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High-resolution angle-resolved x-ray photoemission (XPS) valence-band spectra from a clean W (001) single
crystal have been observed to show strong spectral variations both with electron-emission direction and temperature.
The spectral changes with direction are in very good agreement with the predictions of a simple direct-transition
model assuming free-electron final-state dispersion and constant matrix elements. The effect of photon wave-vector
involvement in the wave-vector conservation has also been explicitly observed. The strong temperature dependence
noted indicates the importance of phonon-assisted nondirect transitions for Brillouin-zone averaging and
demonstrates conclusively the crucial role played by the Debye-Waller factor in the interpretation of photoemission
spectra in the XPS regime. Valence-band spectra at various temperatures can, furthermore, be used for isolating the

direct and nondirect components in spectra.

I. INTRODUCTION

Following the first observation that angle-re-
solved x-ray photoemission (XPS) spectra from
the valence bands of gold single crystals exhibit
pronounced spectral changes with electron-emis-
sion direction,' such effects have also been noted
in single crystals of Ag,? Cu,** Pt,° Si,® and the
layered transition-metal compounds MoS, and
GaSe.” Since final-state band-structure calcula-
tions at these high energies are not yet available,
substantial approximations are, in general, re-
quired for the interpretation of such spectra. Two
inherently different limiting models have by now
been proposed for interpreting the changes ob-
served in spectra with emission direction in the
XPS regime. In the early work by Baird ef al.,' a
simple model based upon direct (K-conserving)
transitions between initial electronic states with
full bulk translational symmetry and final-states
with a free-electron dispersion relation has been
utilized. Matrix elements for all transitions are
assumed to be constant. In this model, spectral
changes arise mainly because different regions of
the Brillouin zone (BZ) are sampled for emission
along different directions. This direct-transition
model has been unambiguously demonstrated to
predict most of the spectral changes with photon
energy and emission direction for Cu in the inter-
mediate energy range 30-200 eV.%™? Although cal-
culations based upon this approach were also ini-
tially found to predict qualitatively the spectral
changes observed in XPS spectra for certain me-
tals,'? subsequent studies!®'!4 have indicated that
at these energies a rather complete averaging
over the reduced zone occurs. The second model,
first proposed by McFeely ef al.,? takes a com-
pletely different approach and assumes that

complexities in the final-state electronic wave
function involving the mixing in of other plane-
wave components by the crystal potential, as well
as the finite acceptance angle of the analyzer,
finally yield complete sampling of all states in the
BZ .2%14716 The final-state mixing may involve both
bulk- and surface-scattering processes.” Under
this assumption, anisotropies in XPS valence-band
spectra must arise due to directional matrix ele-
ments as summed over all occupied initial states.
These matrix elements are, in turn, calculated by
assuming a plane-wave final-state wave func-
tion.>!® The results of this model agree semi-
quantitatively with certain prior experimental
results,>* 5 put it has been pointed out as a result
of more accurate calculations by Sayers and

Mc Feely'® and Goldberg, Fadley and Kono'® that
this agreement has most likely been the result of
a fortuitous cancellation of errors in determining
the matrix elements.

The at-first-sight somewhat contradictory ob-
servations of strong direct-transition effects in
the intermediate energy range®™'? from 30 to 200
eV and full zone averaging in the XPS region of
~10% eV for several substances'®!* has been tenta-
tively explained by Shevchik,'® who first pointed out
the possible importance of phonon-assisted non-
direct transitions in the photoemission process.
According to this work!® there are two contribu-
tions to the photoemission spectra: one from
direct transitions and the other from phonon-as-
sisted nondirect transitions. The relative im-
portance of these two is determined by the Debye-
Waller factor, so that the latter effect becomes
more significant at high temperatures and/or at
high energies of excitation. Most simply, the
percentage of transitions that are direct is given
by the Debye-Waller factor. The strong tempera-
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ture dependence of valence-band spectra expected
as a result of such phonon involvement has been
verified experimentally in low-energy angle-re-
solved photoemission (Zw= 45 eV) from Cu by
Williams et al.'* However, an attempt to observe
such effects in the XPS of Au and Pt between 77
and 293 K gave negative results, and led Dabbousi
et al.* to conclude that complexities in the final
electronic state were responsible for zone averag-
ing in the XPS regime. Thus, the exact origin of
the zone averaging in XPS remained a question.

A principle aim of this work has thus been to
determine the mechanism responsible for zone
averaging in the XPS regime. A preliminary ac-
count of these results appears elsewhere.?® The
system selected for these studies was a W single
crystal. This choice is rather unique in the sense
that, even at ambient temperature, over half of the
transitions in the XPS regime might be expected to
be direct. That is, the Debye-Waller factor is
~0.55. Thus, measurements at higher tempera-
tures may exhibit changes due to an increased
degree of zone averaging caused by phonon in-
volvement. On the other hand, any zone averaging
due to final electronic state complexities'* ¢ would
be expected to be almost temperature invariant.
Our temperature-dependent XPS studies on W do,
in fact, strongly suggest that the principal mech-
anism responsible for BZ averaging is phonon-
assisted nondirect transitions. A second goal of
the investigation has been to determine the degree
to which the simple direct-transition model de-
scribed previously can be used to predict that
component of the spectra considered to be direct.

After presenting the experimental procedure in
Sec. II, we describe the essence of the simple
direct-transition model and the role of thermal
vibrations in producing nondirect transitions in
Sec. III. In Sec. IVA we present angle-resolved
valence-band spectra at ambient temperature and
correlate the results with the simple direct-tran-
sition model. Section IV B deals with the tempera-
ture dependence of valence spectra and their use
for isolating direct and nondirect components in
spectra. In Sec. IVC, comparisons to prior work
are made. Our conclusions are presented in Sec.
V. '

