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The temperature dependence of x-ray photoelectron diffraction {XPD)effects in azimuthal distri-
butions of Cu 2@3/q and Cu 3p core-level intensities from a clean copper (001) surface has been mea-

sured in the range from 298 to 1010K and for two polar angles of emission relative to the surface of
8=7 (highly surface sensitive) and 8=45' (more bulk sensitive). Measurements have been per-
formed with typical angular resolutions of —+4'—6', although some data obtained with a much

higher resolution of —+0.6' are also discussed. Very-high-angular-resolution azimuthal scans of
Cu 2@3/2 intensity for 8 values near 45' show much more fine structure and sensitivity to polar-angle
variation than analogous results obtained at lower angular resolution. The diffraction-produced an-

isotropies as measured by M/I, „=(I,„—I;„)/I,„undergo a much greater relative decrease
with increasing temperatures at 8=7' than at 8=45'. Single-scattering cluster (SSC) calculations in-

cluding Debye-&aller factors predict very well the observed diffraction patterns and their qualita-
tive temperature dependence, as well as the variation of anisotropy with temperature at 8=7'. At
8=45', theory significantly underestimates the decrease in anisotropy with temperature, probably
due to multiple scattering effects occurring for emission along low-index directions with a high den-

sity of scattering atoms. Double scattering calculations were performed to estimate these effects and

they are compared to experiment and the results of SSC calculations. The effective surface Debye
temperatures as deduced from theory and experiment at 8=7' are 202 and 240 K for Cu 2p3/2 and

Cu 3p emission, respectively, in good agreement with prior determinations. Finally, the Cu 2p3/p
XPD data for 8=7' gave no evidence for short-range surface melting effects on Cu(001) at tempera-
tures up to T/T, l„„~——0.74.

I. INTRODUCTION

In several prior studies of core-level x-ray photoelectron
diffraction (XPD) from single crystals of Cu(001), '
Ni(001), Ag(110), La86(001), and Ga, „Al„As(110), at
ambient temperatures, it has been shown that a simple
single-scattering cluster (SSC) model provides a very good
description of the angular variations of photoelectron in-
tensities associated with such substrate emission. These
substrate XPD effects have also been discussed in terms
of a less accurate Kikuchi-band model. However, the
SSC theory is more accurate in several respects ' ' and is
easier to apply to general emission geometries such as
near-grazing polar emission angles with very high surface
sensitivity. Also, SSC theory is generally found to give
better agreement with experiment, ' ' even for more bulk
sensitive emission angles where some of the Kikuchi-band
assumptions should be more nearly valid. SSC theory has
also been used very successfully in describing XPD data
from core levels of adsorbates on single crystals, thus pro-
viding surface structure information' ' ' More re-

cently, such SSC calculations have also been found to be
very useful in the analysis of normal-" and off-norrnal-
' photoelectron diffraction data and in providing structur-
al information on epitaxial overlayer growth 'Thu. s, al-
though more accurate theoretical models for XPD, in-
cluding, for example, curved-wave scattering instead of
plane-wave scattering' ' "' and multiple scattering ef-
fects' have been discussed, the much greater complexity
of such calculations, coupled with the previously demon-

strated successes of the much simpler plane-wave SSC
model, lead us to concentrate on the latter in this study.

Since thermal vibrations are present in a solid at all
temperatures and they are expected to modify the dif-
fracted intensities, it is of interest to study the tempera-
ture dependence of XPD patterns and to determine how
well SSC calculations including Debye-Wailer factors
describe these results. Of importance here are the tem-
perature dependences of both various features in the XPD
curves and their overall diffraction-produced anisotropies
as measured conveniently by b I/I, „=(I,„I;„)/—
Imax.

Another point of interest in such a temperature-
dependent study of XPD is to determine whether the pres-
ence of any degree of surface melting in the first 1—2
atomic layers before the onset of bulk melting is suggest-
ed; such effects' have been predicted thm)reticaliy for sur-
faces of pure materials, ' but no such phenomena have
been observed in prior low-energy electron diffraction
(LEED) experimental studies. ' However, a very recent
Rutherford backscattering study of Pb(110) claims to
have observed such surface melting. '

In a recent preliminary study +" of the temperature
dependence of azimuthal XPD from the Cu 2p3&2 core
level of Cu(001), it has been shown that SSC calculations
very well predicted most features in the diffraction pat-
terns, as well as the variation of anisotropy with tempera-
ture at a polar angle relative to surface at 0=7. Howev-
er, at 8=45', the theory significantly underestimated the
decrease in anisotropy with temperature, probably due to
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multiple scattering effects.
In this paper, a much more detailed study of the tem-

perature dependence of azimuthal XPD is presented. This
involves emission from both the Cu 2@3&& and Cu 3p core
levels of a clean Cu(001) surface, including measurements
for Cu 2@i~2 at very high angular resolution. In addition,
the results of calculations including double scattering ef-
fects are presented. Section II describes our experimental
procedures. Experimental results are discussed in Sec. III.
In Sec. IV we describe the single-scattering and double-
scattering theoretical results and compare them with ex-

periment, and our conclusions are summarized in Sec. V.

II. EXPERIMENT

The azimuthal dependence of Cu 2@3/2 and Cu 3p
core-level intensities from a Cu(001) surface (with peaks
at kinetic energies of 560 and 1420 eV, respectively) was
studied as a function of temperature from 298 to 1010 K
using monochromatized Al j;a radiation at 1486.6 eV as
an excitation source. In order to vary surface sensitivity,
azimuthal scans were performed at two polar angles of
emission relative to the surface of 8=7' and 45' (cf. Fig.
1). The electron mean free paths associated with these
peaks are noted on this figure, together with estimates for
Cu 2@i&2 of the mean depth in atomic layers from which
elastically scattered electrons can be emitted. The azimu-
thal angle P was measured relative to the [100] direction
in the crystal.

The experimental system used was a Hewlett-Packard
5950A x-ray photoelectron spectrometer which has been
specially modified to permit angular-dependent studies. '

This system has a sample preparation chamber, a low-
energy electron diffraction (LEED) unit, and a custom-
built variable-temperature specimen goniometer with
—+0.3' precision in setting both 8 and P and full scan-
ning ranges of 0'&8&120' and 0'&/&380'. The rota-
tions for both polar angle and azimuthal angle are driven
by stepping motors interfaced to a dedicated HP 2100 A
computer. The original Hewlett-Packard videcon detec-
tion system used in earlier studies' has been replaced by
a more reliable and more linear Surface Science Labora-
tories resistive-anode detector (model 239). The solid an-
gle accepted by the analyzer in its normal mode of opera-

C02P3,2, t 03P
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45; bulk—3-4 layers

7, —surface—] layer

FIG. 1. Schematic illustration of the azimuthal scans carried
out for a Cu(001) surface at polar angles with respect to the sur-
face of 8=7 and 45'. The two core levels studied are Cu 2@3/2
and Cu 3p; their kinetic energies and estimated mean free paths
are indicated, as mell as the mean emission depths for no-loss
Cu 2p3/2 photoelectrons at the two angles studied.

tion has been determined by electron trajectory calcula-
tions to be a cone of half-angle 8izz ——5.7' or 3.7' for Cu
2@3/2 or Cu 3p emission, respectively. ' In order to per-
mit much higher angular resolution studies, the system
has been modified so that a glass microchannel plate can
be inserted between the sample and the entry to the elec-
tron lens. The individual microchannels have a
length/diameter ratio of 41, corresponding to a maximum
angular deflection of + [tan '(—„)]= + 1.4'. However,

proper integration of intensity over all emitting points on
the specimen surface yields an auerage solid angle corre-
sponding to a cone of 8&zi ——0.6'. Overall intensities are
reduced about a factor of —,0 by inserting this microchan-
nel plate, so only a few sets of data for the more intense
Cu 2p3/2 peak mere taken in this mode.

