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%'e present a systematic study of a recently proposed deconvolution of valence-band spectra of alloys
into partial densities of states by x-ray photoelectron di8'raction. The deconvolution is performed along
the [111],[112], [113],and [114] directions of a AuCu3 (001) crystal. As expected, there are only small
variations in the partial densities of states as a function of direction, except for the [111]direction. The
mathematical assumptions and experimental limitations of the method are discussed in detail.

I. INTRODUCTION

Valence-band (VB) partial densities of states (PDOS)
are an essential ingredient that is needed to provide a
basic understanding of the physical and chemical proper-
ties of alloys. Among the few experimental techniques
that can, in principle, measure PDOS are x-ray emission
and resonant photoemission, the latter usually exploiting
Cooper minima or Fano resonances in the energy depen-
dence of photoelectric cross sections. ' Stuck et al.
have recently shown that this same sort of information
can also be obtained from the angular dependence of pho-
toelectric cross sections in photoelectron difFraction (PD).
The basic idea is to use the different PD patterns of the
constituents making up the alloy to sort out their contri-
butions to the total DOS. This method has been applied
to AuCu3, LaNi5, and very recently to Ti02. It should
also, in principle, be applicable to any ordered alloy or
compound whose atoms sit on crystallographically ine-
quivalent sites. Moreover, like most photoemission ex-
periments, it probes both surface and more bulklike
electronic-structure information.

In this work we establish the accuracy of this method
and its fundamental limitations. We discuss the theoreti-
cal assumptions in detail and verify them with VB spectra
of AuCu3 (001) measured along the [111], [112], [113],
and [114] directions under various experimental condi-
tions.

The basis of the technique depends on the very pro-
nounced anisotropies of the photoelectrons excited from
single crystal surfaces; these anisotropies are due to pho-
toemission final-state scattering and diffraction. At a typ-
ical high kinetic energy of 1 keV, these diffraction pat-
terns have been found to depend only weakly on the an-
gular momentum and kinetic energy of the photoelec-
trons. Instead, they are dominated by the local crystal-
line structure around the emitting atom. For exam-

pie, in Ir the angular-momentum dependence only slight-
ly modifies the anisotropy' while leaving the structure of
the pattern basically unchanged. Surprisingly, as was
shown by Osterwalder et al. for Al (001), this same situ-
ation is even true in the case of very delocalized VB elec-
trons. In the case of alloys and compounds, the observed
differences in diffraction patterns of different constitu-
ents, therefore, mainly reAect different local environ-
ments.

Because these different diffraction patterns can be mea-
sured very accurately for shallow core levels that are
emitted with kinetic energies close to those of the VB
electrons, they can serve as fingerprints for the emission
pattern of the respective elements within the valence
band and can be used to decompose the VB emission of
ordered alloys and compounds into the contributions
from each element. This method, of which we have given
a brief account elsewhere, is independent of parameters
such as the photon intensity, the instrumental response,
and the photoelectric cross sections of each element.
Strictly speaking, for each element of the compound, this
approach provides partial electron-distribution curves
(PEDC), which are equivalent to the PDOS's weighted by
their respective photoelectric cross sections. Additional
satellite structure may also be present for materials with
unfilled shells. The ratios of the VB to core-level cross
sections for each element are simultaneously determined
by the procedures used in this method.

II. EXPERIMENTAL DETAILS

The experiments were done with a VG ESCALAB MK
II spectrometer that had a typical working pressure of
5X10 " mbar in which the samples usually remained
clean for several days. A high-precision manipulator al-
lowed us to rotate the crystals in any desired direction
with an accuracy of about 0.2'. In a given direction the
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photoelectrons excited by unmonochromatized Mg Xa
radiation were measured with a full-cone angular resolu-
tion of about 1'. In one experiment the angular resolu-
tion was varied between 1' and 2.2 . To measure the PD
curves, a photoelectron spectrum was recorded at each
angular setting and analyzed automatically with a linear
background subtracted from the signal. To record the
azimuthal diffraction patterns, the samples were rotated
in 2' steps around the crystal normal. A series of azimu-
thal scans were combined to create two-dimensional
diffraction maps by first fixing the polar angle at
0,„=78and then reducing it by 2' after each full az-
imuthal rotation. The azimuthal step size was increased
at lower angles to give an almost uniform sampling densi-
ty over the hemisphere. About 4000 angular settings
were scanned in this way.

All samples were oriented to better than 1' with x-ray
Laue diffraction. They were cleaned in situ by repeated
cycles of Ar+ sputtering and subsequent annealing. The
crystalline order of the surface was verified by low-energy
electron diffraction. During the measurements, less than
10% of a monolayer of oxygen and carbon were collected
on any of the three different AuCui (001) crystals that
were used. All the points shown in the figures were mea-
sured and no symmetry operation of any kind was per-
formed on the data. In all the experimental energy spec-
tra discussed below, before the deconvolution, a linear
background was subtracted and the spectra were correct-
ed for Mg Ka satellites. Other background-subtraction
procedures were also used with no significant change in
the form of the PEDC's.