1. EXPERIMENTAL PROCEDURE

The measurements were performed on a com-
bined XPS-low-energy-electron diffraction (LEED)
system involving a Hewlett-Packard 5950A spec-
trometer with a special low-noise, high-stability,
resistive-strip multichannel detector (Surface
Science Laboratories Model No. 539), and mono-
chromatized Al Ka radiation (1486.6 eV). A two-
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axis specimen goniometer permitted rotation of
the specimen on two axes with a final accuracy of
positioning of +0.5°inboth the polar- and azimuthal-
emission angles. Polar rotations were performed
about an axis perpendicular to the plane containing
the directions of x-ray incidence and electron
emission, as well as the [001] surface normal.
Azimuthal rotations were about the surface nor-
mal. The experimental geometry is shown in Fig.
1. The polar angle 6 was measured with respect
to the surface, such that 90° corresponds to emis-
sion perpendicular to the surface. The azimuthal
angle ¢ was measured with respect to the [100]
crystal direction. The fixed angle of 72° between
x-ray incidence and electron emission means that
the polarizations in the unpolarized Al Ka radia-
tion are averaged in a plane at 18° with respect to
the emission direction®! (that is, a plane passing
through 8 -18°). A specially constructed ultra-
high-temperature specimen holder which permitted
full polar and azimuthal rotations provided tem-
peratures up to 2700 K. The specimen heater con-
sisted of a flat, spirally-wound, tungsten filament
positioned behind the single crystal that was used
for both radiative heating of the crystal for high-
temperature XPS experiments (<1200 K) and for
electron-bombardment heating in cleaning the
crystal by flash desorption at ~2600 K. Possible
effects due to the magnetic field induced by the
direct-current coil were estimated to be less than
0.2 gauss and thus would deflect the electrons by
less than 0.2°.  The insignificance of the magnetic
field as it affected the valence-band spectra was
further confirmed by changing the polarity of the

FIG. 1. Schematic illustration of the experimental
geometry, with various pertinent angles defined. Rota-
tion of the specimen on both axes noted was possible.
The angle between incidence and emission was fixed at
72°.
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heater current; this was found not to change any
spectral features. Temperatures were measured
with a theromocouple-calibrated infrared pyro-
meter (Ircon Model 300LC). Base pressures dur-
ing measurements were 5x 10™! to 1x 10™° torr.

A tungsten single crystal with dimensions of
6-mm diameter X 1-mm thickness was oriented to
within 0.5° of (001) as checked by the Laue back-
reflection method. The crystal was polished using
standard mechanical techniques and, just prior to
insertion in the ultrahigh-vacuum chamber, it was
chemically etched to remove surface disorder in-
troduced by the mechanical polishing. In situ
cleaning was carried out by high-temperature oxy-
gen exposure (1.0x10-7 torr at 2300 K), followed
by flashing at 2600 K. Both LEED patterns and
final-state diffraction effects in core-peak XPS
angular distributions were utilized to verify good
surface order and to specify the orientation of the
crystal in the system with a precision better than
1°. XPS core spectra were used for monitoring
surface contaminants.

Spectra were obtained for various electron-emis-
sion directions and, for several directions, also at
four different temperatures (295, 500, 700, and
1000 K). For runs at temperatures less than 1000
K, no contaminants were observed either before or
after the valence measurements. In runs at 1000
K, the only detectable impurity was <0.1 monolayer
of oxygen, which was found not to affect the re-
versibility of spectral changes with temperature
to within statistical error. Also, in view of the _
much lower photoelectric cross section for the
oxygen valence levels as compared to the W va-
lence levels,? as well as the high degree of bulk
sensitivity in XPS experiments at relatively high 6
values, such impurity levels should have a negli-
gible effect on valence spectra. All of the spectral
variations noted with temperature were completely
reversible and reproducible. The directions
studied included 5°-step azimuthal scans from
¢ =0°to 90° for both 6=33° and 9=63.4° and 2°-
step polar scans for ¢ =0° centered about the sym-
metry-equivalent [102] and [201] directions at
0=63.4° and 26.6°, respectively. By utilizing two
different lens magnifications for the electron
spectrometer,? it was possible to maintain exper-
imental resolutions always at between 0.7 and 0.8
eV for the W 4f,,, core level, even though resolu-
tion is in general a function of 6 for this spec-
trometer.?® Detailed electron-trajectory calcula-
tions?® indicate that the lens accepts electrons in
a cone of 3.5° half-angle for the normal mode
utilized at low angles of 6~ 30°, and 2.8° for the
second mode used at high angles of 6 60°. All
spectra were accumulated to ~10? counts full scale,
and the inelastic background at low energies has

been subtracted using a previously described, self-
consistent method.?* The data were subsequently
smoothed by doing least-squares polynomial fits

of second order over nine points or a range of

0.7 eV.?® No significant spectral features were
altered by this smoothing, however. The Fermi
level is specified in all spectra with respect to the
W 4f,,, binding energy, which is taken to be 31.5
ev.z

III. THEORY
A. The direct-transition model

In this model, as first proposed by Baird, Wag-
ner, and Fadley! for interpreting angle-resolved
photoemission spectra in the XPS regime, rigor-
ous wave-vector and energy conservations are
required in order for a transition to be allowed.
Here, we only briefly summarize this simple mod-
el since it has been described in detail in previous
studies.’®81%13 The energy and wave-vector con-
servation equations are E' = E' + /iw and K =¥ + &,
+¢, where E' and E' are the final and initial elec-
tron energies, K’ is the final-state wave vector in-
side the crystal, K is the initial-state wave vector,
7w is the photon energy, EM is the photon wave
vector (with ]khgl— w/c), and g is a reciprocal-
lattice vector. k' is taken to be inside the reduced
Brillouin zone (BZ) so that E*(K) is then the band
structure of the occupied states, and K is expres-
sed in an extended-zone scheme. k' is further
assumed to correspond to the free-electron dis-
persion relation E'=r%(k*)?/2m. The photon wave
vector k,w cannot be neglected in the XPS regime
where Ef~1.5 keV, even though it is quite valid
to neglect it at ultraviolet energies up to ~100 eV.
For example, for the case of Al Ka excitation of
bece tungsten with a lattice constant of a=3.16 A
|k,,wl ~(0.38)27/a and ]k’|~(10 1)27n/a, where 21r/a
is the approximate radius of the BZ. Thus k,m,
cannot be neglected with respect to kK, as ]k‘ |= 2r/
a,

The fact that the spectrometer lens system ac-
cepts electrons in relatively narrow, but finite,
cones of 3.5° half-angle for the normal mode and
2.8° for the second mode (cf. Fig. 11 in Ref. 23),
leads to an additional summation over K values.
That is, the cone accepted by the electron lens
permits the observed K’ values to lie on an essen-
tially planar disk with a radius of 0.62(27/a) or
0.49(27/a), respectlvely, depending on the lens
mode use. For each K’ value on the disk, since
the direction of k,,w is known from the spectro-
meter geometry, there is a unique value of §
which, by wave-vector conservation, projects this
'Y 1nto the reduced BZ to a unique value of k’