The Cu single crystal was mechanically polished and
oriented to within 0.5' of (001), as judged by Laue back
reflection. After final polishing with 0.05-pm A120i
abrasive, the crystal was etched with 1N HNO3 to reduce
structural disorder near the surface. Next it was aligned
in the specimen goniometer by laser refiection so as to
have a surface 8 variation during a complete 360' rotation
of less than +0.3'. Clean surfaces were prepared by Ar-
ion sputtering at 400 V and 620 K and then annealing in
ultrahigh vacuum at 720 K for an hour. This leads to
high surface order, as verified by LEED. LEED photo-
graphs were recorded at the temperature of each azimu-
thal scan both prior to and after the scan to verify a stable
ordered surface structure. The crystal was heated using a
noninductively wound resistive button heater capable of
temperatures up to —1270 K. The complete lack of
heater stray-field effects on electron angular distributions
was verified by comparing high angular resolution data
obtained with the heater continuously on to analogous
data in which the heater current was chopped and electron
counting done only during its off time. Temperatures
were monitored with a thermocouple-calibrated infrared
pyrometer. Surface cleanliness as monitored by XPS
core-level peaks, and no detectable contaminant peaks
were found after cleaning. Surface cleanliness also was
checked after each azimuthal scan, and the maximum
contaminant levels noted in the results reported here were
0.05 monolayers C and 0.05 monolayers O. During all
measurements, base pressures in the low 10 ' -Torr range
were maintained.

A given Cu 2@3/2 or Cu 3p core-level spectrum con-
tains the peak of elastically scattered electrons together
mith inelastic background. The integrated elastic intensity
was measured as the peak area remaining after a simple
linear inelastic background subtraction.

The polar angle scale was calibrated by using a strong
Cu 2p&&z diffraction peak along the surface normal or
[001] direction and the azimuthal orientation was similar-
ly calibrated by using strong Cu 3p diffraction peaks
along (101)directions for emission at 8=45'.

All azimuthal scans, except those with high angular
resolution using the microchannel plate, were carried out
with P steps of b,/=4. 5' and with full 360' rotation plus
an overlap of 20 more to check instrumental stability and
data reproducibility. Typical times required for these
scans to achieve good statistics were -2—15 h, depending
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upon the core peak and polar angle involved. Intensities
are significantly higher for Cu 2@i/z and/or for the
higher polar angle of 45. The lower-intensity Cu 2@3/2
azimuthal scans with 8i/2 ——0.6' were performed with
smaller steps of b,/= 1.8 and over a smaller P range of
110' covering 20 more than necessary for one of the
symmetry-equivalent quadrants above the (001) surface.
The times required for these scans were —17 h. because of
the severe loss in intensity caused by insertion of the mi-
crochannel plate. As discussed in more detail in the fol-
lowing section, the diffraction features in these high-
resolution azimuthal scans were Uery sensitive to slight po-
lar angle variations, and thus very careful and accurate
definition of the polar angle scale, as well as alignment of
the crystal in the goniometer, were required. Polar angle
calibrations via XPD peaks were thus carried out both
with and without the channel plate in place. As noted
previously, stray field effects from the specimen heater
were verified to be negligible even with such high angle
sensitivity.

A total of seven different temperatures were studied for
Cu 2@3/2 emission in the range 298—1010 K, as men-
tioned earlier. Four different temperatures were studied
for Cu 3p emission. In addition, high angular resolution
data for Cu 2p&/, emission was obtained at three different
temperatures. The Cu 2@3/2 experiments at normal angu-
lar resolution were repeated over three different Cu(001)
surfaces, and good reproducibility was found with respect
to all of the features of the XPD curves, their overall an-
isotropies, and their variation with temperature.

Although temperatures above 1010 K were also studied
for Cu 2@i/z emission, these led to both a visual surface
haziness and changes in the LEED patterns probably as-
sociated with (111) faceting. + ' Hence, this data is not
reported here. Thus, the results discussed here do not go
above T/T, ~„„s

——0.74.
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K shown in Figs. 2—5 have lower anisotropies by a factor
of -0.77 to -0.56 as compared to previously reported
values for this system. These discrepancies are due to a
nonlinearity in the Videcon multichannel detector used in
these earlier measurements. Also, for the Cu 2p3&2 az-
imuthal scan at 0=7' and T=298 K shown in Fig. 2, we
have observed two symmetrically placed peaks around the

/ =45' point, instead of one broad peak as reported in ear-
lier data; this difference, we believe, is due to a less accu-
rate 8 alignment and/or poorer surface order in the prior
study.

As noted in Fig. 1, the mean free path A, for Cu 2@3/p
0

emission is estimated to be -9.0 A at 560
and, since the mean depth for no-loss emission is given by
A, sin8, 3 we expect a mean depth of -1 atomic layer at
8=7' and -3—4 layers at 8=45'. In the same way, the
mean depths of no-loss emission expected for Cu 3p emis-
sion with A, —15.0 A are -2 layers at 8=7' and -5—6
layers. of 8=45'. Thus, the 7' data for both levels are ex-

III. EXPERIMENTAL RESULTS
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Figures 2—5 show Cu 2@3/2 and Cu 3p experimental
azimuthal scans at 8=7' and 45' and at three different
temperatures, together with curves calculated using the
SSC remodel. In this section, we will discuss only the ex-
perimental data. The peak heights above background of
various strong features relative to that of the strongest
feature at a given temperature are also shown. These rela-
tive heights are clearly affected by temperature.

All experimental data shown in Figs. 2—5 have been
presented as fourfold-averaged plots of a full 360-degree
scan of core-level intensity versus P. Such averaging
reduces noise and permits checking self-consistency by
comparing the average to the individual quadrants of raw
data. ' All experimental anisotropies M/I, „
=(Im,„I;„)/I,„also re—fer to these fourfold-averaged
data. The Cu(001) surface also dictates mirror syminetry
about /=45' in each of these scans. As no mirror averag-
ing is done in treating the data, the degree of mirror sym-
metry found provides a good estimate of the statistical ac-
curacy and reliability of different features. In general, it
is seen to be excellent in all of the curves presented

%'e also note here that the azimuthal scans at T=298
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FIG. 2. Experimental and theoretical Cu 2@3/2 azimuthal
scans at the very surface sensitive polar angle of 8=7 and at
three different temperatures. The numbers & 1.00 below peaks
in each curve are relative peak heights as measured with respect
to the maximum intensity I,„. Overall percent anisotropies
t,r —I;„)/I =M/I, „are given at right. Two sets of
theoretical curves are shown, one with an inner potential of
Vo = 14.1 eV [as taken from previous estimates (Refs. 31—33}]
and another with an empirical value of 17.0 eV chosen to best fit
the experimental curves. The analyzer acceptance is a cone of
half-angle e„,=5.7'.
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pected to be extremely surface sensitive, but that of Cu

2@3/2 somewhat more So.
Figures 6 and 7 show the temperature dependence of

overall anisotropies at 61=7 and 45' for Cu 2@3/2 and Cu
3p emission, respectively. It is apparent that the absolute
percentage decreases in anisotropy in Figs. 6 and 7 as tem-
perature is increased are of the same order for both the 45'
and 7' data. However, if all of these anisotropies are mea-
sured relative to the value at 298 K via

bient temperature and 955 K and that at 0=45' a very
similar 22.7% decrease over the same temperature range.
The greatest relative decrease thus occurs for the case of
Cu 2@3/2 emission at 8=7'. This is qualitatively under-
standable in light of the fact that for grazing emission and
this low kinetic energy (560 eV), we expect a mean depth
of no-loss emission of only —1 atomic layer. Since
mean-square displacements of atoms in the top layer are
expected to be about twice as high as those of bulk
atoms, a much greater degree of vibrational disorder ex-
ists in this layer as compared to the second and deeper
layers at high temperatures. This should lead to a greater
loss of anisotropy for our most surface sensitive case, and
such effects are discussed more quantitatively in the fol-
lowing section.