III. THEORY

Photoemission experiments send photons into a materi-
al and excite electrons from an initial state Ii & into a final
state

If &. If the final-state kinetic energy E& of the excit-
ed electrons is high enough, they can escape from the sur-
face of the material with a probability of T(E&,k&), and
can then be detected in the direction of the final-state
wave vector k&. Therefore, the contribution J;(E&) of
electrons in the initial state Ii & to the measured photo-
emission current is given by"

J;(Ef ) IMfj T(E~ykf )5(E& E, —h v), —

Mf' ( t av V,trIf &'

where the electron-photon interaction is described by the
dipole-operator c VV,&. The unit vector c, is parallel to
the polarization of the incident light and V,z is an
effective potential that describes the interaction between
a single electron and the solid. Energy conservation is
expressed by the 6 function and guarantees that the
final-state energy E& is equal to the sum of the initial-
state energy E; and the photon energy h v.

In solids, the wave functions and potentials can be ex-
panded into contributions from each of the atomic sites
r, ; this allows the initial-state wave function with wave
vector k; and the effective potential to be written as'

V,(r=X ub(r —rb) .
b

The precise form of ub and p, depends on the physical
model used. For example, the vb could be chosen as a
muffin-tin potential and the P, as Wannier functions.
The simplest assumption for the final state is a free-

ikg 1
electron wave If & =e ~ . The transition matrix element

M&; can then be written as

iAk-R
b

M~, =g m,'b e
a, b

r, +rb
where R,b

= and 5k=k& —ki,
(3)

2

m,'b =- —(p', (r 25r—,b )Ia vu, (r) Ie' ~ '&

—i (k +ki ~~aXe ' " With Arab =

Here, e is the Debye-Wailer factor of the solid and
W=b, k (b,u &r. Furthermore, if the wavelength of the
electron in the excited state is sufficiently small, i.e., k&
sufficiently large, and the initial-state wave vector can be
restricted to the first Brillouin zone of the solid, then
&k —k~. Clearly, ( Im,'b I & z

—Im,'b I
for small vibrations

and the photoemission current from initial state (i I
to

final state
If & is approximated by

a, b

—2w ~ ~ i —i i ' k~Ra~ R.d'+e Z,
a, b, c, d

The first term describes incoherent photoemission from

Because the gradient of the effective potential is big
near the atomic site b, but essentially zero outside the
muffin-tin sphere around atom b, the quantity m,'b can be
interpreted as the contribution of an atom at site a to the
photoemission process from site b. If the electrons are
emitted from localized states such as core levels, then
m, b will vanish if the site a is not the same site as b. In
photoemission from delocalized states, however, the wave
functions extend over many atoms and m,'b cannot be
neglected. Obviously, the sampling of the initial- and
final-state wave functions by the effective potential at site
b depends on the relative distance and orientation be-
tween atom b and atom a. These distances and orienta-
tions are affected by vibrations and, therefore, M&; will
strongly depend on the sample temperature. Experimen-
tally, one measures the photoelectron intensities averaged
over all possible atomic configurations that the solid can
have at a given temperature T. If it is assumed that every
atom vibrates independently of the other atoms in a har-
monic potential and that the mean-square displacement
( b, u & z is the same for every atom, one finds'

ib.k(r& —
r&)

&
pp ihk (ri —r2)

(4)
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all sites b and does not depend strongly on temperature.
Coherent excitations are taken into account by the
second term, which in crystals implies the conservation
of crystal momentum in the photoemission process and,
therefore, describes direct transitions. '

For situations involving high temperatures or high
kinetic-energy final-state electrons with electron wave-
lengths comparable to or smaller than the thermal-
vibration amplitude, the Debye-Wailer factor is small; in-
coherent emission from different atomic sites dominates
the photoelectron spectra. In this x-ray photoemission
spectroscopy (XPS) limit the electrons, therefore, behave
as if they were emitted independently of each other from
diff'erent atomic sites. Consequently, the final-state VB
diffraction patterns should be very similar to those of lo-
calized core levels at comparable kinetic energies. Be-
cause m,'b ~

is independent of lt;, this contribution sam-
ples the whole Brillouin zone and will not show any
directional dependence of the PEDC's. As mentioned
above, Osterwalder et al. did indeed observe the same
diffraction patterns for Mg Ka excited VB electrons
(E= 1250 eV) and Al 2s electrons (E= 1180 eV) in
Al(001). The VB spectra mainly reAect the local electron-
ic densities of states around the atomic sites.