The corresponding E(k*) is found by a second-
order Taylor-series interpolation of the relativis-
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tic augmented plane-wave (RAPW) band structure
given by Christensen and Feuerbacher.?” Matrix
elements are completely neglected in this model,
so that each allowed transition is counted with
equal weight. A summation is made over a repre-
sentative set of k* points over the disk. Spectral -
changes with emission directions are thus con-
nected solely with the region of the reduced zone
from which transitions are allowed, that is, the
projection of the k’ disk into the reduced zone. A
momentum smearing AK” parallel to k¥ due to in-
elastic scattering!'’!? with a mean free path of
134 (Ref. 28) is also included in the calculation,
although this effect is found to change the calcu-
lated curves very little. Such a AK is rather
small in any case, having a magnitude of only
~0.02(27/a). The resulting theoretical curves thus
obtained are finally broadened with a Gaussian
function of 0.8 eV full width at half maximum
(FWHM), to simulate the instrumental and natural
linewidth contributions. Electron refraction at the
surface due to an inner potential of ~16.6 eV (Ref.
27) has also been included in associating K inside
the crystal with the observed K/ outside the crystal,
although for 6= 30°, this effect is essentially neg-
ligible.

In conclusion, we stress that this is a very sim-
ple, limiting model that certainly does not contain
all of the physical ingredients of an exact theory.
For example, we refer to the qualitative discus-
sion of mixing in the final states due to bulk and
surface scattering by Paasch.” Our aim here is
thus to investigate the degree to which such an
easily visualized and used model can predict cer-
tain trends in the experimental data, and thus also
provide some guidance in the development of more
exact theoretical treatments for the XPS regime.

B. Thermal disorder and nondirect transitions
in x-ray photoemission

Shevchik?!® has recently pointed out the effects of
thermal disorder in destroying K conservation in
photoemission and that this phenomenon becomes
extremely important for most materials at room
temperature in the XPS regime. The temperature
dependence of the intensity of radiation elastically
scattered by a crystal lattice is commonly esti-
mated in diffraction theory?® from the Debye-
Waller factor,

W(T)= exp[—5 AR*UX(T))], (1)

where Ak= Kk’ - (ki + &, )= &= the wave-vector change
associated with the scattering and (U*(T)) is the
temperature-dependent mean-squared atomic dis-
placement. In a simple one-electron picture,
angle-resolved photoemission can be visualized as
a diffraction process in which an initial state in-

volving photon momentum 'l;,w and a bound valence-
electron state of crystal momentum ik is the inci-
dent beam, and a final state of momentum &’ is the
scattered beam. In contrast to usual diffraction
theory,? the magnitude of the momenta in the ini-
tial and final states are different in photoemission.
Nonetheless, the diffraction law kf — (K + &, )= ¢
describing elastic scattering by a crystal lattice
also describes the direct-transition requirement
in photoemission. Hence, the intensity of a direct-
transition peak should be expected to exhibit a
temperature dependence in accordance with Eq.
(1), as well as a dependence on energy due to the
change in Ak =g with changing Zw. In addition, the
nondirect (phonon-assisted) transition process in
photoemission should correspond closely to x-ray
or electron thermal diffuse scattering.?® The tem-
perature dependence of the photoemission can then
be estimated by employing simple Debye theory,?
in which it is assumed that the atoms move inde-
pendently of one another. In this approximation,
the probability that an initial state of momentum

k' makes a transition into a final state of momen-
tum ¥’ is proportional to

a‘f(ﬁf)(n -W(T)]+ W(T)Za(AE-§)>. (2)

Here, o*/(K’) is the photoionization cross section.
The second term in Eq. (2) corresponds to k-con-
serving transitions as multiplied by the Debye-
Waller factor. The first term in the above expres-
sion, however, has no restriction on momentum
conservation and thus it corresponds to nondirect
transitions. A more detailed analysis of the
theory!®'® shows that phonons provide the source
of momentum which could allow all electronic
states in the first BZ to contribute to emission
into a final state of momentum k*. Yet the phonon
energy is only a few tens of millivolts, so that it
does not seriously alter the energy of the electron-
ic transition. One question that is not addressed
is the degree to which phonon-assisted transitions
may nonetheless be associated with rather small
phonon wave vectors, and thus be quasi direct.

For example, it is well known that the thermal
diffuse scattering intensity in diffraction is peaked
near the Bragg or direct peak.?® This potential
importance of small phonon wave vectors has also
been discussed by Sayers and Mc Feely,'® but our
results will eventually show that the rather sharp
decomposition of Eq. (2) seems nonetheless to be
a very good approximation in XPS.

In the XPS regime, where the momentum of the
photoelectron is large, the fraction of direct
transitions is expected to be less because of the
large g and resultant lower value for the Debye-
Waller factor for most materials at ambient tem-
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perature. The magnitude of the thermal displace-
ments (U*T)) and the Debye-Waller factors W(T)
at four different temperatures [4 K (liquid He), 77
K (liquid N,), 300 K, and 1000 K] for several ele-
ments in the XPS regime (E,,,= 1482 eV), are given
in Table I. For most of the commonly studied
metals such as Cu, Ag, and Au, the photoemission
spectra should be heavily dominated by phonon-
assisted nondirect transitions at ambient tempera-
ture, although at very low temperatures some
restoration of the direct transitions are predicted.
Inspection of the table shows that W is a rather
unique metal which has a large Debye-Waller fac-
tor of 0.55 even at ambient temperature and which
also exhibits significant variations in the values

of W(T') with a change of temperature. Thus, over
half of the transitions from W might be expected to
be direct at ambient temperature, and measure-
ments at higher temperatures might exhibit
changes due to an increased degree of phonon-
induced zone averaging.

In comparing experimental spectra obtained at a
particular temperature with direct-transition
theory, it is thus necessary to take into account
phonon-assisted nondirect-transition effects. In
doing this, our first set of theoretical curves were
generated as follows: The intensities as predicted
by the pure direct-transition model [l (E)] were
multiplied by W(7') and added to the total density of
states [Io4(E)] after the latter had been weighted

TABLE I. Tabulation of thermal displacements ((U%) and Debye-Waller factors [W(T) =exp(—4(U%g3] in the XPS re-
gime (Ey, =1482 eV) for various elements. The Debye temperatures are taken from Ref. 30. The solid line divides the
Debye-Waller factors so as to indicate when =% of the transitions will be direct. Elements are in order of Z.

T=4K

T=7T7TK T=300 K T=1000 K
®p A ) ) wh w?