Concermng the question of surface melting preceding
that in the bulk, ' if this would have occurred at some
higher temperature, then a sudden decrease in anisotropy
for the very surface sensitive Cu 2@3/2 emission at 8=7'
might be expected, with considerable loss in structure in
the XPD pattern. Clearly, nothing of this sort is observed
in Fig. 2 at up to T=1010 K. Also, LEED patterns
characteristic of the Cu(001) surface could be observed at

[M/Im, „( T)]/[M /I, „(29 8K)],
the relatiue decreases in anisotropy show even greater
differences, particularly for the most surface sensitive Cu
2p 3/2 data, where the 7 results show almost twice the
slope of the 45' data. The only nonmonotonic variation
seen in these experimental data is the slight hump for Cu

2@3/z, 8=45' at T=700 K, which was found to be repro-
ducible.

As expected, we observe that in all cases the anisotro-
pies of Figs. 6 and 7 decrease with increasing tempera-
tures. For the Cu 2@3/p core level, the relative anisotropy,

[M/I, „( T)] /[(M /I, „( 29 8K)],
at 8=7' decreases by 42.5% between ambient temperature
and 1010 K (from 100% to 57.5%), while that for 8=45'
shows a significantly lower 22.7% decrease over the same
temperature range. For Cu 3p emission, the relative an-

isotropy at 8=7' shows a decrease of 23.7% between am-
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FIG. 3. The same as Fig. 2, but for a more bulk sensitive
emission angle of 8=45 . Here, only the unadjusted Vo ——14. 1

eV was used in the theoretical calculations.

FIG. 4. The same as Fig. 2, but for Cu 3p emission. Again,
two Vo values have been used. The analyzer acceptance here
corresponds to a half angle of 3.7 .
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FIG. 5. The same as Fig. 3, but for Cu 3p emission. FIG. 7. The same as Fig. 6, but for Cu 3p emission.
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FIG. 6. Experimental and theoretical temperature-dependent
anisotropies for Cu 2@3~. Results are showvn for the t~o polar
angles of emission 45' and 7 as a function of temperature T and
the ratio T/T~gg, .„g.

up to 1010 K. It is also noteworthy that XPD should be
sensitive to very short-range order, whereas LEED is
sensitive to much larger domains of —100 A in size.
Overall, these results thus point to the absence of any
short-range surface premelting for Cu(001) at up to
T=1010K or TIT,i„„s 0.74. ——

Finally, Figs. 8 and 9 show Cu 2@3/2 data with high an-
gular resolution. A comparison of the azimuthal scans at
8=45' in Fig. 3 and in Figs. 8 and 9 clearly showers that
the high angular resolution data have a much finer struc-
ture. Features such as those labeled b, c, and d are com-
pletely absent from the data of Fig. 3 with 8, &2

—5.7
where me instead have only a broad single peak centered
at /=45'. Such additional fine structure in high angular
resolution XPD from adsorbate core levels has already
been found to be useful in deducing adsorbate bonding
geometries more accurately. ' Referring to Fig. 8, we
also observe that relative intensities of features in these
azimuthal scans are very sensitive to small variations in
the polar angle 8 at which the P scan is made. A 1'
change from 8=45' in either direction causes very conspi-
cuous changes in the overall pattern, with features b and c
becoming more intense, and d less intense, as 8 increases.
This observation has been employed in achieving more ac-
curate alignment of the crystal.



34 TEMPERATURE DEPENDENCE OF X-RAY PHOTOELECTRON. . .

( U{QQ)) - $02p3~2 Aztmuthol Spots
Htgh Apgglor Rpsolgt&ofl {8&&2=Q.6 ), T-298K

&max

T- Dependent Azimuthal Scone
of Cu(00))-Cu2p~~~ at High

A I R I

'
(8 06')

Imox

57.6%
53.0%
57.4 %

54.2%

0

z
UJ

Z

CL

58.8%

50.8/

~,/
(

. c b~
0)9% .~ I'~/

l

58.8%

. @00'

I
t

cl
I

C' r ~ C'

0.22 N

/

b
C / 't, C

014 ~.r I
'0 28

l
I

56.8%

l I t I I t t t t I I I I I t t ~ t (

9'0'

—40.8%
—46.4%

43. 1%

FIG. 8. Ambient-temperature experimental and theoretical
Cu 2@3/2 azimuthal scans at high angular resolution with a half
angle of 8~/2 ——0.6' and at three close-spaced polar angles of
emission relative to surface of 8=44', 45', and 46'. The relative
intensities of peaks a, e, and d above background are also indi-
cated.

L
( ~. .~ C

~* ' 0)1 '--'019 ~.--~
l
I

I
I

dt I

i" C /

0.23 /

013~~ r

'56.4%

) i t i i ) i i i i i l

0,0' 45.0' 90.0'

IV. CLUSTER DI&rRACTION CALCULATIONS
AND THEIR COMPARISON VGTH EXPERIMENT

A. The single-scattering cluster model

The single-scattering cluster (SSC) model used in our
calculations and its various input quantities have been dis-
cussed in detail previously, ' " ' so only a brief descrip-
tion is given here. We consider the initial emission of a
core photoelectron wave P, (r,k) at position r and with
wave vector k from some atom in the cluster as caused by
incident radiation with unit polarization vector s. The
directional modulation of this photoelectron wave due to
the excitation matrix element is described by either an c,.k
dependence (which is exact for s-level emission) or, for
non-s levels, by the more approximate square root of the
differential photoelectric cross section of the core level in-
volved. ' One portion of the wave reaches the detector
without scattering, whereas other portions are assumed to
elastically scatter once from atoms at positions rj, result-
ing in scattered wave (()~(r,k) that are proportional to the
complex scattering factor f~(8J). Before being emitted
from the surface into the direction of the detector, all
waves then undergo attenuation due to inelastic scattering,

FiG. 9. Experimental and theoretical Cu 2@3/2 azimuthal
scans at high angular resolution for 8=45' and at three dif-
ferent temperatures (298, 733, and 953 K). Again, certain rela-
tive intensities are indicated.

as well as refraction at the surface potential barrier or
inner potential Vo. The intensity in a given final direction
k is then given by

I(k)
l ((t (r,k)+Pg P (r, k)

l

"
I do I +W'o + (4'~+4 J')+P'g g 4J4&'

where P is here introduced as an empirically useful ampli-
tude reduction parameter ' that will be discussed further
in the following section.