At low kinetic energies and low temperatures, howev-
er, when the electron wavelength is large compared with
the thermal-vibration amplitude, the Debye-Wailer factor
is close to unity and a strong coherent emission from
diff'erent atomic sites is expected and observed in UV
photoelectron spectroscopy. The VB spectra are then
dominated by direct transitions and reAect the band
structure of the material. Because of conservation of
crystal momentum, this limit gives the possibility of pick-
ing up directional PDOS effects due to difFerences in the
underlying band structure in different directions. At
moderate temperatures and kinetic energies, the VB spec-
tra will contain both coherent and incoherent contribu-
tions.

AuCu3 has a low Debye temperature of 280 K, ' which
corresponds to a Debye-Wailer factor of 0.17 for 1.2-keV
electrons at room temperature. Under these conditions
at least 85 —90% of all photoelectrons are emitted in-
coherently from different atomic sites, since, in addition
to thermal disorder, final-state diffraction and instrumen-
tal effects further suppress the coherent emission process-
es. ' As in the case of elemental Au and Cu, ' ' only
small angular variations are, therefore, expected in the
shape of the VB spectra of AuCu3. The total photo-
current at a given energy can, therefore, be approximated
by

b a, i

Here the index i indicates that we have to sum over all
possible initial states. It is sufhcient to sum b only over
inequivalent sites of Au and Cu, while a is summed over
all atoms in the alloy. The term in the brackets describes
the total contribution of all initial states ~i ) with the
correct energy E; to the photoemission process from site
b. Its energy dependence corresponds to pb (E), the

PEDC of site b, i.e., the photoelectron spectrum one
would measure if only electrons from site b could be ex-
cited. Another way of writing this term is

Jb (Ef —h v) =y lm.'b l'o(Ef Ef—h v )

a, I

P (Ef —h v)
=~b vs (7)

nb

where o b is the average photoelectron cross section of
the VB emission from site b, while the total number of
VB electrons per site b is given by nb . If the matrix ele-
ments rn, b are only weakly dependent on the particular
initial states involved, then they will mostly depend on
the number of initial states at a given energy. In other
words, the PEDC's will reAect the PDOS of the material.

So far we have neglected final-state diffraction. Elec-
trons emitted from sites with different local surroundings
are diffracted difFerently by the crystal. Therefore, the
contribution of two inequivalent atomic sites to the ob-
served photoelectron intensity will also depend on the
direction of observation. In AuCu3, the Cu and Au sites
are crystallographically inequivalent and the number of
photoemitted VB electrons, I (O, Q, E), measured at an-
gles 8,$, becomes

I (8)p)E)=ID g gb (8)4)Ef )Jb(Ef ),
b =Au, Cu

where the additional factor gb (8,$,Ef) describes the
diffraction of the VB electrons from the bth element in
the crystal including their refraction at the surface and
the angle-dependent part of the corresponding cross sec-
tion; Io is the photon intensity times the instrumental
response.

Equations (7) and (8) show that the angular dependence
of the diffraction as well as the photoelectron cross sec-
tions are folded into the photoelectron intensity and
must, therefore, be factored out to determine the
PEDC's. We now show that these quantities can be
determined by using the core-electron data.

In a similar way to the valence-band derivation, we
find for the energy-integrated core intensities

S' "(8 P) = fI' "(8 Q, E)dE

g co)'e( 8 p E )~core (9)

In the case of Al(001), the relative change in the wave-
lengths between Mg Ka excited Al 2s and valence-band
electrons is about 4.6%, while it lies between 3% and
3.5% for Au 4f and Cu 3p AuCu3. Figure 1 shows that
such small diff'erences seem to have little effect on the in-
terference patterns. It is, therefore, a good approxima-
tion to neglect the energy dependence of gb (O, Q, Ef ).
Also, the diffraction functions of the core and VB elec-
trons should be approximately equal, i.e.,
gb (8,$)=gb"'(8, $): We can use the measured angular
dependence of the core electrons for the valence-band
dependence.

A combination of Eqs. (8) and (9) then yields
VB VB(E)

I (OQE) = g Sb'"(8(b) . (10)
b —A C o'b nb
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nce band
= 1250 eV

3p emission
= 1167ev

After integrating over all energies within VB emission

S (8,$)= J I (8,$,E)dE,

we find

VB

SvB(e,y)= y S '(e, y)
b =Au, Cu ~b

Measurements of the energy-integrated core level and
VB intensities for at least two different directions, thus,
yield a set of linear equations [Eq. (11)], which can be
solved for the ratios of the cross sections. Given these
two ratios, the angular dependence of the core electrons,
and the energy-resolved VB spectra, a second set of linear
equations [see Eq. (10)] at each energy can be solved for
the PEDC of the two elements.