Element (K) (amu) (10718 cm? w (10718 cm? w (10718 cm? w (10718 ¢m? w
Be 1440 9.012 0.84 0.34 0.86 0.33 1.07 0.25 2.47 0.04
C 2230 12.001 0.41 0.59 0.41 0.59 0.46 0.55 , 0.83 0.34
Mg 400 24.312 1.12 0.23 1.40 0.16 3.53 0.01
Al 428 26.981 0.95 0.29 1.15 0.22 2.79 0.03
Si 645 28.086 0.60 0.46 0.66 0.42 1.26 0.19 3.07 0.02
Ca 230 40.08 1.19 0.21 1.94 0.08 6.24 0.0
Ti 420 47.9 0.54 0.49 0.66 0.42 1.63 0.12 5.16 0.0
v 380 50.942 0.56 0.48 0.72 0.39 1.85 0.09 5.93 0.0
Cr 630 51.996 0.33 0.65 0.37 0.62 I 0.71 0.40 2.15 0.06
Mn 410 54.938 0.48 0.53 0.60 0.46 1.49 0.14 4.72 0.0
Fe 470 55.847 0.42 0.58 0.49 0.53 1.138 0.23 3.58 0.01
Co 445 58.933 0.42 0.58 0.50 0.52 1.19 0.21 3.74 0.0
Ni 450 58.71 0.41 0.58 " 0.49 0.53 1.17 0.22 3.67 0.01
Cu 343 63.54 0.50 0.52 0.67 0.42 1.82 0.09 5.84 0.0
Zn 327 65.37 0.51 0.51 0.70 0.40 1.92 0.08
Ge 374 72.59 0.40 0.59 0.51 0.51] 1.34 0.17 4.28 0.0
As 282 74,922 0.52 0.51 0.77 0.37 2.25 0.05 7.33 0.0
Zr 291 91.22 0.41 0.59 0.60 0.46 1.74 0.10 5.65 0.0
Nb 275 92.906 0.43 0.57 0.65 0.43 1.90 0.08 6.21 0.0
Mo 450 95.94 0.25 0,72 0.30 O.GSL 0.71 0.39 2.25 0.05
Ru 600 101.07 0.18 0.78 0.20 0.77 0.40 0.60] 1.21 0.21
Rh 480 102.905 0.22 0.75 0.26 0.71 l 0.59 0.46 1.84 0.09
Pd 274 106.4 0.37 0.61 0.57 0.48 1.68 0.11 5.46 0.0
Ag 225 107.87 0.45 0.56 0.75 0.38 2.44 0.04 8.00 0.0
Cd 209 112.40 0.47 0.55 0.81 0.35 2.70 0.03
Sn 200 118.69 0.46 0.55 0.83 0.34 2.55 0.04
Sb 211 121.75 0.43 0.57 0.79 0.35 2.46 0.04
Hf 252 178.49 0.24 0.73 0.39 0.60 1.18 0.22 3.85 0.01
Ta 240 180.948 0.25 0.72 0.42 0.58 1.28 0.19 4.19 0.0
W 400 183.85 0.15 0.82 0.18 0.79 0.47 0.55 1.48 0.14
Re 430 186.2 0.14 0.84 0.17 0.81 0.40 0.59 1.23 0.19
Os 500 190.2 0.11 0.86 0.13 0.84 0.30 0.68 0.92 0.30
Ir 420 192.2 0.14 0.84 0.17 0.81 0.41 0.59 1.29 0.19
Pt 240 195.09 0.23 0.74 0.39 0.60] 1.19 0.21 3.88 0.01
Au 165 196.967 0.34 0.65 0.82 0.35 2.46 0.04 8.14 0.0
Pb 105 207.19 0.51 0.52 1.54 0.13 5.75 0.0
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by [1- w(T)]:
Itheory(E)= [1 - W(T)]IDOS(E)+ W(T)IPDT(E) . (3)

In these calculations the direct-transition intensi-
ties and densities of states were normalized such
that the number of points in the first BZ used in
calculating the total density of states was taken
equal to the number of k' points within the accep-
tance solid angle (cf. discussion in Sec. IITA)
leading to direct-transition emission. This pro-
cedure is approximately equal to normalizing to
the same constant area under the two curves
Lip(E) and I ((E).

IV. RESULTS AND DISCUSSION
A. Ambient-temperature photoemission

Experimental valence-band spectra obtained at
ambient temperature for two different azimuthal
scans and one polar scan are compared with
direct-transition theory as determined by using
Eq. (3) in Figs. 2-4. All spectra have been nor-
malized to the same constant maximum height.
The experimental spectra in general have four
components labeled as 1-4, at~4.8, ~3.2, ~2.3, and
~0.6 eV, respectively, and the relative intensities
of these show changes of varying degree with emis-
sion direction. The degree of accuracy in posi-
tioning the crystal was also checked for 6= 33° by
comparing symmetry-equivalent directions on op-
posite sides of ¢ =45° for 0< ¢ < 90°. To within
statistical error, all spectra showed the correct
mirror symmetry about 45°. In general, in Figs.
2-4, there is good qualitative agreement as to the
changes predicted and observed in the relative
intensities of all four components, as well as in
the energy position of peaks 2-4, as discussed in
more detail below.

Figures 2 and 3 show comparisons between ex-
periment and theory for spectra obtained in 5°-step
azimuthal scans from ¢ =0 to 45° at 6=63.4° and
6=33°, respectively. There are marked changes
in the relative intensities of all four of the afore-
mentioned components, but especially in peak 1 at
~4.8 eV. For 0=63.4° this peak shows intensity
maxima at ¢=0° 25° and 45°, and minima at
10°~15° and 35° (Fig. 2), whereas for 6=33°,
it shows maxima at ¢ #5° and 30°, and min-
ima at 0°, 15°, and 45° (Fig. 3). Figure 5 further
indicates the strikingly high degree of agreement
between theory and experiment for the intensity
changes in this peak. In this figure, the relative
intensities of the peak at.~4.8 eV with respect to
that at ~2.3 eV are plotted against ¢ for azimuthal
scans at both 8=63.4° and 33°, and all of the ex-
perimental maxima and minima are correctly pre-

T v T v T
W(OO]_), 295K
8:63.4°
—Expt.
---DT Theor.

