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Angle-resolved photoemission energy distributions (PED’s) were obtained from valence bands of Cu single
crystals using Al Ka (%Zw = 1486.6 eV) radiation. A pronounced difference in the PED’s was observed
between electron emission in the [001] and [111] directions. The observed differences are attributed to the
symmetry properties of the 3d initial-state wave functions and are well described by the initial density of
states modulated by an angle-dependent transition matrix element. An analytical expression is derived for this
matrix element for tight-binding d initial and plane-wave final states.

I. INTRODUCTION

Angle-resolved photoemission spectra in the x-
ray regime (XPS) from the valence bands of'’? Au
and® Ag single crystals have been reported pre-
viously. The interpretation of such spectra is in
general a nontrivial problem since no final-state
band-structure calculations exist at such high en-
ergies, thus precluding detailed calculations.?
The question arises whether an approximate model
can be found which allows the interpretation of
angle-resolved photoemission spectra in the XPS
regime.? In order to elucidate this problem fur-
ther we have measured photoelectron energy dis-
tributions (PED’s) from the valence bands of Cu
single crystals along the [001] and [111] direc-
tions. Experimental details and results are pre-
sented in Sec. II. In Sec. III we discuss the theo-
retical model suggested by Baird et al.* and com-
pare it to the model used by Mc Feely et al.? For
this latter model which emphasizes matrix-ele-
ment effects in x-ray photoemission, an analyti-
cal expression is presented for the transition ma-
trix element for photoemission from tight-binding
d bands* into plane-wave final states. This allows
one to calculate angle-resolved photoemission
spectra for any photoemission direction with re-
spect to the crystalline axes by means of a linear-
combination-of-atomic-orbitals band-structure
calculation® carried out in % of the Brillouin zone
(BZ). In Sec. IV we discuss the results of such a
calculation for photoemission along the [001] and
[111] directions for Cu and compare it to the ex-
perimental results.

II. EXPERIMENTAL DETAILS AND RESULTS

Two single crystals of copper with (001) and
(111) surface orientations, respectively, were
polished to 1-um smoothness and etched in nitric
acid to remove the damage layer formed by polish-
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ing. The crystals were oriented to within +1° by
the Laue back-reflection method. Photoemission
spectra were recorded with a Hewlett-Packard
5950A electron spectrometer modified for ultra-
high-vacuum operation using monochromatized
Al Ka radiation (1486.6 eV). After introduction
of the two crystals the preparation chamber of the
spectrometer was baked to achieve a base pres-
sure of ~5X1071° Torr. The crystal surfaces
were then cleaned by argon-ion bombardment and
annealed by heating with an electron gun to re-
move surface damage. Cleanliness of the sur-
faces was checked by monitoring the carbon and
oxygen ls peak intensities. The carbon and oxy-
gen 1s peaks were undetectable. Spectra were
recorded for electrons propagating along the [001]
direction of the (111) crystal and along the [111]
direction of the (001) crystal. The experimental
geometry is shown in Fig. 1. In both cases the
nominal electron take-off angle from the crystal
face was 35.5°. We estimate an angular accuracy
for positioning the samples of +2° with a spectrom-
eter solid angle of acceptance of +(4+1)°,
Experimental PED’s from the valence bands of
Cu using Al Ko photons are shown in Fig. 2(a).
The first spectrum was obtained earlier from a
polycrystalline Cu sample.’ The other two spectra
were recorded using the single-crystal samples.
They correspond to electron propagation along
the [111] and [001] directions, respectively. It
should be noted that all spectra shown in Fig. 2(a)
represent raw data, without any smoothing, de-
convolution, or background subtraction. The ex-
perimental resolution for the spectra, estimated
from the full width half-maximum of the Au 4f,,,
line, is 0.8 eV. The detailed shapes of the Cu[111]
and Cu[001] PED’s are compared in Fig. 2(b). It
is apparent that a distinct change in spectral shape
exists between the two angle resolved PED’s. Be-
fore discussing the results obtained by a theoreti-
cal model calculation, let us briefly discuss the
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FIG. 1. Experimental geometry for angle-resolved
photoemission studies at 1486.6 eV. The angle between
the x-ray incidence and electron exit directions was
fixed at 72°. Spectra were measured along the [111]
direction of a crystal with a (001) surface orientation
and along the [001] direction of a crystal with a (111)
face.

basic features of the theoretical approximation
employed here and also compare it to another
model recently suggested by Baird et al.!

