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Nearest-Neighbor Backscattering EII'ects in Angle-Integrated Photoemission
Spectroscopy of Core Levels
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(Received 15 January 1S7S)

We have measured the photomission intensity versus photon energy curves of the Sn
4d&~2 level in SnS and SnS2 and the In 4d5y2 and Se 3d levels in InSe up to 110 eV above
threshold. The structure observed in these curves is mostly due to nearest-neighbor
backscattering. This raises the possibility of surface extended x-ray-absorption fine-
structure experiments by photomission intensity measurements.

Photoelectron diffraction effects' have been
recently observed in angle-resolved collection
geometries by several authors. ' ' A complete
explanation of these effects requires detailed
scattering calculations. "' We present here
evidence for a simpler kind of photoelectron dif-
fraction effect observed in an angle-integrated
collection geometry. We have measured the in-
tensity of the Sn 4d, i, peak in SnS and SnS~ and of
the In 4d, y, and Se 3d peaks in InSe in the limited
collection geometry of a cylindrical-mirror anal-
yzer up to 110 eV above the photoionization thresh-
old. The observed modulations in the intensity
versus photon energy curves arise from process-
es in which the photoelectron wave is scattered by
one of the nearest-neighbor atoms directly back
into the emitting atom. Processes of this kind
are responsible for the extended x-ray-absorption
fine structure (EXAFS) observed above each x-
ray absorption threshold. ' '

The EXAFS formulas are quite simple and this
has been a crucial factor in the widespread ap-
plications of the EXAFS technique. If we assume
only one kind of neighboring atom at a distance
r from the emitting atom, the k-periodic factor
in the absorption coefficient modulation is given
by 6n~ sin[2kr+y(k)], where k is the magnitude
of the photoelectron k vector and y is the total
scattering phase shift. "" Thus, &n gives direct
information about r without requiring a detailed
theoretical analysis of the photoelectron diffrac-
tion processes. It has been emphasized' that this
simplicity of the EXAFS formulas is the result of
integrating over 4m steradians the angle-resolved
photoemission intensity. This integration is auto-
matically accomplished while measuring the ab-
sorption coefficient. In photoemission experi-
ments, instead, the upper limit for the angular
integration is 2n steradians and in most cases is
more limited. This would seem to rule out the
possibility of surf ace-sensitive EXAFS measure-
ments by monitoring core-level photoemission

peak intensities. ' As a consequence the surface-
EXAFS technique has been based on the detection
of Auger electrons. ' EXAFS-like oscillations in
the photoemission yield have been reported in
the past by Petersen and Kunz for the I» edge
of Na, "but these results did not directly contra-
dict the conclusions of Ref. 6 since they had been
obtained in polycrystalline samples. Our present
results show instead that simple, EXAFS-like
modulations are present in photoemission inten-
sity curves of core levels taken with a limited
angular integration on single-crystal samples.
Our results have been obtained on layer com-
pounds, a somewhat intermediate case between
the adsorbate monolayers considered in Ref. 6
and a bulk system. In InSe, for example, the first
bvo Se atomic planes are separated by two In
planes and therefore the system is similar to an
ordered Se monolayer adsorbed on an In sub-
strate.

We have employed samples cleaved in situ and
pressure of (4—8)x10 "Torr. The photon source
was the uv/soft-x-ray beam line of the University
of Wisconsin Synchrotron Radiation Center
equipped with a grazing-incidence monochromator
("Grasshopper" ). The photon beam reached the
sample at an angle of VS' from its normal and
with the electric vector of the radiation parallel
to its surface. " The sample normal coincided
with the axis of the double-pass cylindrical-
mirror analyzer. Thus the collection geometry
corresponded to averaging the emission over all
azimuthal angles and over polar angles between
36.3' and 48.3' (resulting solid angle - 0.88 sr).
The experiment consisted of measuring the total
intensity of each core-level photoemission peak
as a function of photon energy. The intensity has
been corrected for the secondary electron back-
ground (by linear interpolation), for the spectral
output of the monochromator and for the varia-
tion in time of the current in the storage ring.
The photoelectron kinetic energy inside the sam-
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pie and the corresponding k-vector magnitude
have been estimated using the photon energy,
the measured binding energy of the core level
with respect to the top of the valence band and