In the scattering events, it is assumed in calculating
ff(8~) that the outgoing spherical wave Po can be treated
as a plane wave when it reaches a scatterer at rj (the so-
called small-atoin approximation). z 3' The attenuation
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8'J(T) =exp[ bkj (—UJ (T) )]
=exp[ —2k (1—cos81 }(UJ (T})], (2)

of wave amplitudes /II and QJ due to inelastic scattering is
usually described by multiplying them by exp( L—/2A, ),
where A, is an electron attenuation length for intensi-
ties . However, in the following section„we point out
that the effective amplitude attenuation appears to be
about twice as strong and much closer to exp( L—/A, )

The effects of atomic thermal vibrations in attenuating
interference effects has been included in the simplest and
very standard way by multiplying each Pi with a Debye-
Waller factor characteristic of the scattering atom j of the
form

where b,kj is the magnitude of the change in the pho-
toelectron wave vector k on scattering from the jth atom
of the cluster, OJ is the corresponding scattering angle,
and (UJ(T)) is the one-dimensional mean-squared dis-
placement representing the motion of the jth atom with
respect to the emitter. Independent motion of emitter and
scatterer are implicitly assumed and ( UJ ) is taken to be
isotropic.

For an unpolarized x-ray source such as that used in

our experiments, an averaging over polarization vector c
is required. Assuming a simple s k dependence of the
directional modulation of initial photoelectron wave leads
to an expression for photoelectron intensity in the k direc-
tion as obtained by Kono et al. and used in our calcula-
tions:

I(k)
~
Io+p+IJ 8'~(T)exp[i[krl(1 —

cos8J )+p&(8 )]j
~

I+pl +I [1—W (T)], (3)

where

Io ——sin8I, cxp( L /2A, )—,
IJ ——sin8„,

~ f1(8J )
~
exp( Lz /2A, )r—

~

' ..
J

Also„gj(8J) is the scattering phase shift, L is the path
length for inelastic scattering from emitter to surface, and

LJ is that from emitter to jth scatterer to surface. 8k and
8„, are the angles between direction of radiation propaga-

J
tion and k and r~, respectively. Finally, all azimuthal
XPD scans were calculated with appropriate k averaging
over 9 points to simulate the appropriate analyzer angular
acceptance.

B. Choices of input parameters

The scattering factors fz(8J ) and their associated
scattering phase shifts g~(8J ) used here are calculated in a
muffin-tin potential approximation using a program due
to Pendry. These scattering factors were used previously
in SSC calculations of the azimuthal XPD for Cu(001) at
ambient temperature. For the two energies considered
here, the amplitude

~ f(81)
~

shows the well-known strong
peaking about the forward direction, with FWHM values
of only -20'—30. As mentioned before, the primary
photoelectron wave has been approximated as a plane
wave when it reaches the scatterers. The inclusion of
spherical wave character for the primary wave may be im-
portant, at least for nearest neighbors and/or for the
higher-energy Cu 3p photoelectrons. Several prior calcu-
lations of different types of photoelectron diffraction
curves with the inclusion of spherical-wave
effects' ' "' do exhibit changes in fine structure and
peak amplitudes relative to the simpler plane-wave model.
Qualitatively, it is overall expected that at higher energies,
the strength of forward peaking in the effective scattering
factor will be diminished by as much as a factor of —,

with spherical waves, ' and we comment upon thi..
later.

The a priori choice for the adjustable parameter P,
which is intended to adjust the magnitude of all scattered
waves (I}i or, more specifically, of all scattering amplitudes

~ fj(8J ) ~, in Eq. (2), would be P=1.0. However, detailed
comparisons between XPD experimental curves and SSC
theory in several prior studies, ' as well as in this
work, suggest that effective scattering amplitudes are re-
duced by a factor of P=0.4—0.5. This empirical reduc-
tion has been attributed to several factors such as curved-
wave corrections for near-neighbor scattering, ' the in-
fiuence of Inultiple scattering, and nonisotropic inelastic
effects in scattering factors. In our case, the best agree-
ment between theory and experiment will be seen to be for
P=0.5, further confirming the values chosen in previous
work.

The inelastic attenuation length A, in copper is estimat-
ed to be 15.0 A at a kinetic energy Ek;„——1482 eV and to
scale as (Ek;„)' . ' Thus, for Cu 2p&~I and Cu 3p emis-
sion using Al Ea radiation, the values are 9.1 A and 14.7
A, respectively. However, we have also found from com-
parisons between theory and experiment that the effective
mean free paths for XPD in copper appear to be ——,

' of
these values. This can also be viewed as implying a wave
amplitude attenuation that is as rapid as intensity attenua-
tion, and it also indicates that the features in XPD are as-
sociated predominantly with very short-range order in the
first few spheres of neighbors around a given emitter. We
note that in the prior study of ambient-temperature XPD
of copper, a full A, value as given above was used in the
SSC calculations and generally very good agreement with

experiment was obtained. However, these calculations in-
corporated an extra degree of inelastic attenuation because
of a minor error in the SSC computer program which ef-
fectively reduced the attenuation lengths. Thus our find-
ing of a reduced effective A, is not inconsistent with this
carllcr work, alld Ilollc of tllc coIlclllslolls of this prior



TEMPERATURE DEPENDENCE OF X-RAY PHOTOELECTRON. . .

study are affected. As in this earlier study, the surface
cutoff of inelastic scattering was arbitrarily set to be a
plane at the Cu hard-sphere radius of 1.28 A above the
atomic centers in the top Cu layer. Our method of choos-
ing P and A, is discussed further below.

In calculating mean-squared displacements, (UJ(T)},
the high-temperature limit of the Debye model is ap-
propriate for our experiments and is given by
(UJ(T)} =3' T/Mk&SD, where R is Planck's constant
divided by 2m, T is the absolute temperature, M is the
mass of the atom, kz is the Boltzmann constant, and 8D
is the Debye temperature. Cu-bulk and surface-Debye
temperatures (8n and O&) were taken from prior deter-
minations to be 343 and 225 K, respectively. ' In all
calculations reported here, the surface layer of Cu atoms
in the cluster was assumed to vibrate with 8D and all oth-
er layers with SD. Over the temperature range of
298—1010 K considered here, the (U } values thus in-J 0

crease by a factor of —3.4, from 0.005 80 to 0.01965 A
for bulk emission; this corresponds to rms displacements
of 2.9—5.4% of the Cu nearest-neighbor distance, respec-
tively.

The effect of refraction at the surface is described by2'

tan8=(sin 8' —Vo/Eq;„)'/ /cos8',

where 8 and 8' are polar angles with respect to the surface
outside of and inside of the crystal, respectively. The pre-
viously determined value of the inner potential of
Vo ——14.1 eV ' was used in most of our calculations.
However, for Cu 2@3/2 and Cu 3p emission at 8=7', a
slight adjustment of the inner potential to 17.0 eV im-
proves the agreement between SSC theory and experiment,
and is discussed further below.

