
vector ˆ́ . ui is the initial, bound-state wave function of the
electron, and uf is its final, continuum-state wave func-

tion.
⇀
k is the wave vector of the incident photon field,

which is perpendicular to ˆ́ . For core states at typical

x-ray energies, the product of
⇀
k ?

⇀
r is much less than 1

FIG. 3. Side views of the Ge(111) and GaAs(111) crystal
structures. The (111) atomic planes are indicated.
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whenever ui gives an appreciable contribution to the inte-
gral. Consequently, the spatial part (and more importantly
the direction of propagation of the incident and reflected
photon beams) of the electric field does not affect the in-
tegral; i.e., the electron emission is strictly proportional to
the electric-field intensity at the location of the atomic core
(dipole approximation), and the standard XSW description
[Eq. (1)] applies [15].

Because of the spatial extent of the valence electrons,
this situation will not hold for arbitrary photon energy;
however, because the valence electrons have negligible
binding energy �h̄2k2

f�2m � hn 2 ´b; ´b � 0�, the stan-
dard XSW description becomes a good approximation at
the low x-ray energies. In this case, the final state quickly

approaches an energetic plane wave uf � eik�f ?r� (Born
approximation), and only the spatial region where ui is
rapidly varying will contribute to the integral. As we know
from the success of pseudopotential theory [12], ui has ap-
preciable high-frequency Fourier components only in the
immediate vicinity of the atomic cores. Consequently, it
is the localization of the valence emitter for high kinetic-
energy photoelectrons [16] that is responsible for the
anomalously high, corelike coherent fraction of the
valence-XSW pattern shown in Fig. 2.

In a recent study, Solterbeck et al. [16] performed a
theoretical calculation of the GaAs valence-band density
of states and the resulting photon-energy dependence of
the photoelectron yield. From an analysis of these cal-
culations, they concluded that for photon energies above
1500 eV the valence emission arises predominantly from
a localized region within 0.3 Å of the atomic cores. Us-
ing this calculated spread of distances, we may estimate
[17] the expected reduction in XSW coherent fraction.
The result is �5%, which is in excellent accord with our
experiment.

Having ascertained that the majority of valence-XSW
emission arises from a region close to the atomic cores, we
may use the bond-orbital approximation [5] and Eq. (2) to
construct a model for the valence-XSW emission from the
heteropolar GaAs crystal. In the bond-orbital approxima-
tion, the expectation value of the electronic position

⇀
r is

given by

�⇀
r � �

1 1 ap

2
⇀
r a 1

1 2 ap

2
⇀
r c . (4)

⇀
r a and

⇀
r c are the atomic coordinates of the As anion and

the Ga cation, respectively. ap is the GaAs bond polarity,
which is calculated from the Hartree-Fock term values of
the Ga and As atomic 4s and 4p valence states. Treating
the problem within the context of a two-site emitter for this
noncentrosymmetric zinc blende structure, Eqs. (2) and (4)
lead to the following coherent distance and fraction for
the GaAs valence emission relative to the center of the
GaAs(111) atomic planes:

D � 2
1

2p
tan21�ap� and F �

p
2

2
�1 1 a2

p�1�2.

(5)
Using Harrison’s [5] theoretical prediction: ap � 0.32,
the above equations render D � 20.049 and F � 0.74.

To test this hypothesis, Fig. 4 shows the GaAs data
acquired from the GaAs(111) reflection. Ga 3d, As 3d,
and the GaAs valence-electron emission patterns were
recorded. For the GaAs(111) reflection, the Ga atoms
occupy the top half of the diamond bilayer, and the As
atoms occupy the bottom half, as shown in Fig. 3. This
is easily verified experimentally by the Ga 3d and the As
3d core-level XSW-emission patterns that show the char-
acteristic yield for each site [6]. These sites are displaced
by 1

1
8 (Ga) and 2

1
8 (As) (111) lattice spacings from the

center of the GaAs bilayer. The valence spectrum appears
similar to the average of the two core-level spectra, but
it is shifted significantly towards the As site. Analysis
of the valence data produces D � 20.057 6 0.010 and
F � 0.67 6 0.04. This D coincides with the theoretical
prediction based on the bond-orbital model �20.049�,
while F shows a similar reduction in amplitude from the
ideal-bilayer value as that observed for Ge. (Note that
ap 	 0 for Ge.)

To demonstrate that this result is not an experimental
artifact, we also examined the �21 21 21� emission pat-
terns from the same GaAs crystal. These data are shown
in Fig. 5. The positions of the Ga and As atoms are now
reversed, as seen from the core-level spectra. Once again,
the valence emission pattern is close to the average of the
two sites, but it is skewed significantly towards the As
one. Analysis of the �21 21 21� valence data produces
D � 10.068 6 0.015 and F � 0.60 6 0.06. The cen-
ter of the �21 21 21� valence distribution is equal and
opposite (within error) to the center of the (111) valence
distribution as necessitated by symmetry; it also shows a

FIG. 4. Photon-energy dependence of the Ga 3d, the As 3d,
and the GaAs valence-electron emission near the GaAs(111)
Bragg back-reflection condition. The lines are the theoretical
fits to the data points.
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FIG. 5. Photon-energy dependence of the Ga 3d, the
As 3d, and the GaAs valence-electron emission near the
GaAs�21 21 21� Bragg back-reflection condition. The lines
are the theoretical fits to the data points.

similar reduction in amplitude. Together, the (111) and
�21 21 21� valence data produce jDj � 0.060 6 0.008
and F � 0.65 6 0.03. Because we have measured the
coherent position of the valence emission, we may re-
verse the above formalism to determine ap directly from
the XSW measurement. The result is ap � 0.40 6 0.06,
which is remarkably close to the theoretical prediction:
ap � 0.32 [5].

In conclusion, we have examined the behavior of the
valence-photoelectron emission from two covalently
bonded crystals under the condition of strong x-ray Bragg
reflection. We find that the valence emission arises from a
region close to the atomic cores in our x-ray energy range,
with little emission emanating from the bonding region
between the atoms. We have explained this finding by
examining the basic physics of the photoemission process.
Additionally, we have found that the valence-charge
asymmetry caused by the atomic bonding in a solid
may be directly determined by the x-ray standing-wave
technique. Our determination of the GaAs bond polarity
is in quantitative agreement with the theoretical prediction
of the bond-orbital model.

The combination of x-ray diffraction with high-
resolution photoelectron spectroscopy should provide an
experimental method for obtaining simultaneous energy
and position information about the valence-charge dis-
tribution in crystalline solids or films. The use of back
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reflection should allow these measurements to be made
on a wide variety of crystalline materials (by relaxing
the stringent condition of crystalline perfection), and the
measurement of multiple reflections should provide infor-
mation on the angular distribution of the local bonding.
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