A.ny directional dependence of pb has been neglected
so far. As will be shown below, this is not entirely
correct, since small variations of the PEDC's as a func-
tion of direction are seen experimentally. However, the
VB PEDC's change over a much wider angular range
than the diffraction pattern. So, if the two directions of
analysis are chosen close enough, i.e., within about 10,
the PEDC's in the two directions are equal for all practi-
cal purposes. They then correspond to the electron dis-
tribution curves of each element one would measure in
these two directions, if only the VB electrons of this ele-
ment would contribute to the signal. Thus, we have a
tradeoff between trying to reduce the angular distance be-
tween the two directions needed for the deconvolution
and the increased numerical instability this creates when
we try to solve the coupled equations.

The condition

n = Jp, (E)dE (12)

4f emission
= 1177ev

FICx. 1. Two-dimensional VB, Cu 3p, and Au 4f diffraction
maps of AuCu3 (001) in the stereographic projection; the normal
is in the center of the images while grazing incidence is marked
by the circle. Along the [111],[112],[113],and [114]directions,
small diff'raction differences between Cu 3p and Au 4f emission
can be identified.

p(e, E)= J dK +5[E—E,.(K)] . (13)

Here, the vector K in the integration is restricted to
the direction of vector e and the sum is over all allowed

is implicitly assumed in Eq. (11), and can be used to find
the absolute calibration of the PEDC's. As in the case of
pure Au and Cu, we find that the photoelectric cross sec-
tions for Mg Ke excited s and p VB electrons in AuCu3
are very small and the measurements will, therefore, be
strongly dominated by d-like electrons. In AuCu3, the
number of electrons per unit cell can, therefore, be
chosen as n A„=10 electronslcell and n C„=30elec-
trons/cell.

The calculations of the theoretical PEDC's have been
done by a self-consistent fully relativistic linear muffin-
tin-orbital method. ' The same algorithm was used for
the band-structure calculations of AuCu3, reported by
Sohal et aI. where excellent agreement between theory
and experiment was found. The theoretical PEDC's used
in this study include cross-section effects that are folded
into directional DOS of the d electrons along the [111],
[112], [113],and [114]directions. These directional DOS
p(k, E) are calculated from the band structure as fol-
lows:
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initial states i of d electrons. Because the directional
DOS only contain band-structure information along
specific directions and do not sum over the full Brillouin
zone (this would give the total DOS), they are equivalent
to keeping only the direct (coherent) terms of the PD.
They, therefore, exaggerate the Brillouin-zone directional
dependence and give an upper limit to the amount of
directional dependence that one would expect to see. A
more accurate calculation of a specific experiment would
sum the coherent (directional DOS) with the incoherent
(total DOS) contributions (weighting the contributions by
the Debye-Wailer factor). As one goes from zero temper-
ature to high temperature, there would be a crossover
from a dominant coherent component to the incoherent
one. To simulate the broadening due to the Mg Ko. radi-
ation, the theoretical spectra have been convoluted with a
Lorentzian (FWHM = 0.8 eV). This broadening
significantly washes out fine structure in the directional-
projected DOS and tends to make the projected DOS in
all directions more closely resemble the total DOS.

IV. EXPERIMKNTAI. RKSUI TS

As can be seen by comparing Figs. 1 and 2, the photo-
electron diffraction patterns of AuCu3 at high kinetic en-
ergies are essentially a projection of a fcc crystal struc-
ture onto the sphere of measurement. As discussed by
Naumovic et al. , this is due to the strong forward focus-
ing and Bragg scattering (Kikuchi bands) of the electrons
at energies above 1 keV. All of the patterns are very
similar. A close inspection, however, reveals small
differences in the diffraction maps. For example, the
maximum of the Au 4f emission along [111]in the center
of the Y-shaped structures is much narrower than that of
the Cu 3p emission. The same is true of the structure
along the [112] direction. In fact, the Cu 3p peaks are
split with a local minimum in these two directions while
the Au 4f emission has a single maximum there. The

splitting of the Cu 3p diffraction pattern is also observed
along the [113] direction and vanishes near the [114]
direction. As discussed by Stuck et al. for the [111]
direction, similar and corresponding variations are mea-
sured between the azimuthal scans of two valence-band
regions, which have previously been associated with
predominantly Au and Cu character. ' ' These qualita-
tive diff'raction differences clearly permit us to associate
the VB intensities between 5- and 8-eV binding energy to
Au emission and the VB intensities between 0- and 4-eV
binding energy to Cu emission. They reAect the different
local environments of each element in the ordered phase
of AuCu3. Note that at room temperature Au emitters
are only present in every other layer, ' which probably
explains the differences in the diffraction patterns. More-
over, the Au emitters have 12 Cu nearest neighbors,
while there are 8 Cu and 4 Au nearest-neighbor atoms in
the case of Cu. Consequently, the local scattering poten-
tial is different. Since the contributions from the two ele-
ments have directional-dependent weights, the shape of
the VB spectra in general depends on the direction of ob-
servation. The PEDC's of Au and Cu can be obtained by
analyzing these spectral diff'erences separately for each
energy measured.