The cluster used in our calculations was spread over
-90' in azimuth, thus extending approximately +20'
beyond one of the eight symmetry-equivalent 45' segments
of the Cu(001) surface. Each layer contained approxi-
mately 80 atoms, and sufficient layers were included that
the ~aves emitted by bottom-layer atoms and then scat-
tered by top-layer atoms produce a maximum scattered
intensity of &5% of the primary intensity. This criterion
has been found to insure convergence. For SSC calcula-
tions with the empirically optimum parameters of p=0. 5
and A, =

z &&15.0 (Eq /14I82)'/, the 5% cutoff for a Cu

2p 3/2 emitter at 560 eV takes place at the 10th and 5th
layers for 8=45' and 7', respectively. Similar cutoffs for
Cu 3p emission at 1420 eV occurred at the 12th and 7th
layers for 6=45' and 7, respectively. Intensities pro-
duced by emission from deeper layers with &5% of the
primary intensity were approximated by a geometric sum-
mation method described elsewhere.

Figures 10—13 show calculated SSC azimuthal scans
for Cu 2@3/2 and Cu 3p at T=298 K with different
choices of P, A„and Vo and comPare them with
fourfold-averaged expertmental data. All theorettcal az-
imuthal scans have been calculated with 6/= 1', but a 9-
point averaging over the acceptance cone of 8&&q ——5.7 has
been included. First, consider the topmost cases denoted
as p=1.0 and A, =Full (i.e., those cases for which no ad-
justments of the input data in the SSC model have been
made). Here, we observe that agr~mnent between theory
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Fj:G. 10. Experimental and theoretical Cu Zp3/2 azimuthal
scans at ambient temperature and a polar angle of 45'. The cal-
culated curves from SSC theory have been obtained with dif-
ferent values of the amplitude reduction parameter p and the
mean free path A, . The top "unadjusted" curves correspond to
the normal assumptions of the SSC model. Here, "A, =Full"
refers to the value estimated from A, =15.0 (Ek;„/1482)'
while "'A, =Half" refers to half of this value. The latter corre-
sponds to attenuating scattered wave amplitudes as rapidly as
intensities, or as exp( —I./A, ).

and experiment is fair, but that not all features are
correctly predicted. For example, for the Cu 2p3/2 az-
imuthal scan at 8=45' (Fig. 10}, the experimentally ob-
served peak at / =45' is reasonably well predicted but the
single peaks in experiment at the symmetry-related points
/=0', 90' appear in theory as doublets. These doublets
can in fact be described as the extremities of Kikuchi
bands associated with Bragg-hke reflections at I200l and

l 111j sets of planes. ' ' ' ' For Cu 2@3/2 emission at
8=7' (Fig. 11), the symmetry related peaks at / =0', 90'
in experiment are well predicted by unadjusted theory, but
the region 20' & P & 70' shows poor agreement. Specifical-
ly, theory shows a single strong peak at /=45' while ex-
perimentally, we observe two peaks symmetrically placed
around /=45'. For Cu 3p emission involving much
higher kinetic energy, we see that at 8=45' (Fig. 12) all
experimentally observed peaks are well predicted, al-
though the weaker symmetry-related features at /=27',
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63 are somewhat underestimated in relative intensity and
somewhat shifted in position. For Cu 3p emission at
8=7' (Fig. 13},the peaks at II =0', 90' and at iI) =17', 73,
in experiment are we11 predicted in unadjusted theory as
to position but not relative intensity; also the features in
unadjusted theory corresponding to those at p =37', 53' in
experiment are shifted toward one another to form an in-
tense single peak. Moreover, unadjusted theory in all
cases predicts a much higher degree of anisotropy than
experiment (by factors of =1.8x to =2.4x} and several
reasons for this type of discrepancy have been discussed
previously: ' the presence of surface irregularities or de-
fects not allowed for in the calculations, 2'3 spherical-wave
effects in near-neighbor scattering, ' ' and nonisotropic
inelastic scattering. ' ' Similar overall amplitude
discrepancies between experiment and theory also are seen
in x-ray absorption fine structure (EXAFS).3'

Considering now the effects of selectively adjusting cer-
tain parameters, we see that reducing either scattered
wave amplitudes or electron mean free paths by approxi-
mately one-half as shown in the curves marked P=0.5,
A, =Full, and P=1.0, A, =Half causes a considerable
improvement in various features. For example, for Cu
2p3~ emission at 8=45' (Fig. 10) the valleys at /=0', 90'
become shallower . For Cu 2@&&2 emission at 8=7' (Fig.
11), the experimental peaks at iI) = 18', 72' are now almost
correctly predicted in theory, although the doublet ob-

served at /=45' is still not predicted. Similarly, for Cu
3p emission at 8=45' and i)I =27', 63' (Fig. 12), the peaks
in theory now agree better in both position and relative in-
tensity anth experiment. For Cu 3p emission at 8=7'
(Fig. 13), the minimum at / =45 has become deeper and
in much better agreement with experiment for the P=O. S,
A, =Full curve, and this curve also exhibits better relative
peak heights. The curve marked P=1.0, A, =Half shows
some improvement as far as relative peak heights and an-
isotropy are concerned, but it does not correctly enhance
the minimum observed at /=45', particularly as com-
pared to the curve for P=0.5, A, =Full. Thus, reducing
P seems most important, but reducing A, also provides
some improvement in agreement.

By further using the doubly adjusted combination
P=0.5, A, =Half, we obtain improved and generally very
good agreement between theory and experiment in terms
of peak positions and their approximate relative intensities
for all of the cases in Figs. 10—13. The calculated aniso-
tropies are also now much closer to experiment.

Finally, in order to correctly predict the minimum ob-
served at /=45' for Cu 2@3&2 emission at 8=7' (Fig. 11),
it is found to be necessary to slightly adjust the inner po-
tential Vo from the generally accepted value of 14.1 (Refs.
31—33) to —17.0 eV. Only at very low emission angles
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FIG. 11. The same as Fig. 10„but at a polar angle of 7 . FIG. 12. The same as Fig. 10, but for Cu 3p emission at 45 .
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are such Vo adjustments of any consequence in XPD due
to the high-electron kinetic energies involved. Such an
adjustment of Vii for Cu 3p emission at 8=7' (Fig. 13)
also improves the minimum predicted by theory at
/ =45'. Such em irical adjustments of Vo are common in
I.EED analyses, but have not been discussed previously
in XPD. In the present case, the increase in effective Vo
may be associated with additional image forces acting on
the photoelectron as it leaves the surface in grazing emis-
sion. These forces could have sufficient influence to de-
flect the photoelectron slightly toward the surface, there-
by increasing the effective Vo. However, the effects of
adjusting Vo are generally rather subtle and thus all other
curves reported here, as well as our analysis and con-
clusions, are based upon the more generally accepted value
of Vo ——14.1 eV.

In considering the results of Figs. 10—13, it is also use-
ful to note that Eq. (1) implies that, if second-order effects
in

~ fj ~

are negligible, adjusting p will not change the
form of the XPD curve, but only its relative amplitude.
Figures 10, 11, and 13 show the contrary: second-order
effects are important.

In finally confirming our parameter choices, a large
number of additional SSC calculations was performed
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FIG. 13. The same as Fig. 12, but for a polar angle of emis-
sion of 7'.

both at T=298 and 1010 K and with a range of different
values of P, A„and Vo. It was found that the combined
use of P=0.5 and A, =Half (or in some cases —,') best de-
scribes the various features of all azimuthal XPD curves
studied here, as well as their anisotropies and their tem-
perature dependence (which will be discussed in the fol-
lowing section). Hence we have used the P=0.5 and
A, =Half combination in our analysis of the
temperature-dependent XPD data. It is also worth noting
here that similar reductions of scattering amplitudes via
the introduction of the equivalent of our P parameter and
adjustments of inelastic attenuation lengths are not unique
to XPD theory, but have also been used in describing ex-
tended x-ray absorption fine structure (EXAFS) spec-
tra. In fact, the effective wave amplitude attenuation
used in EXAFS is the exp( —I./A, ) that we empirically
find to be best here.