the energy gap. Figure 1 shows the results for
the j = 2 component of the Sn 4d spin-orbit doub-
let in SnS and SnS, . Figure 2 shows the data for
In 4d, ~, and for the (unresolved) Se 3d doublet in
InSe." All these photoemission intensity curves
exhibit modulation up to 20-25% superimposed
on a smoother k dependence of ato~ic origin. "'"
Closer than 10-14 eV to threshold (k (1.6-1.9
A ') the modulation must be explained in terms of
the conduction-band structure. " Above - 1.9-2
A ' the analysis of the modulation becomes more
straightforward as we shall discuss now.

The distance in k of the most prominent max-
ima in Figs. 1 and 2 immediately suggests that
they are related to nearest-neighbor backscatter-
ing. For example, maxima are found for SnS,
at 1.85 3.1, and 4.35 A ', with a periodicity of
-1.25 A ' corresponding to a difference in elec-
tron optical path of - 5.05 A, close to twice the

Sn-S distance of 2.56 A." In SnS the maxima of
the corresponding series are found at 1.95, 3.1,
and 4.35 A ', with a periodicity decreased by -4%
with respect to SnS while the Sn-S distance cor-
respondently increases by 5% to 2.68 A." Simi-
lar series of peaks are found for the Sn-Sn dis-
tance in" SnS (3.45 A) and in" SnS, (3.64 A), and
for the In-Se, In-In, and Se-Se distances in InSe
(2.51, 3.16, and 4.17 A, respectively" ). The
modulation in k space is not as simple as implied
in the previous analysis because of k-dependent
atomic phase shift. " To have more confidence
in the above identification we now compare the
atomic phase shifts deduced from the experimen-
tal data to calculated values. From the estimat-
ed position of the peaks indicated by the vertical
lines in Figs. 1 and 2 and the known interatomic
distances"" we have determined the phase shifts
shown in Fig. 3. Also shown in Fig. 3 are the
phase shifts from the atomic scattering calcula-
tions of Fink available for 100 eV (k- 5.1 A)."
We would like to emphasize the following points.
First, the k dependence of our experimental phase
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FIG. 1. The normalized intensity of the Sn 4d5p pho-
toemission peak in SnS (upper curve) and in SnS& as a
function of the k-vector magnitude. Two series of
peaks have been identified in each curve. They corre-
spond to Sn S—Sn backscattering (series 1) and to Sn=Sn backscattering (series 2).
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FIG. 2. The normalized intensity of the Se M photo-
emission peak (upper curve) and of the In 4d5p peak in
InSe. For Se Bd the peaks of series 1 arise from Se

In —Se backscattering and those of series 2 from Se
Se backscattering. For In 4d&i2 series 1 arises from

In Se In backscattering and series 2 from In In
backsc atte ring.
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shifts is consistent with the theoretical estimates
at 100 eV. Second, the Sn= Sn and Sn- S-Sn
phase shifts measured in SnS coincide with those
measured in SnS, within the experimental uncer-
tainty as implied by the "phase-shift transfera-
bility" in EXAFS." Third, the dependence of y
on 0 for In=In backscattering is similar to that
for Sn= Sn backscattering. This is consistent
with the slow variation of the phase shift with
the atomic number. " In summary, our phase-
shift analysis supports nearest-neighbor back-
scattering as the main factor in the observed
photoemission intensity modulation. Minor con-
tributions from other scattering processes can-
not be excluded in our data. For example, a
phase-shift analysis indicates that the peak at
3.75-3.85 A ' in the upper curve of Fig. 2 is due
to second-nearest-neighbor Se —In- Se backscat-

0

tering with an interatomic distance of" 4.38 A

(the other peaks in this series could be respon-
sible for the broadening of some of the nearest-