1II. PHOTOEMISSION MODELS IN THE XPS REGIME

A. Direct-transition model

Baird et al. explained the angular variations of
their photoemission spectra from Au valence bands
in terms of a direct-transition model, which is
illustrated in Fig. 3(b) for the case of photoemis-
sion into the [001] direction. Here we have as-
sumed an angular resolution of +4° and for simpli-
city have neglected the photon wave vector (Tg,h
=0).® The basic assumption made by Baird et al.
is that the magnitude of the photoelectron wave
vector § inside the crystal is given by the free-
electvon dispersion relation |§|=@mE,/1?)/?,
where the final-state energy E; is determined by
the initial-state energy E; and the photon energy
fiw (E,=E,+kw). In this free-electron model the
distribution of photoelectrons outside the crystal
(wave vector p) is determined by the crystal-
vacuum boundary conditions P, =q, and p2=¢2
- 2mV,/m,” where q, and ¢, are the parallel and
perpendicular components of § relative to the sur-
face and V,(*14 eV for Cu) is the inner potential of
the metal. At XPS energies ¢2> 2mV,/%* (except
at low take-off angles) and the photoelectron angu-
lar distributions inside and outside the crystal are
nearly the same. As seen from Fig. 3(b) the end-
points of all allowed § vectors then lie on a section
of a sphere (in three dimensions) which may be
approximated by a planar circular disk.'»® The lo-
cation of the disk in the repeated zone scheme can
be reflected back by an appropriate reciprocal lat-
tice vector G into the first BZ, thus specifying the
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FIG. 2. (a) Experimental photoemission spectra from
valence bands of Cu using Al Ka radiation. The first
spectrum was obtained with a polycrystalline (evap-
orated) Cu sample. The second spectrum was mea-
sured along the [111] direction, and the third spectrum
along the[ 001] direction of a single crystal. (b) Comparison
of the Cu[111] and Cu[001] spectra of Fig. 1(a). (c) Cal-
culated ¢,, and e, projections of the total Cu 3d density
of states using a tight-binding interpolation scheme as
discussed in the text. The density-of-states histograms
were convoluted with a Gaussian of full width at half-
maximum of 0.8 eV.

fraction of the first BZ (i.e., of all wave vectors
K in the reduced zone scheme) which may contri-
bute to photoemission into the analyzer.

Assuming constant-transition matrix elements
the angle-resolved photoemission spectrum is then
given by the density of states calculated over the
so-determined k vectors and involving all bands
which satisfy the detailed-energy conservation re-
quirement E (k) + 7w =E (k).° Variations in the
PED’s with angle in this model arise because dif-
ferent parts of the first BZ are sampled.

B. Matrix-element model

The present model was first discussed by
McFeely et al.? in connection with angle-resolved
PED’s from Ag and Au valence bands. In contrast
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FIG. 3. (a) (010) projection of the three-dimensional
Brllloum zone (BZ) of a fcc lattice with lattice constant
a. The &k axes are those of the infinite three-dimensional
crystal. (b) Photoemission at 7w =1486.6 eV along the
[001] direction assuming an angular resolution of #4° and
free-electron final states. Only a small fraction of
initial states in the first BZ (a cone of % vectors in three
dimensions) can give rise to photoemission (§ vectors)
into the detector acceptance cone because of momentum
conservation as discussed in the text. In the present
example only final states which contain the reciprocal-
lattice vector G= (0, 0,12) contribute to photoemission.
(c) Photoemission at 7w =1486.6 eV along the [001] di-
rection assuming an angular resolution of +4° and Bloch-
like final states. Because of mixing of the free-electron
final states by the crystalline-potential initial states al-
most throughout the entire first BZ (dashed area) may
contribute to photoemission to final Bloch states contain-
ing G= (0,0,12) components. The whole first BZ may
contribute if the photon wave vector is taken into account
as discussed in the text.

to Baird et al., the latter authors pointed out that
a more realistic description of the final states
(i.e., Bloch sums rather than free-electron states)
in conjunction with the finite acceptance angle of
the analyzer, leads to sampling of all states in the
first BZ. This point is illustrated in Fig. 3(c),
again for photoemission in the [001] direction with
an angular divergence of +4° and Eph= 0 as an ex-
ample. Because in a realistic band structure the
final-state wave vector and energy are no longer
related by the simple free-electron dispersion re-
lation E (k) =7%|q |?/2m the magnitude of q inside
the crystal is no longer fixed.'® At 7w =1486.6 eV,
a great number of final Bloch states contain the
reciprocal-lattice vector G =(0, 0, 12) and all such
possible final states, which can enter the analyzer,
are indicated as the shaded area in Fig. 3(c).
When reflected back into the first BZ by G

=(0, 0, -12) the shaded area indicates all initial
states which may contribute to photoemission into
the analyzer. Here it is important to state that
even the small parts of the first BZ which cannot
undergo transitions to final Bloch states containing