The ratios of VB to core-level cross sections in AuCu3,
as calculated with Eq. (11), are listed in Table I for four
sets of measurements along the [111], [112], [113], and
[114] directions. The errors associated with these cross-
section ratios are large and were estimated to be three
times the standard deviation of the data. Polycrystalline
Au and Cu were also measured as a reference. The
cross-section ratios of these materials were 0. 13+0.02 for
Au and 0.42+0.04 for Cu.

The experimental PEDC's corresponding to the cross-
section ratios from Table I are presented in Figs. 3 and 4.
The theoretical curves also shown in these figures are the
PEDC's of the d electrons projected onto the same set of
directions. It is easily seen from these data that for both
Au and Cu the experimental PEDC's along the [112],
[113],and [114]directions are very similar to each other.
In the case of Au (Fig. 3), the PEDC's are low near the
Fermi edge and have a first maximum around 2.6 eV, a
local minimum between 4 and 4.5 eV, and a broad Aat
shoulder between 5 and 7 eV. The first peak at 2.6 eV
with a height of 2 —2.5 electrons/(eV cell) is systematical-
ly higher than the structure between 5 and 7.5 eV with a
height of about 1.5 —2 electrons/(eV cell). This is
different for the [111] direction, where the first peak
found at 2.8 eV is about a factor of 2 smaller than the
broad structure between 5 and 7 eV. The electron density
of the Au PEDC at the minimum between 4 and 4.5 eV

TABLE I. Cross-section ratios for the two elements in
AuCu3 obtained from Eq. (l 1) as a function of direction.

FIG. 2. Stereographic projection of an fcc crystal structure.
Low-index crystal planes are shown together with some direc-
tions along which forward-scattering peaks are expected.

Direction

[111]
[112]
[113]
[114]

average

~Au VB/ ~Au 4f

0.095
0.099
0.077
0.086

0.09+0.03

~Cu VB/ Cu 3p

0.51
0.49
0.59
0.57

0.54+0. 15
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does not change. Although the theoretical structures
along [111) are slightly broader than the experimental
ones, most peak positions and intensities are in good
agreement with the measurements along [111]. In partic-
ular, theory predicts fewer electrons/(eV cell) around 2.6
eV than between 5 and 7 eV. However, the theoretical
Au spectrum along [111]has a local maximum around 2
eV, which is absent in the experimental spectra present-
ed. At higher binding energies, the last peak between 7
to 7.5 eV predicted by theory could not be resolved in the
experiment. In contrast to the experimental results, the
theoretical Au PEDC's do not change significantly as a
function of direction. In particular, the enhancement of
the peak around 2.8 eV for the [112], [113], and [114]
directions is not predicted.

In Fig. 4, the differences between the Cu PEDC's along
[112], [113), and [114] are more pronounced than in the
case of Au. All of the Cu PEDC's are dominated by a

single peak at around 3 eV, which appears slightly shifted
towards lower binding energy in the [111]direction. In
addition, along the [112], [113], and [114] directions a
broad shoulder appears between 5 and 7.5 eV. This
structure is completely lacking in the data along [111].
So, the electrons in this energy region are distributed
differently among the two elements for different direc-
tions. In the [112],[113],and [114]directions, some elec-
trons between 5 and 7.5 eV are attributed to Cu, which
effectively lowers the Au PEDC in this energy range. In
contrast, essentially all the electrons above 5 eV are attri-
buted to Au along the [111]direction, which explains the
dominance of the Au PEDC in this region. Theory pre-
dicts a slightly split peak with a first maximum at 1.8 eV,
a second peak at 2.8 eV, and a low shoulder above 4 eV
for the Cu PEDC along [111]. Experimentally the split-
ting is not resolved. The predicted densities, the central
peak position, and the general shape of the Cu PEDC are
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in good agreement with the experiment along [111],al-
though some hybridization above 4 eV is found in the cal-
culations but not in the experimental data along [111].
However, this hybridization is clearly apparent in the ex-
periments along the other three directions. Again, a
smaller hybridization is predicted theoretically than is
observed experimentally along the [112], [113],and [114]
directions.

Eberhardt et aI. used angle-integrated photoemission
at several photon energies to investigate the VB of
AuCu3. As discussed by Wertheim, ' by exploiting
Cooper minima near 40 and 160 eV, it is possible to ob-
tain from these data nearly clean PEDC's of Au and Cu,
respectively. Our experimental results for Cu and Au
along [112], [113],and [114], which are mostly bulklike
agree with the PEDC's given by Wertheim. ' In the case
of Au, both methods show the Au density of states
around 2.6 eV to be higher than the density of states be-

tween S and 7 eV. The hybridization of Cu above 4 eV is
also found in the angle-integrated measurements, al-
though it is smaller than the one we find along [112],
[113],and [114].