C. Comparison of temperature-dependent SSC calculations
with experimental azimuthal data

Figures 2—5 compare the Cu 2@3/2 and Cu 3p experi-
mental azimuthal scans with those calculated using SSC
theory with P=0.5 and A, =Half at three different tem-
peratures. For 8=7', two choices of Vo are also included.
Considering first the Cu 2@3/i scans, we observe that at
8=7' (Fig. 2), the agreement between theory and experi-
ment is very good regarding peak positions and approxi-
mate relative intensities at each temperature, particularly
for the curves with Vo adjusted to 17.0 eV; the feature(s)
centered at /=45' are correctly predicted to increase in
relative intensity as temperature is increased. Only the
symmetry-related features at /=20', 70' are consistently
too intense and shifted by -5' compared to experiment,
but even here the trend of a decrease in relative intensity
with increasing temperature is in general correctly
predicted. For Cu 2@3/2 at 8=45' (Fig. 3) the simpler az-
imuthal XPD profile is well predicted at each tempera-
ture, including the decrease of relative peak intensity at
P =45' with increasing temperature.

For Cu 3p azimuthal scans at 8=7' and 45' (Figs. 4
and 5), agreement is excellent, with SSC theory correctly
predicting all of the peak positions, their relative intensi-
ties, and the increases or decreases of these relative inten-
sities with increasing temperature. Only the peaks for
8=45' and / =27', 63 are consistently too low in intensi-
ty by 1/3x, but their positions are very well predicted.
Again, the adjustment of inner potential Vo for Cu 3p
emission at 8=7' is found to be advantageous in improv-
ing the agreement between theory and experiment in terms
of relative peak heights and the depth of the minimum
observed at /=45'. However, the adjustment of Vo is
much less important here than for the lower-energy Cu
2+3/2 case in Fig. 3. The somewhat better agreement
found here for Cu 3p also may be due to its higher kinetic
energy and a resulting lower degree of multiple scattering
as compared to Cu 2@3/2.

Considering now the high angular resolution Cu 2@3/2
data at T =298 K and at three very closely spaced polar
angles of emission (Fig. 8), we see that the agreeinent be-
tween SSC theory with P=0.5, A, =Half and experiment
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is again very good as to the prediction of fine structure
and its variation with very small 1 changes in polar angle.
The features a, c, and d are very well predicted by theory
at each polar angle. Feature b is observed experimentally
at all three 8 values; in theory, it is clearly visible only in
the 8=46 curve, but the trend of its increasing impor-
tance as 0 increases is correctly predicted. Also, in going
from 8=44' to 46', the observed decrease of the relative
intensity of peak d at /=45 is very nicely predicted by
SSC theory. One consistent discrepancy is a small
minimum in the theory curves at /=0', 90, where a
reasonably sharp peak is seen in experiment. This could
be due to an enhanced importance of multiple scattering
effects for emission nearly along the high-density rows of
atoms belonging to the (110) directions and occurring for
8=45' and /=0', 90'.

As far as the temperature dependence of such high-
angular resolution Cu 2p3~2 data at 8=45' is concerned
(Fig. 9), the positions and relative intensities of the ob-
served features a, c, and d are well predicted by theory at
all temperatures, while the weaker feature b is absent in
theory, as noted previously. For example, the decrease of
peak intensity at /=45 with increasing temperature is
very well predicted by theory.

D. Comparison of calculated and experimental anisotropies

We now consider the temperature dependence of the
overall anisotropies EI/I, „ in the azimuthal scans. Fig-
ures 6 and 7 compare experimental and calculated aniso-
tropies for Cu 2pz/z and Cu 3p emission, respectively, at
8=7' and 45'. Relative anisotropies have also been calcu-
lated with normalization to the corresponding 298 K
values. (" Although both experimental and theoretical
curves show the same decreasing tendency with increasing
temperature, several points of discrepancy are found. The
most significant point is that for both Cu 2p3/2 and Cu
3p emission at 8=45', the calculated anisotropies are
—1.5—2.2 times higher than the experimental values, al-
though, as pointed out earlier, several reasons for such
d~screpannes have been discussed previously. ' Further-
more, it is clear that in both Cu 2p3~2 and Cu 3p emission
at (9=45', SSC theory predicts a much slower absolute or
relative fall of anisotropy with temperature than is ob-
served experimentally. By contrast, the agreement be-
tween experiment and theory for both Cu 2p3/i and Cu
3p at 8=7' is much better, with very similar slopes, and,
for Cu 3p, very close values of absolute anisotropies. The
previously mentioned reproducible shoulder centered at
-700 K for Cu 2p3&2 emission at 0=7' is also absent in
the theory curve (Fig. 6); this small feature is unexplained,
but could be due to an onset of short-range faceting not
seen in LEED or XPD. The much greater degree of
disagreement in anisotropies and slopes at 8=45' could be
due to enhanced multiple-scattering effects and/or our use
of the plane-wave scattering approximation for near
neighbors. ' ' For 8=45', emission is more a mul-
tilayer phenomenon (cf. Fig. 1) and certain azimuthal an-
gles results in electron propagation directly along rows of
atoms; for example, as noted previously, /=0', 90' is
along (110) directions. Here, strong multiple scattering

events that will be enhanced by the forward-peaked

~
fz(8J)

~

with scattering angles 8z-0' are possible. By
contrast, at 0=7, no such row orientations are -possible,
and all scattering angles must be )7 for this case.

Although Ll/I, „ is the most reasonable measure of
overall anisotropy, we should ask whether a direct com-
parison of experimental and theoretical M/I, „values
can be fully quantitative, since the experimental intensity
may include some fraction of essentially isotropic back-
ground Iback that is not allowed for in our theory. For ex-
ample, emission froin Cu atoms in defect sites or small
disordered areas anywhere over the emitting area of the
surface would tend to produce such diffuse background
intensity in experimental XPD curves. (Thermal diffuse
scattering would also tend to act in this way, but the SSC
model attempts to allow for this. ) If such effects are sig-
nificant, then the experimental anisotropy can be written
as

(0) (0) (0)~I/Imax (Imax+Iback Imin Iback)/(Imax+Iback)
(0) (0) (0)

(Imax Imin)/(Imax+Iback) ~

where the superscript (0) indicates intensities due to emis-
sion from a perfect crystal, as assumed in theory. Thus,
as noted previously, the presence of background will lower
EI/I, „relative to predictions for an ideal crystal. How-
ever, the dependence of I~,k on temperature is very diffi-
cult to estimate, so that its effect in turn on the variation
of hI/I, „with temperature cannot be easily determined.
%'e will thus continue to use the uncorrected experimental
bI /I, „values for comparison to experiment. This pro-
cedure has also been used in a previous study of
temperature-dependent swept-energy results for normal
photoelectron diffraction.