T
M

-

Intensity (Arbitrary Units)

Binding Energy (eV)

FIG. 2. XPS valence-band spectra obtained in a 5°-
step azimuthal scan at 6=63.4° from ¢=0° to 45° and at
ambient temperature (295 K) are compared with direct-
transition theory. The theoretical curves are obtained
from a weighted sum of the pure direct-transition curves
and the density of states, as explained in the text and
Eq. (3).

dicted by theory. Although theory generally pre-
dicts a higher intensity for the 4.8-eV peak than is
experimentally observed, this can be attributed
mainly to the matrix-element effects that are
neglected in this direct-transition model. Checking
the location of the initial states contributing to this
~4.8-eV peak in the reduced BZ and inspecting

the W band structure®” show that in all cases

these states contain a strong component of plane-
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FIG. 3. Same as Fig. 2, except for =33°,

wave or s-like character. Such character is ex-
pected to lead to much smaller matrix elements
than the d-like character which is mainly asso-
ciated with the peaks at 2.3 and 3.2 eV. For ex-
ample, purely atomic cross-section calculations

at XPS energies have been performed for W3! using
the Manson-Cooper central potential model,*? and
these yield a o4,/05, ratio per electron for W of
0.169. Similarly, checking the location of the ini-
tial-states contributing intensity to the theoretical
spectra for energies 26 eV shows that these states
arise mainly near the T point in the BZ (e.g., the
spectra at ¢=15°in Figs. 2 and 3) and that they
contain very strong plane-wave character, thus

T 1T T 7
W (001),295K
$=0

E xpt.
——= DTTheor.

Intensity (Arbitrary Units)

Binding Energy (eV)

FIG. 4. Same as Fig. 2, but for a 2°-step polar scan at
¢=0° from 6=53.4° to 65.4°.

explaining why they are so strongly suppressed in
the experimental results. A further but less ob-
vious, point of agreement between theory and ex-
periment concerns the intensity of the weak shoul-
derlike emission near ~0.6 eV relative to the peak
at ~2.3 eV, which is plotted against ¢ for spectra
at =63.4° and 33° in Fig. 6. Again, the theoreti-
cal curves show all of the maxima, minima, and
important trends with ¢ of experiment, with the
minor exception of a slightly misplaced maximum
at ¢$=25° 6=63.4°. As for components 2 and 3,
the theoretical curves are found to be completely
consistent with their observed energy positions,
even as to certain small energy shifts noted (e.g.,
of peak 3 for ¢=10° 15° at 6=63.4°, and of peak

3 for ¢ =0° 15° at 6=33°). The degree of agree-
ment between experiment and theory for the rela-
tive intensities of these two peaks is also reason-
ably good, especially for the azimuthal scan at
0=63.4°, as shown in Fig. 7. The corresponding
comparison in Fig. 7 for the azimuthal scan at
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FIG. 7. Same as Fig. 5, except for the intensity of the
3.2-eV peak as measured with respect to the peak at

2.3 eV.

6=33° does not yield quite as good agreement, but
theory does exhibit all major maxima and minima.
In Fig. 4, experimental spectra obtained for a
2°-step polar scan from 6=65.4°to 53.4° at ¢p=0°
are compared with direct-transition theory. In
addition to marked changes in the relative intens-
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N
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shown.

Polar Angle 8

FIG. 8. Polar dependence at 295 K of the intensities of
the peaks at 4.8, 3.2, and 0.6 eV as measured with re-
spect to that at 2.3 eV. Both experimental and direct-
transition theoretical values according to Eq. (3) are
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ity of the peak at ~4.8 eV, very large changes and
high sensitivity to emission direction are found for
the peak at ~3.2 eV near 6=55° that are fully con-
sistent with theory except for a reversal at 0
=53.4° that is not shown by theory. The degree of
accord between experiment and theory for the
relative intensities of the components at ~4.8,
~3.2, and ~0.6 eV with respect to that at ~2.3eV is
shown in Fig. 8, and again, all major trends with

8 are correctly predicted. The dramatic intensity
modulation of the peak at ~3.2 eV with respect to
the peak at ~2.3 eV near 6=55° is shown in more
detail in Fig. 9, where spectra obtained with only
1° steps from 0=57.4° to 53.4° are presented. The
corresponding theoretical curves are shown only
between 1 and 4 eV for simplicity and are directly
compared with the experimental data. The theory
predicts surprisingly well most of the intensity
modulation and high sensitivity of the observed
peaks to angle. Although the experimental spectra

T T | S S T T T
W(001), 295 K / \‘
¢ =0° s ‘l
Expt. \
---- DT Theor. A |

7

Intensity (Arbitrary Units)

I I

0 8 6 4 2
Binding Energy (eV)

FIG. 9. Valence-band spectra for a fine 1°-step polar
scan at ¢=0° from 6=>53.4° to 57.4°. Note the strong
relative intensity modulation of the peaks at ~3.2 and
~2.3 eV, Direct-transition theoretical spectra are also
shown over the energies of ~1—-4 eV for comparison.

at both 6=53.4° and 56.4° show an ordering of the
two itensities that does not agree with theory, it
is clear that both theory and experiment are very
sensitive to angle changes of as little as 1° (e.g.,
compare theory at 52.4° with experiment at 53.4°).
In view of the ~+0.5° accuracy of positioning the
specimen, such minor discrepancies are thus not
surprising. This high sensitivity to emission
direction in both experiment and theory also
clearly indicates the importance and presence of
direct-transition effects, since any changes occur-
ring in matrix elements due to a 1°~2° variation
in angle are expected to be relatively small.

In certain cases we have found that a somewhat
better degree of agreement between experiment
and theory exists for spectra obtained at higher
polar angles as compared to those at lower angles
(cf. Fig. 7). This could be attributable to surface-
specific effects caused by the enhanced surface
sensitivity at 6 *30° where the mean emission
depth is ~4 atomic layers as compared to that at
6 =~60° of ~7 layers. Also, two recent studies®®
have shown that the clean W (001) surface is
probably reconstructed at room temperature,
an effect which could make surface effects more
important than they would otherwise be. Although
our LEED measurements gave no significant in-
dications of reconstruction, it is not clear that
LEED is very sensitive to this particular structu-
ral change.?® A further point is that LEED mea-
surements indicate that the thermal displacement
of the atoms in the first 1-4 layers might be twice
as much as that of the bulk.>*3®* This would en-
hance the effects of thermal disorder, leading to a
lower fraction of direct transitions as the surface
sensitivity of the photoemission experiment is
increased at lower emission angles. However, the
degree of agreement we have found between ex-
periment and direct-transition theory for 6=33° in
Figs. 3,5, 6, and 7 certainly indicates that surface
effects are not strong, even if they are present.