Because the diffraction differences get smaller from
[111]to [114],the noise in the PEDC's increases towards
the surface normal. As will be shown below, the small
differences seen between the Au and Cu PEDC's in the
[112], [113], and [114] directions are within the uncer-
tainties of the decomposition. It can be concluded that
the valence-band decomposition of AuCu3 (001) yields
the same results for the [112], [113],and [114]directions
and, thus, the method is consistent. This agrees with the
results of Heise and Courths et aI. who tried our method
on Ti02 and did not see any dependence of the PEDC's
on the direction of analysis.

The main inconsistency in our data is the marked
difference between the [ill] and the other directions.
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Since direct transitions wi11 be ruled out below, two possi-
bilities remain to explain the differences seen between the
[111]and other directions. First, the emission along the
[111] direction is at least 19.5' more grazing than the
emission along the other three directions. Consequently,
the surface contributes significantly more to the PEDC's
along [111]than to the other three directions. For exam-
ple, a simple model assuming isotropic damping of the
electron wave in the substrate predicts about 43% of all
Au electrons around 1.2 keV to be emitted from the top-
most layer along [111],while it is about 32% along [112],
29% along [113],and 28% along [114]. A similar trend
is predicted for Cu electrons where the corresponding
percentages are roughly half what they are for Au. Al-
though the precise numbers strongly depend on the mod-
el parameters, especially the mean-free path of the elec-
trons inside the solid (assumed to be 12 A for the num-
bers given above), the model shows that the biggest
inliuence of the surface on the PEDC's is along [111];the
difference between the [112], [113],and [114]directions is
only a few percent and can be neglected. Therefore, in
agreement with our experimental results, the analysis
along the [112], [113], and [114] directions should give
the same PEDC's, which are most bulklike: The PEDC's
along [111]will have some surface contributions in it and
will be different from the other three directions. Second,
in crystals with cubic symmetry, the photoemission of
electrons with an initial state of e symmetry is
suppressed along [111]and the emission from t2 initial
states dominates. ' Exactly the reverse is true of the
[001] direction. In the other directions, contributions
from t2 and e initial states are mixed. Because these
selection rules can be derived from symmetry arguments
alone, they persist even at high kinetic energies. Experi-
mentally, such dependences have been observed in Au, al-
though in this case the effects are smaller than those dis-
cussed here. ' Our theoretical calculations also suggest
only small differences between the eg and t2 initial states
in AuCu3. We, therefore, believe that surface efFects are
mostly responsible for the discrepancy seen in the
PEDC's along [111]and the other three directions.

Historically there has been some controversy sur-
rounding the electronic structure of ordered AuCu3.
Wertheim ' argued that electrons from Au and Cu are
distributed over the whole d band and that these elec-
trons are strongly hybridized. While Sohal et al. were
only able to identify experimentally derived Au d bands
at binding energies higher than 4.5 eV, their calculations
show some hybridization between Au and Cu. In con-
trast Eberhardt et al. concluded that the Au d states in
AuCu3 have an atomiclike character and are confined to
binding energies above 4.5 eV. They also suggested that
the Cu-d electrons change little upon alloying with Au
and that no hybridization of the d bands of Au and Cu is
found in AuCu3. Kuhn et al. , using the energy depen-
dence of the photoelectron cross sections, observed that
the Cu d band was narrower in AuCu3 than in pure Cu
and shifted towards the Fermi level, a result they inter-
preted as d-d repulsion between Cu and Au. However,
they also found some experimental evidence of hybridiza-
tion between the two elements. Very recently, Lau

V. STATISTICAL ERRORS

In the case of AuCu3, typical differences in the
diffraction patterns of two elements are of the order of
10%. Consequently, the statistical accuracy of the VB
measurements must be very high, at least an order of
magnitude higher than the diffraction differences, and
should, thus, not exceed a few per thousand of the total
signal. The total counts per channel in the VB should be
of the order of 10 or better. Intuitively, one would ex-
pect the deconvolution of the VB to work well if the
diffraction differences between the elements are large.
The most favorable condition occurs near directions
where the derivatives of the diffraction patterns of the
two elements have opposite signs. For example, in Fig. 3
the Au signal decreases while the Cu signal increases
when the direction is changed from /=45' to /=51.
Mathematically this means that the determinant of the
matrix S""in Eqs. (10) and (11) is large.