In order to analyze further the variation of anisotropies
with temperature it is useful to introduce a theoretically
derived average or effective scattering angle 8& as taken
over all strong scatterers in the XPD emission. "' %ith
this, the cluster sum on j of scattered waves with different
Debye-Wailer factors may be replaced with an
approximate temperature dependence M/I „
~ exp[ —2k (1—c s8oJ)( UJ (T~) )]. As stated previously,

(UJ (T)) =3k T/Mk&SD cx: T in the high-temperature
Debye limit. Thus, if the idea of an average scattering an-

gle is valid, plots of 1n(M/I, „) versus T are expected to
be straight lines from whose slopes (UJ~(T)) can be de-
rived. Figures 14 and 15 show such experimental and
theoretical plots for Cu 2p3/2 and Cu 3p emission, with
several theoretical curves whose significance will be dis-
cussed below. All of these plots are very nearly linear, in-
cluding those for the high-angular resolution Cu 2p3/i
data shown in the upper part of Fig. 14. Least-squares
slopes of all of the straight lines in Figs. 14 and 15 were
derj.ved.

Our analysis of the various slopes in these two figures
proceeded in the following way: First, the slope of a
theoretical line based upon the previously mentioned De-
bye temperatures of 8D ——343 K and OD ——225 K was
used to derive a OJ- value. Then this OJ value was used to-
gether with the corresponding experimental slope to deter-
mine a single effective Debye temperature. For the much
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more bulk sensitive 8=45', this effective Debye tempera-
ture is taken to represent 8D, and for the very surface
sensitive 8=7, it is taken to represent OD. These empiri-
cal Debye temperatures were then used to generate a
second theoretical curve, with the ratio of en/eD being
taken to be 3/2=1. 41, so that surface vibrational ampli-
tudes are twice those in the bulk. This ratio is also very
close to the ratio 343 K/225 K=1.52 of prior LEED
studies on copper. A more detailed discussion of the
effects of such enhanced surface vibrational amplitudes
on photoelectron diffraction appears elsewhere. 2s'b'

Considering first Cu 3p emission at the surface-
sensitive polar angle 8=7' (Fig. 15), we see that there is
very good agreement between the slope of the theory
curve with eD ——343 K and SD ——225 K ( —4.98X10
K '), and the slope of the experimental curve
( —4.37X10 K '). From the theoretical slope and sur-
face Debye temperature of 225 K, which should dominate
for the surface sensitive polar angle of 7', we can deduce a

very reasonable value for the mean scattering angle of
8J =9.9'. From this value and the experimental slope we
further infer an effective surface Debye temperature (8D)
for Cu(001) of -240 K, which is in very good agreement
with prior determinations of 220—230 K. 6 Further-
more, with this value of SD and an assumed effective
bulk Debye temperature of eD ——v 2 X OD =340 K
in the SSC model, another curve of In(bI/I, „) versus T
was generated; the slope of this line is ( —4.87X10
K ') or somewhat closer to the experiment
( —4.37X10 K '). Thus, a very self-consistent picture
of these results is possible.

An identical analysis of the temperature-dependent an-
isotropies at 8=45' for Cu 3p emission is shown in the
upper part of Fig. 15. Here, a bulk Debye temperature of
343 K is assumed to dominate in deriving a 8J value of
4. 1' from theory. This smaller value of 4. 1' for 8J at
8=45' as compared to 9.9' at 8=7' is reasonable in view
of the expected importance of forward scattering events
with 8J =0', for example, when emission at 8=45' occurs
along rows of atoms for /=0', 90'. The dominant peaks
for 8=45' and /=0', 90' of Fig. 12 also mean that these
features will strongly influence the value obtained for
I5J/I, „. However, the slope of the upper theory curve
( —3.65X10 K ') is much smaller in magnitude than
that of the experimental curve ( —4.01 X 10 K ').
Again, with 8J =4.1' from theory and the slope of the ex-
perimental curve, as we infer an effective bulk Debye tem-
perature (SD ) of 104 K, a value very much lower than the
expected value of around 343 K. This large discrepancy
is further suggestive of the presence of strong multiple
scattering effects at 8=45'. With OD ——104 K and
SD =SD/3/2=73 K, another 1 (nM I/, „) versus T curve
was generated from the SSC model; its slope of
—8.41)& 10 K ' is now closer to experiment
( —4.01 X 10 K '), but still much smaller in magnitude.
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FIG. 14. The logarithm of Cu 2p3~q azimuthal anisotropies
at 8=4S' and 7' are plotted as a function of temperature for ex-
periment (), and SSC theory (0) based upon literature values
for the bulk and surface Debye temperatures. The slopes of
these theory curves are used to derive an effective scattering an-

gle 8~, and the experimental slope is then used to derive effective
bulk or surface Debye temperatures from the 8=4S' or 8=7'
data, respectively. The second theory curves (x) are then calcu-

lated using these empirical values of bulk (4S') and surface (7')

Debye temperatures. Also shown are values from high angular
resolution experiments (4,) and a corresponding SSC theory
curve (5) using literature bulk and surface Debye temperatures.
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An essentially identical analysis reported previously for
the Cu 2@3~2 anisotropy data ' is depicted in Fig. 14.
The same conclusions were reached as were for Cu 3p
emission. Here again at 8=7', the slope of the theory
curve with O~ ——343 K and ea ——225 K
( —6.25 X 10 K ') and that of experiment
(—7.78X10 K ') are in very good agreement, while at
8=45', the slope of the corresponding theory curve
(—4.60X 10 K ') is much smaller in magnitude than
that of experiment (—3.44X10 K '). Using the same
procedure and assumptions described above for Cu 3p
emission, we have derived average scattering angles of
8J ——17.7' and 7.3' for emission at polar angles of 8=7'
and 45, respectively. As for Cu 3p emission, the average
scattering angle at 8=45' (7.3') is much smaller than at
8=7' (17.7), confirming the importance of strong for-
ward scattering events with 8J -0' for emission at 8=45'.
With these values of scattering angles and the slopes of
the experimental plots at 8=7' and 45', effective surface
and bulk Debye temperatures 8D-202 K and SD-117
K, respectively, were deduced. The very low value of
en ——117 K is again suggestive of multiple-scattering ef-
fects at 8=45'. The two values of en thus deduced from
the Cu 2pq/z and Cu 3p data (202 and 240 K) are thus
consistent with one another. The lower value of 8&——202
K obtained from the Cu 2pi/2 data is also reasonable in
view of the fact that, for the same polar angle of emission
of 8=7', the higher-energy Cu 3p emission occurs from
somewhat deeper within the sample (cf. Fig. 1).

As for Cu 3p, the above-deduced empirical OD and en
values for Cu 2p3/z enlission were then used to generate a
second set of SSC curves. The slope of the second theory
curve at 8=7' (—7.63 X 10 K ') matches almost exact-
ly with that of experiment ( —7.78 X 10 K '). Howev-
er, at 8=45', the slope of the second theory curve with
empirical 8n, en is —1.32X10 K ', which is some-
what closer to that of experiment ( —3.44X10 K '),
hilt still s1gnlficantly slllaller 111 iilagllitllde.

Figure 14 also shows experimental and theoretical
ln(M/I, „) versus T relationships for high angular reso-
lution Cu 2p3/2 emission. The slopes of experiment and
theory for these curves are —3.49 X 10 E ' and
—6.36X10 5 K ', respectively, and these lines are very

nearly parallel to their counterparts at lower-angular reso-
lution. Thus, the degree of angular resolution does not
play a strong role in determining the temperature depen-
dence of XPD anisotropies, although higher resolution
does increase the absolute anisotropies by factors of
—1.4x (cf. Figs. 3 and 9).