Next, we consider the question of whether one
further aspect of direct-transition behavior is ob-
servable: the influence of the photon wave vector
Ehw. At the top of Fig. 10, the predicted effect of
l?,,w is schematically illustrated. For the geometry
of our measurements, this effect is to shift the
quantity ¥ —k, =k’ +g that is directly related to
the band structure by 2.0° toward greater 9 rela-
tive to the exiting direction k. Between the in-
terior and exterior of the surface, K may also
have to be corrected slightly for refraction, al-
though this is only significant for 6 < 30°. It is now
useful to consider polar scans of emission direc-
tion near the two-symmetry-equivalent directions
[102] at 9=63.4°, =0 and [201] at 6=26.6°, ¢ =0°,
as also illustrated at the top of Fig. 10. If Eﬁw is
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FIG. 10. Effect of photon wave vector -Enw on spectra
observed at 295 K for various polar angles near the
[102] and [201] directions. The azimuthal angle was 0°
for all spectra. The electron-photon geometry is shown,
together with the polar-scan range considered and the
spectra obtained. Inoverlayingthe spectra, anempirical
shift of 6.0° has been added between [102] and [201]. The
overall calculated shift due to Ky, and refraction is 4.6°,

important, then emission along [102] will not cor-
respond crystallographically to the same K+ g as
along [201], but rather to an emission direction at
lower 6 than [201] by 2x 2.0° plus any refraction
correction. Adding in a small refraction correc-
tion of ~0.6° that is needed only for 6 near [201],
one finally predicts a symmetry correspondence in
k' +g provided that spectra near [201] are shifted
to lower 6 by 4.6°. Comparison of the two fam-
ilies of spectra centered near [102] and [201] are
also shown in Fig. 10. It is empirically found that
a shift of 6.0° is needed to obtain the best corre-
spondence of the two sets of spectra. This em-
pirical shift is thus in good agreement with theo-

retical predictions. By contrast, if one introduces
no shift at all (as in comparing, for example, [ 102]
at 63.4° and [201] at 26.6° directly), a very bad
correspondence results. We note also that the
electron lens system permitted an angular resolu-
tion of 12.8° for spectra obtained at high an-
gles around [102], whereas for the second mode,
utilized at lower angles around [201], it had a
resolution of £3.5°.2 Thus, spectra at lower
angles would be expected to be somewhat more
smeared due to sampling a disk ~55% larger in the
Brillouin zone, and this'behavior is found in both
experiment and corresponding theoretical calcula-
tions that are now shown here. A further point
which may assist in explaining certain differences
remaining even in the optimally-shifted pairs in
Fig. 10 is that this discussion neglects matrix-
element effects which will be different even for
pairs of spectra with the correct shift because of
the different orientation of the polarization averag-
ing in the radiation source relative to the crystal
axes (cf. earlier discussion of polarization averag-
ing in Sec. II). That is, polarizations are always
averaged in a plane passing through 6 - 18°. How-
ever, our prior comparisons in Figs. 2-9 make it
seem that matrix elements in general represent
relatively minor effects. Nonetheless, they could
account for some of the slight differences noted
between the pairs in Fig. 10 as, for example, be-
tween 55.4° and 28.6° and between 63.4° and 20.6°.
The spectra around those angle settings have fur-
thermore been found to be extremely sensitive to
direction (cf. Fig. 9). Another source of disagree-
ment could also be surface-specific effects due to
the enhanced surface sensitivity at 6=20°-30°
(~3=4 layers mean depth), compared to that at
=55°=65° (~7 layers): For example, the compari-
sons 63.4°-20.6° and 65.4°-18.6° could be some-
what affected by this. Nonetheless, the generally
high degree of agreement present in Fig. 10 per-
mits concluding unambiguously that the effect of
photon wave vector can be clearly observed in
angle-resolved XPS.

B. Temperature-dependent photoemission

In Figs. 11 and 12 we show experimental spectra
obtained at four different temperatures along two
different pairs of directions which exhibit both
very strong (and completely reversible) tempera-
ture dependence and very strong sensitivity to -
emission direction. Figure 11 shows spectra ob-
tained with ¢ =0° along two directions at § =55.4°
and 63.4° that are separated by 8° in polar angle,
and Fig. 12 shows another pair of spectra at 6=33°
which are separated by 6° in azimuth. The Debye-
Waller factors are indicated for each temperature.
In spite of the rather small angle differences be-
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FIG. 11. Temperature dependence of tungsten valence-
band spectra for emission at ¢=0° and 6=55.4°, 63.4°.
The temperatures and their associated Debye-Waller
factors are given in the figure, together with the intensi-
ty of the peak at 4.8 eV as measured relative to that at
2.3 eV.

tween these two pairs of spectra, all four com-
ponents of the spectra discussed previously are
very different at ambient temperature, especially
as regards the relative intensity of the peak at
~4.8 eV in both figures and those at ~0.6, ~2.3, and
~3.2 eV in Fig. 11. However, upon heating the
specimen to 1000 K, each pair converges to very
nearly the same shape. Note especially the dra-
matic switching of the relative intensity at ~2.3
and ~3.2 eV in the spectra at 6=55.4°, and also
the marked changes in the relative intensity of the
peak at ~4.8 eV in all of the spectra shown. This
behavior is thus qualitatively consistent with a
strong direct-transition component at lower tem-
peratures and nearly complete BZ averaging at
higher temperatures, as variations in spectra with
emission direction produced by changing the region
of the reduced zone involved in direct transitions
would be expected to be more dramatic than ma-
trix-element-associated variations. The slight
differences remaining in spectra at high tempera-
tures could be due to both directional matrix

T T T T To0%
w(001), T dep.
Expt., 8=33°
b= 0°

——p 6°

T=1000 K
W=0.14

Intensity (Arbitrary Units)

Binding Energy (eV)

FIG. 12. Same as Fig. 11, except for 6=33° along two
directions separated by 6° in azimuthal.

elements and to residual direct~transition effects,
as W=0.14 at T=1000 K. It might also be asked
whether any perturbation in the initial-state band
structure is produced by temperature. Knapp
et al.®® have recently shown by examining tempera-
ture-dependent photoemission studies from copper
at much lower energies that observed shifts in the
bulk band structure are in agreement with energy
shifts calculated for the corresponding tempera-
ture-dependent lattice-constant changes. Assuming
that this is true also for W, we find that the lat-
tice-constant changes by themselves do not theo-
retically produce band shifts of much more than
~0.1-0.2 eV.#”” For example, an RAPW calculation
with an increase in lattice constant from the value
at 300 to 1000 K yields an increase of only ~0.3
eV in the d-band width at the symmetry point H.?”
Thus, it is unlikely that initial-state band-struc-
ture changes with temperature represent a signif-
icant effect in the spectra of Figs. 11 and 12 that
have been observed with the XPS resolution scale
of 0.8 eV.