In the case of an alloy with two elements, which is ana-
lyzed using two different directions, the general solution
of Eqs. (10) and (11), respectively, can be written as

detM;
Ci

detMO

where

S', S'
S S

1 1S1 IVB

S1 IVB
2 2

1 1
vB S2

s'
VB 2

VB VB(~)
and ci=

core n VB
E

(13a)

(13b)

Here the upper index denotes different directions (9,$),
and S;" is the integrated core-level density of the ith ele-
ment measured in direction r. IvB is the valence-band in-
tensity measured in direction r.

The same analysis can be done for every energy chan-
nel separately [as is assumed in Eq. (13b)] or for the
energy-integrated values. In the latter case, the c "s sim-
ply become the cross-section ratios. An upper limit for
the relative error of c; is then given by

hc; 6 detM;

detM;

5 detMo

detMo
(14)

et al. have measured a dispersion of the Au-like bands
between 4.5- and 8-eV binding energy. Spin-resolved
photoemission experiments show polarization reversal in
the same region indicating a reduced spin-orbit splitting
(compared to its atomic value) of about 0.8 eV. It is,
therefore, clear to date that a simple atomiclike picture of
the Au d states is not adequate and that Au and Cu d
electrons hybridize in AuCu3. This is in agreement with
our results, which clearly show that in AuCu3 the d states
of Au extend over the whole d band region and that the
Cu d states are hybridized. In particular, we find for the
bulklike Au PEDC's along the [112], [113], and [114]
directions the Au density of states around 2.6 eV to be
higher than the density of states between 5 and 7 eV.



ACCURACY OF ALLOY PARTIAL DENSITIES OF STATES AS. . . 9505

The smaller the determinants of the matrices MI, are, the
more diScult it is to find a unique solution for the system
of Eqs. (10) and (11). All information about the PEDC is
lost when detMk =0. In that case, the system of Eqs. (10)
or (11) is singular and one has measured the same infor-
mation twice. Thus, the goal is to find a set of directions
where all detMk's are large. As mentioned above, one
favorable configuration occurs when the derivatives with
respect to the angle of the diffraction patterns of the two
elements have opposite signs.

As a numerical example, the statistical errors in the
case of AuCu3 have been evaluated for the energy-
integrated VB (i.e,the cross-section ratio) along [111]. If
the measured statistical accuracies of all peaks are com-
parable and given by l

~rz «I one finds

30—

~25—
0

~20—
O~ 15—
C3
(0—10-C
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With a total precision of all measurements of the order of
one per thousand, the upper limit of the statistical error
in the PEDC's is a few percent.
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VI. SYSTEMATIC ERRORS

Up to this point, our analysis has been based upon Eqs.
(10) and (11). These implicitly depend on the following
assumptions: (i) The core-level and VB diffraction pat-
terns of a given element at high kinetic energies are ex-
actly equal, i.e. , g; (8,$)=g;""(8,$). (ii) Direct transi-
tions are completely suppressed. (iii) The PEDC's are not
angle dependent over the two angles considered for the
deconvolutions.

In order to further elucidate the validity of these as-
sumptions, we compare in Fig. 5 an azimuthal scan of the
VB of AuCu3 with a linear combination of the Au 4f and
Cu 3p difFraction patterns. The coefficients of the eore-
level intensities were obtained by a least-square fit to the
VB diffraction pattern. As a measure of the strength of
the difFraction, we use the anisotropy A, defined as
2 (8)=[I(8) I;„]/I,„.Here —I;„andI,„arethe
minimal and maximal intensities, respectively, of one az-
imuthal scan and I(8) is the intensity at a given azimu-
thal angle 0. The anisotropy is, thus, independent of the
photon flux and the photoelectron cross sections. As ex-
pected, the two diffraction patterns are not completely
equal. DifFerences hA = Av~ —A„,of the anisotropies
are typically about 2—3%. A linear regression, which
correlates Ave with A fi gives Az, = —0.003+1.01AvB
This lies within 1% of the ideal line Avs= Art
fore, supporting the notion that the core-level and VB
difFraction patterns of each element are essentially equal.
The biggest deviations from the linear regression are
found around A —15% in regions where the diffraction
patterns are very steep and, therefore, most sensitive to
small changes in angle or energy. Such regions, which in-
clude slopes of Kikuehi bands and of forward-scattering
maxima, are not well suited for the valence-band decon-
volution.