Overall, it is thus clear that simple SSC theory with
Debye-Wailer factors is adequate for describing the tem-
perature dependence of XPD anisotropies at 8=7, but for
the more bulk sensitive 8=45', significant discrepancies
probably due to multiple scattering emerge.

E. Effects of including double-scattering events

In order to make a first step in assessing the effect of
multiple scattering on XPD temperature dependence, we
have performed a series of calculations for Cu 2pi/i emis-
sion including double scattering events. The general ex-
pression used in this work results from adding doubly
scattered waves to Eq. (1) and completing the square. As
discussed by Sinkovic et al. ,' this yields to second order
in the scattering factor products,

(4)

where P is the amplitude reduction parameter discussed
before, PJ or P~' is a singly scattered wave proportional to
a scattering amplitude

) fj ~

or
~ f~'~ as before, P;J is a

doubly scattered wave proportional to a product of two
scattering amplitudes

~ f, ( ~f~ (, and P' and P" are addi-
tional amplitude reduction factors that can be adjusted in
the calculations to assess the relative importance of dif-
ferent effects. The two double sums in Eq. (3) are thus
second order in scattering amplitudes. Hence, the a priori
scaling of P' and P" would be P'=P"=P . The SSC cal-
culations previously discussed include the first three terms
of Eq. (3) and add a correction for thermal diffuse scatter-
ing ' not explicitly shown above; they also implicitly use
P'=P. The exact expression used for a given double
scattering term P;J is thus [cf. Eq. (3)],

/ f (8,')
f

P z
——sin8„.

' '
exp[ —L J /2A, ]8';(T)expI i[kr;(1 —cos8; )+g;(8,')] ]

rr

Ifj(8j) I

X W/(T)expIi[k ~ri —r; ~(1—cos8J)+pz(8J)]I, (5)
~l rJ

where r; and rJ are the positions of the two scattering
atoms, L;~ is a total path length for inelastic scattering in
going from emitter to i to j to surface, 8,. is the single-
scattering angle for atom i, 8,' is the double-scattering an-
gle from i to j and 8J is the double-scattering angle from j
to the final detection direction k. This is the same general
form used previously in assessing double-scattering effects

in EXAFS. ' All double-scattering events were includ-
ed for which the path length from emitter to i to j was
&40 A; this was found to yield all important events.
These much more time consuming calculations were done
with a P step size of 4.5' and with the +5.7' angular
broadening appropriate to Cu 2@3&2.

Figure 16 shows the results of such double-scattering
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(DS) calculations and compares them with corresponding
SSC calculations and experiment. A comparison of the

upper two curves for 8=45' shows that inclusion of dou-
ble scattering events (SS + DS) at 8=45' in the unadjust-
ed theory (P=P'=P"=1.0, A, =Full) correctly tends to
fill in the minimum at /=0', 90 as compared to simple

Cu{001j-Cu2p3&2 Azimuthal Scans

Effect of Including Double Scattering
AI

/~~ ¹45'
l

C

I f
\

SS+DS,unodj. i I
J g
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FIG. 16. Experimental and theoretical Cu 2p3~2 azimuthal
scans at T=298 K and 8=45, 7. The theoretical curves are
calculated in four ways corresponding to single scattering only
(SS) or the additional inclusion of double scattering (SS+ DS),
and also to whether or not the scattered wave amplitudes and
A, have been adjusted. The notation 0.5

l
f(8)

l
implies reduc-

ing all scattered-wave amplitudes to one-half of their calculated
values.

SSC calculations (SS) and experiment. Including double
scattering also decreases the overall anisotropy from
71.1% to 59.9% so as to be closer to experiment at
38.8%. This supports the idea that multiple scattering is
important along (110) rows of atoms at /=0', 90'.
However, for the case of adjustml theory (p= 0.5,
P'=P"=P =0.25, and A, =Half), the inclusion of double
scattering for 8=45' does not sigmficantly alter either the
profile of the calculated curve or its anisotropy. The only
effect of including double scattering in adjusted theory is
again the filling of what is now a very minor minimum at
/=0, 90' in the corresponding SSC calculations. Fur-
thermore, the inclusion of double scattering in adjusted
theory did not improve the agreement between theory and
experiment for variation of anisotropy with temperature
for Cu 2@i~2 XPD at 8=45'. The corresponding double
scattering slope of In(dd!I versus T is —2.80&(10
compared to —4.60&10 K ' in single scattering and
—3.44)&10 K ' in experiment. Thus, we can conclude
overall that the empirical adjustment of p and A, has al-
ready in large measure allowed for double scattering ef-
fects in an approximate way. However, the temperature
dependence of M/I, „ is still not adequately explained
by either model at 8=45'.

For Cu 2@3/2 emission at 8=7', very similar con-
clusions concerning double scattering effects can be made.
One difference, however, is that the unadjusted double-
and single-scattering curves show much greater differ-
ences than at 45'. [The previously mentioned use of P
variation to determine where second-order scattering is
more important is thus corroborated by these results (cf.
Figs. 10 and 11).] Also, the experimentally observed
minimum at /=45' is introduced by including double
scattering jn the adjusted theory, even though the inner
potential Vo has been kept at the standard value of 14.1
eV (cf. Fig. 2). Thus, it may well be a concerted effect of
higher Vo and multiple scattering that produces this deep
minimum in experiment.

V. CONCLUSIONS

It has been demonstrated that a simple SSC model
with Debye-Wailer factors and empirically reduced
scattered-wave amplitudes and inelastic attenuation
lengths is adequate for describing most of the features in
azimuthal XPD curves for core-level emission from
Cu(001) at 8=7' and 45', even in data obtained with much
higher angular resolution than prior studies. The tern-
perature dependence of the relative intensities of different
features is also in general well described by this model.
With a very surface-sensitive grazing emission angle
8=7', for which multiple-scattering contributions should
be reduced, overall diffraction arusotropies are also
correctly predicted as a function of temperature. The use-
fulness of an effective scattering angle 81 and plots of
In[M/I, „] versus T in analyzing such temperature-
dependent data has also been demonstrated. Such analy-
ses permit deriving surface Debye temperatures in good
agreement with prior results. At the more bulk sensitive
emission angle of 61=45', such SSC calculations very well
predict the overall features of XPD curves, including the
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additional fine structure observed at higher angular reso-
lution and its extreme sensitivity to small variations in

polar angle. Horvever, at 45', the temperature sensitivity
of anisotropies is significantly underestimated by theory,
suggesting stronger multiple scattering effects, probably
along low-index rows of atoms. Such anomalously high
de:reases in anisotropy with temperature may be useful in
future studies for identifying features with a greater influ-
ence of multiple scattering. The inclusion of double
scattering in some of our calculations also points to the
presence of multiple-scattering effects along rows of
atoms in the crystal, and further suggests that the empiri-
cal adjustment of certain parameters in the theory allows
for multiple scattering to first order. A complete descrip-

tion of the temperature dependence of anisotropies at
8=45' thus may require a full multiple scattering treat-
ment. Also, the effects of including curved-wave scatter-
ing for near neighbors in such azimuthal XPD studies are
worth investigating, although it is likely that our adjust-
ment of P to-0. 5 also allows for this in forward scatter-
ing to a good degree. Finally, no evidence of short-
range surface melting was observed on Cu(001) at tem-
peratures up to T=1010K or T/T, &„-„z——0.74.
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