Finally, we consider the validity of separating
each spectrum into direct and nondirect compo-
nents by using temperature-dependent results such



as those in Figs. 11 and 12. That is, we assume
that a spectrum at a particular temperature is a
sum of a temperature-independent direct-tran-
sition component [I;(E)] and a temperature-inde-
pendent nondirect-transition component [INDT(E)]
weighted by appropriate factors involving the
Debye-Waller factor, as

I(E,T)=[1 = W(T))Ixpr(E)+ W(T )M (E) . (4)

Then, since W(T') can be calculated at any temper-
ature, any two spectra at different temperatures
‘T, and T, can be used to isolate the I, (E) and
Iypr(E). Self-consistency then also requires that
the results obtained do not depend on which pair
of temperatures are utilized, although, of course,
the accuracy will improve as the temperature dif-
ference increases.

This method has been applied to temperature-
dependent data for 13 distinctly different direc-
tions, and it is found to yield a fully self-consis-
tent decomposition into direct and nondirect com-
ponents. The self-consistency of this procedure
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FIG. 13. Direct and nondirect components isolated
using various pairs of temperature-dependent spectra
obtained at §=63.4° and ¢ =15°, The two temperatures
utilized are also given on the curves.
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. is illustrated in Figs. 13 and 14, where direct and

nondirect components obtained by using spectra at
different pairs of temperatures for emission at
6=63.4°and ¢ =15° and 45° are shown. The two
temperatures utilized for isolating each compo-
nent are also given, along with statistical error
bars. For each set of temperature-dependent
spectra, the components isolated using different
pairs of temperatures are identical within statis-
tical error, thus justifying the validity of this pro-
cedure.

A further test of self-consistency can be made
by analyzing the temperature-dependent data in a
slightly different way in which all temperatures
are included at once. Namely, Eq. (4) can be re-
written as

I(E’T):[IDT(E) _INDT(E)]W(T)+INDT(E) . ()

Thus, if the experimental data are adequately de-
scribed by such an expression, a plot of I(E,T)
versus W(T) should yield a straight line of slope
Iyr(E) = Iypr(E) and intercept Iypr(E). Testing this
method of analysis for the spectra involvedin Figs.
13 and 14 does indeed yield a straight line, and
final values of Iy (E) and Iyp1(E) that agree com-
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FIG. 14. Same as Fig. 13, except that 6=63.4° and ¢
=45°,
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pletely with those obtained using the two-tempera-
ture analysis based on Eq. (4).

Examples of the final results of this decomposi-
tion into direct and nondirect components are
shown in Figs. 15 and 16 for eight selected spectra
obtained along different directions at higher and
lower polar angles, along with ambient-tempera-
ture spectra and curves predicted by a pure direct-

W(001), 295K
8 = 63.4°
—Expt.
*—-DT comp.
=+~ NDT comp.
-=-DT theor.

Intensity (Arbitrary Units)

0 86 4 2 &
Binding Energy (eV)

_FIG. 15. Experimental spectra obtained at 295 K and
0=63.4° for various azimuthal angles (¢ =0°, 15°, 30°,
and 45°) are compared with the results of pure direct-
transition model calculations. Also shown are the direct
and nondirect components of each spectrum as derived
from temperature-dependent spectra along each direc-
tion. Lines connect the direct component and pure DT
theory that should be most directly comparable.

transition model without any density-of-states
component. The ambient-temperature spectra and
their associated direct-transition components are
found to show very high sensitivity to emission di-
rection, as discussed before. The nondirect-
transition components, by contrast, are not found
to change significantly in these spectra, although
some rather subtle changes are seen. The direct-
transition components can also be compared di-
rectly with curves obtained from the pure direct-
transition-model calculations. This comparison
shows an improved agreement over comparing
theory with the total experimental spectrum, again
confirming the validity of such a décomposition.
The corresponding comparisons of a mixed direct
and nondirect theory with experiment as in Figs.

W(001), 295K

—Expt.
==DT comp.
=NDT comp.
=-=DT theor.
(pure)

Intensity (Arbitrary Units)

Binding Energy (eV)

FIG. 16. Same as Fig. 15, but for four different di-
rections at various polar angles lower than those in Fig.
15.
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2 and 3 are not as good as those in Figs. 15 and
16. Once again, we should recall that states con-
tributing intensity to theoretical spectra at =6 eV
contain strong plane-wave character and thus are
not expected to be observed with full strength due
to matrix-element effects.

Having seen various convincing manifestations
of direct-transition effects in the XPS of W and
also having derived a method for isolating the di-
rect-transition component in purer form, we can
now finally ask how directly the observed and pre-
dicted spectral changes can be related to the W
band structure. Although the disk of &’ points
sampled in general projects back to a complex
surface in the reduced zone, we can estimate
which zone regions along high-symmetry direc-
tions are the most important in the spectra by
looking for points lying close to or on the direc-
tions. Specifically, for the 29 equally-spaced
points we have used on the disk, we have selected
any point which projects back to within 0.05(27/a)
of a high-symmetry direction. Continuity then im-
plies that there are other points also not very far
away. Generally, only 3-5 points satisfying this
criterion were found for a given choice of experi-
mental emission direction. An example of such an
analysis is shown in Fig. 17 for §=63.4° and ¢
=0° 15° 30° and 45°, where the vertical dotted
lines on the W band structure indicate k' values
for allowed transitions and the horizontal lines in-
dicate the energy locations of the observed spec-
tral features for comparison. Comparing the ob-

- served spectra (especially the direct-transition
component and pure direct-transition theoretical
spectra of Fig. 15) with Fig. 17, we can then see
certain connections. For example, peak 1 at
4.8 eV is of maximum relative importance for ¢
=0°and 45°, and Fig. 17 shows that, for these
angles, transitions are allowed from relatively
flat A and G regions in the band structure at ~4.8
eV. This 4.8-eV peak shifts to higher binding en-
ergy in theory and decreases in intensity for both
experiment and theory in the curves at ¢ =15°,
and this also is consistent with Fig. 17 where the
only allowed transitions are from deeper-lying,
very free-electron-like levels that would be ex~
pected to have very low relative excitation cross
sections. The importance of peak 3 at ~2.3 eV for
¢ =15° as well as a slight shift of it to lower
binding energies, is also consistent with allowed
transitions from A- and Z-type levels shown in
Fig. 17. Thus, although the full 29-point situation
is more complex than this, both experiment and
theory do qualitatively mirror in a rather direct
way the high-symmetry bands shown in Fig. 17.
Future experiments with lower temperatures and
higher angular resolutions should further enhance
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FIG. 17. W band structure along symmetry directions,
with the dotted lines showing the k¢ values of allowed
transitions for spectra obtained at 6=63.4° and ¢ =0°,
15°, 30°, and 45°. The solid lines represent the position
of the four observed spectral features in energy. The
%! values have been determined as explained in the text.

the directness of such correlations, perhaps lead-
ing to a rather direct method for band-structure
mapping with limited complications due to final-
state complexity or matrix-element effects.