In order to investigate how the deviation from the ideal
linear combination affect the PEDC's, the measured VB

FIG. 5. Above: Comparison of the measured VB diffraction
pattern (small squares) with a linear combination of the Cu 3p
and Au 4f diffraction patterns. This combination (line) is a
least-square fit to the VB data. Below: The difference of the an-
isotropies of the two diffraction patterns shown above.

intensity of AuCu3 near [111] at /=51' (Fig. 5) was
enhanced by 3%%uo while the VB intensity at / =45' was left
unchanged. The deconvolution of the VB into the
PEDC's has then been performed. On one hand, the
chosen change of 3% is of the order of the breakdown of
the linear combination condition around /=45; on the
other hand, similar differences do also exist experimental-
ly between equal points along the four equivalent [111]
directions. These experimental differences are due to
crystal misalignment and crystal preparation. In Fig. 6,
the resulting PEDC's are compared with the unaltered
curves. As these measurements and those of Fig. 7 have
been done on another sample, the results do not exactly
rnatch with the PEDC's presented before. Therefore,
they show the degree of reproducibility to be expected in
such studies. As shown in Fig. 7, the differences between
the PEDC's obtained in this way are comparable to the
difFerences seen between the PEDC's along the [112],
[113],and [114]directions. Thus, within these limits, our
method for the deeonvolution of the VB yields consistent
results. In contrast to the spectral shape, the cross-
section ratios of each element are sensitive to changes in
the integrated VB intensities. As shown in Table II, in-
creasing the integrated VB intensity around [111] at
/=51' by 3% will reduce the Au cross-section ratio from
0.095 to 0.067 while the Cu cross-section ratio changes
from 0.51 to 0.65. If instead the integrated VB intensity
at /=45 is increased by 3%%uo, a Au cross-section ratio of
0.127 and a Cu cross-section ratio of 0.39 is found.

To investigate the influence of direct transitions at high
kinetic energies, three sets of data measured along [111]
with difFerent angular resolution have been analyzed. By



9506 A. STUCK et al.

2.5—

2.0—

g) 1.5—
C3) ~.o-
Q)
~ o.5- ~

0 ceeP

o.o-~O
Q)
Q)

~ 2.0-
LLl~ i.5-

o
1.0-

~o oo
~ ~

~ ~
~ ~

isoo o oosih
~ oo

altered
~ ~

o o

~o ~
ooo ~,'o

oo

altered

-12

-10

-8
Q)-6 )-4
M
C
O

h L

—~~- o

-12 ~
-~o ~

lJI
-g CL

-6

Condition

Ratios from raw data
VB intensity at /=51
increased by 3%
VB intensity at /=45'
increased by 3%
Mean value
Standard deviation

Au VB ~~Au 4f

0.095
0.067
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0.096
0.030
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0.51
0.65

0.39
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0.13

TABLE II. Core level to VB cross-section ratios for Au and
Cu in AuCu3 along the [111]direction. The deviation from the
linear combination is assumed to be 3%.
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changing the angular resolution of the spectrometer from
1.0 to 1.6 to 2.2', the acceptance cone projected back
into the first Brillouin zone is changed from about 10 to
16' to 22' and the degree of zone averaging is changed by
a factor of up to 4.8. The results are presented in Fig.
7. Again, the spectra change but not significantly. Simi-
lar changes are induced by the breakdown of the linear
combination condition. At a low angular resolution, the
diffraction patterns lose their fine structure. Consequent-
ly, the diffraction differences between core-level intensi-
ties of the two elements are reduced and the deconvolu-
tion becomes less reliable. Confirming the initial assump-
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tions, it is, thus, concluded that at room temperature the
deconvoluted PEDC's of AuCu3 are not significantly
affected by direct transitions.

Our method is, therefore, mainly limited by the residu-
al differences between the core-level and VB diffraction
patterns seen in Fig. 5. They are probably due to the
different angular-momentum final states in photoemission
and the small differences in the kinetic energy of the elec-
trons. Simply increasing the measuring time to get better
statistical accuracy will, therefore, not improve the relia-
bility of the PEDC's. The difFraction differences between
the elements have to be stronger than the differences seen
between core-level and VB diffraction otherwise the
method presented here does not work reliably and the re-
sults obtained can be erroneous.

VII. CONCLUSIONS

proach uses measurements with a high angular resolu-
tion. Consequently, it may be eventually possible to ex-
tend our current approach, e.g., by going to lower tern-
peratures and using smaller angular differences in the
deconvolution procedure, to examine directional depen-
dences of the PEDC's, information that is not readily
available at low kinetic energies. At energies above 1

keV, it should also be possible to measure surface
PEDC's if diffraction difFerences at grazing angles can be
found or if the surface core-level shifts can be
resolved. ' At high photon energies, the method is 1im-
ited by a rather low energy resolution and by the fact that
the valence-band intensities are only approximately a
linear combination of the core-level intensities. One ad-
vantage of our method is that conventional x-ray tubes
and electron spectrometers are sufhcient to perform the
measurements.

We have shown that in AuCu3 it is possible to obtain
PEDC's by exploiting differences in the photoelectron
diffraction patterns. The results qualitatively reproduce
the theoretical PEDC's and are in good agreement with
other measurements. Experiments that exploit Cooper
minima to obtain similar information have to be per-
formed in an angle-integrated mode to sample the whole
Brillouin zone at a low energy. ' In contrast, our ap-
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