FIG. 8. The k dependence of the total phase shift de-
duced from our data {points with error bars) is consis-
tent with the calculated values at 100 eV (0 =5.12 A i,
points without error bars). Top, phase shifts for Se Bd
photoemission in InSe, caused by Se In Se backscat-
tering (circles) and by Se Se backscattering (triangles);
middle, phase shifts for In 4d, i~ in InSe, In —Se—In
backscattering (circles) and In= In backscattering (tri-
a~glee); bottom, phase shifts for Sn 4d, y2 in SnS2 (solid
symbols) arid in SnS (open symbols), due to Sn S Sn
backscattering (circles) and to Sn= Sn backscattering
{triangle s) .

neighbor peaks in Fig. 2). We have also examined
possible scattering mechanisms without inter-
ference at the emitting atom (e.g. , those involv-
ing a reciprocal-lattice vector normal to the sur-
face) finding no evidence for their presence in
our data.

In summary we have shown that a simple,
EXAFS-like modulation of core-level photoemis-
sion intensity can be observed even with a limited
angular integration. As to the possible practical
consequences of this result a complete EXAFS
analysis of our data to estimate interatomic dis-
tances' is made difficult by the underlying atomic
effects. For core levels without nodes in the ra-
dial wave function, however, it should be possi-
ble to observe the modulation over an energy
range more extended than ours making an EXAFS
data analysis more feasible. Thus photoemission
intensity measurements could be used in place
of Auger intensity measurements in surface
EXAFS experiments' to expand the possible ap-
plications of this technique.
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A quantitative derivation is presented for the production of the acoustic signal in a
photoacoustic cell, taking into account the finite surface thermal resistance of the solid.

The photoacoustic (PA) spectroscopy has
proved' ' to be an extremely useful tool for stud-
ying absorption spectra of crystalline, powdered,
and amorphous solids as well as biological ma-
terials and liquids. In this Letter we develop the
theory for the PA signal of a solid, taking into
account, however, the surface thermal resistance
of the sample. Our approach follows closely that
of Rosencwaig and Gersho' (RG) and we refer to
their work for further details.

Consider a simple cylindrical cell of diameter
D and length I =l+ l, + /, . The sample is consid-
ered to be in the form of a disk having diameter
D and length l. A sinusoidally chopped mono-
chromatic light with wavelength X is incident on
the solid with intensity I=I,(1+cosset)/2, where
I, is the incident monochromatic light flux and &

is the chopping frequency. We further assume
that the gas and the backing materials are not
light absorbing. We define the following param-
eters: k, , thermal conductivity of material i; c,,
specific heat of material i; p, , density of mater-
ial i; n,. =k, /p, c, , thermal diffusivity of material
i; a,.= (cu/2n, -)' ', thermal diffusion coefficient of
material i; p, , =1/a, , thermal diffusion length of
material i; P, optical absorption coefficient of
the solid sample. Here, the subscripts i=8, g,
or b, denote the sample, gas, or backing mater-

ial, respectively. Let p, (x, t) denot. e the temper-
ature in material i relative to ambient tempera-
ture (T,) due to the light into heat conversion
process. By neglecting the heat losses by radia-
tion at the lateral surfaces (the inclusion of lin-
ear heat losses can easily be done), the temper-
ature in cell obeys the same thermal diffusion
equations as those of RG theory. '

The real part of y,(x, t) is, of course, the solu-
tion of physical interest. This, in turn, is ob-
tained by solving the thermal diffusion equations
together with the appropriate boundary conditions.
In the RG (Ref. 2) and other theories' ' the bound-
ary conditions are temperature and heat-flux con-
tinuity at the sample boundaries x = 0 and x = —l,
together with the constraint that the temperature
at the cell walls is at ambient temperature [i.e. ,
p~(x = l, t) =&~(x = —I —l»i) = Oj. This latter con-
straint is a reasonable assumption for metallic
cell walls. On the other hand, the condition of
temperature continuity at the faces x =0 and x= —I
is a very restricting one. In the general case,
temperature continuity at the face of two bodies
is only valid for very intimate contact, such as a
soldered joint. ' In all other cases, even for op-
tically flat surfaces pressed lightly together,
heat transfer between two media takes place
largely by the linear heat-transfer mechanism,
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