C. Relationship to prior work

There are two prior studies that warrant dis-
cussion in relationship to the present work in that
they have reached conclusions that are, at first
sight, at variance with those here:

(1) Dabbousi et al.!* have carried out a similar
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temperature-dependent study of Au and Pt, work-
ing between ambient temperature and liquid-nitro-
gen temperature, although the specimen tempera-
tures were not measured directly. They observed
essentially no changes between high- and low-
temperature spectra obtained with emission along
the [111] and [100] directions of Au and the [100]
direction of Pt and, after comparing their results
with the degree of change predicted by a model
similar to Eq. (3), concluded that final-state com-
plexity in the electronic wave functions was re-
sponsible for Brillouin-zone averaging rather than
phonon effects. Our results directly contradict
this work, but there are several reasons why this
prior study might not have been as sensitive to
changes in temperature. First, the maximum
Debye-Waller factor differences over the working
temperature range were somewhat lower than in
our work: 0.33 for Au and 0.35 for Pt, compared
to 0.41 for W here. Also, inasmuch as specimen
temperatures were not measured directly, it is
possible that the lowest temperature was not 77 K,
thereby decreasing the change in W. For example,
a minimum temperature of 150 K reduces the
change in W to only 0.15. Furthermore, the
changes in spectra with temperature predicted by
the direct-transition model for Au and Pt are not
as dramatic as those for W, and thus would, in
any case, be more difficult to observe. Finally,
it is not clear that the specimen-cleaning treat-
ment left the crystal in an optimally ordered state,
as no annealing was performed after a light ion
bombardment.

(2) Sayers and McFeely!® have investigated the
problem of phonon involvement in zone averaging
in XPS theoretically and have concluded that it is
insufficient to account for full averaging. Particu-
larly, they have estimated that, even with multi-
phonon processes, phonon effects would smear the
specification of the direction of kK’ by only + a few
degrees, and, inasmuch as this is still comparable
to the typiecal experimental angular resolution, they
conclude that full zone averaging is not possible
via this mechanism. However, they appear to
neglect the possible three-dimensional character
of the phonon smearing on kK’ which can alter both
its divection and magnitude although energy con-
servationdoes limit the smearing in magnitude. Any
such three-dimensional smearingis much more ef-
fective than the essentially two-dimensional broad-
ening due to the angular resolution. Infact, model
calculations we have pe rfoEmed with a sphere of
broadening about the final k* value indicate that a
sphere with aradius of 0.4(27/a) (or the equivalent of
a2.3°direction change), is sufficientto yield aden-
sity-of-states-like curve and averaging over ~55% of
the Brillouinzone. Shevchik®’ hasalso recently

pointed out that the perturbative analysis utilized
by Sayers and McFeely may not be adequate to
describe such “intra-atomic” electron-phonon ef-
fects. (He also discusses “interatomic” electron-
phonon effects that can introduce additional k
smearing in the final-state wave function, but
these are not predicted to be significant in the XPS
regime.)

The present study also permits a tentative ans-
wer to a question raised by Paasch!” in connection
with the nature of final-state scattering in XPS.

He has pointed out that, in the language of diffrac-
tion theory, the validity of the direct-transition
model as we have used it is equivalent to having a
diagonal transmission matrix: That is, neither the
bulk or surface potentials induce significant mixing
of other plane waves into an initially-excited free-
electron-like state at k. The degree of validity of
this simple model that we have found for W sug-
gests that the transmission matrix is very nearly
diagonal, in spite of the fact that tungsten’s high
atomic number should make it a strong scatterer
of electrons, Part of the explanation of this near-
diagonal character no doubt lies in the fact that

the individual electron-atom scattering events in-
volved are, at these energies of ~10° eV, expected
to yield scattered intensity very much peaked in
the forward direction, as stressed in recent dis-
cussions of core-level XPS angular distributions.
Thus, because W is such a strong scatterer, we
are led to postulate that such relatively simple
direct-transition effects will probably be observ-
able for a broad range of materials, provided that
temperatures can be found for which the Debye-
Waller factor is sufficiently large. For example,
the values in Table I indicate that, even with only
liquid-nitrogen cooling, a fairly large number of
elements should exhibit a Debye-Waller factor as
large as that for W at room temperature. With
liquid-helium cooling, an even larger number
should exhibit significant direct-transition effects
(for example, over % of the elements in Table I).

Finally, we note that a further area of interest
from a theoretical point of view is obviously to try
more-accurate theoretical models which include
matrix-element effects as well as k conservation
in the analysis. For example, such matrix ele-
ments might be computed using tight-binding-type
wave functions and atomiclike cross sections, as
have been used in prior analyses of zone-averaged
XPS data.!5®
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V. CONCLUSIONS

This investigation thus leads to the conclusion
that direct transitions can be observed in angle-
resolved XPS valence-band spectra provided the
Debye-Waller factor is not too small. A simple
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direct-transition model based on free-electron
final-state dispersion and constant matrix ele-
ments for all allowed transitions is also capable
of giving a very good first-order description of
peak-intensity changes with emission direction.
The strong temperature dependence noted in XPS
valence-band spectra furthermore strongly sug-
gests that phonon-assisted nondirect transitions
are the mechanism for Brillouin-zone averaging
and, conversely, that complexities in the final
electronic states are not very important. This
conclusion thus disagrees with two prior studies
by Dabbousi et al.!* and by Sayers and McFeely,'®
for reasons which we have discussed. Tempera-
ture-dependent data have further permitted isola-
ting the direct and nondirect components in spec-
tra, Thus, further experiments at lower tempera-
tures to reduce phonon effects, and with better
angular resolution to minimize the region in k-
space sampled, could yield relatively straightfor-

ward band-structure mapping in the XPS regime

of energy. Finally, it thus appears that the free-
electron final-state dispersion relation E¥
=7*(k’)?/2m is a reasonably accurate approxima-
tion for use in analyzing the direct-transition com-
ponent of angle-resolved photoemission data for
metals over the full energy range from ~40 to

1500 eV,
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