G=(0,0,12) components may contribute if G

=(0, 0, 14) components are cons1dered or if the ef-
fect of the photon wave vector (k o istakenintoac-
count.® Because of the size of k ,, at 7w = 1486.6

eV the momentum conservation requlrement
kph+k+G 9 is not only satisfied by G vectors of
the form (0,0,%) where # is an even integer, " but,
depending on the direction of kph, G vectors of the
form (+1,+1,11), (£1,+1,13), (x2,0,12), or

(0, +2,12) may be involved. Thus, from a stand-
point of momentum conservation, initial states
within the whole first BZ may give rise to photo-
emission into a +4° acceptance cone along the
[001] direction, or in general along any given di-
rection. However, in order for transitions to
occur from _a given initial state both momentum
@= lm+k+G) and energy [E, (k) =E (k) + iw] need
to be conserved in the excitation process. In the
XPS regime of photoemission the energy-conserva-
tion selection rule is relatively easily fulfilled at
points throughout the first BZ because of the large
number of final states present'? and the mixing of
these states by the crystal potential. This point
is discussed in more detail by McFeely et al.?

In the above discussion we have assumed that the
photoelectron angular distribution is the same in-
side and outside the crystal, i.e., we have neglec-
ted refraction of the photoelectrons at the crystal-
vacuum interface. If the final Bloch state contains
the reciprocal- lattlce vector Ga photoelectron
with wave vector kph+k+G q is produced inside
the crystal. The electron is then transmitted
through the surface into a direction p outside the
crystal, where ]13' is related to the kinetic ener-
gy E,,, of the photoelectron according to E,,,
=7%|p|?/2m. If o is the angle of incidence between
§ and the surface normal and f is the angle of re-
fraction between p and the crystal normal, the
boundary conditions are p, =, and sinB/sina
=|q|/|p|.*® The ratio |q|/|p|, which at XPS en-
ergies is essentially unity for free-electron final
states, as discussed earlier, may deviate from 1
for Bloch-type final states because states through-
out the first BZ are sampled causing § = k,h+k+G
to deviate from the free-electron value. However,
since at XPS energies |G|>|k| the ratio |§|/|P|
is still approximately unity, refraction at the
solid-vacuum interface may be neglected, except
at low take-off angles. Under the above assump-
tion that the whole first BZ contributes to photo-
emission and refraction at the surface is negligi-
ble, the angle-dependent PED’s are thus given by
the initial density of states where the various bands
at each k point within the first BZ are weighted by
an angle-dependent transition matrix element.?

As was shown in Ref. 2, the transition matrix
element may conveniently be calculated by writing
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the initial-state wave function in the tight-binding
form®* and assuming a plane-wave final state.
Neglecting the s-part of the initial-state wave
function, which only contributes a small and iso-
tropic matrix element, one obtains the angle-de-
pendent matrix element?

5
o&,5,9)~| 3 Bi(®)d, 6, ¢,)|* (1)
w=1 ’
and the intensity distribution may be discussed in
terms of the Fourier transforms of the d orbitals
d,(6,,¢,) listed in Table I. The coefficients 87 (k)
are obtained from a band-structure calcula-
tion.* !5 QOwing to our assumption that the whole
first BZ is sampled, Eq. (1) may be further sim-
plified by grouping the matrix elements of all
equivalent points in the first BZ. The matrix
elements of all equivalent points are obtained by
transforming the d orbitals under the respective
symmetry operations.'® In this way it is seen that
the various cross terms which occur in Eq. (1)
cancel and one obtains the following analytical ex-
pression for the matrix element (compare Appen-
dix A):

ok, 7,8 ~2(|8{|>+ B3] 2+ |BY| D) @3+ d3+a2)
+3(|B1]2 + |BL|?) @2 +d?) . @)

Equation (2) demonstrates that the angle-dependent
matrix element is in general a linear combination
of the /,, and e, projections

0, 1)~ 18112+ [81]% + |42 3)
and

o, )~ 8]l + Bi]° @
of the initial-state tight-binding function. Be-
cause in deriving Eq. (2) we have transformed
the wave function of all equivalent points in the
first BZ into one irreducible wedge of the BZ,
one may use Eq. (2) as weighting factors for a den-
sity-of-states calculation in the 41-8 BZ. The angle-

resolved photoemission spectrum in the XPS limit
is then given by

M&®~f

1/48 BZ

a% 3" o(k,j,DOE - E,(K)).
J

(5)

According to Eq. (2) photoemission along the [001]
direction (6,, ¢,=0° and hence d, =d, =d; =0) and
along the [111] direction (6,=54.7°, ¢,=45° and
hence d,=d,=0) represent the two extreme cases
correspending to the e, and ¢,, projections of the
density of states.”

At this point we need to comment on previous
calculations of the XPS photoemission spectra of

TABLE 1. Angular d orbitals.

Label Function
d dyy (15/4m)1/% 5in%6 sin¢ cos ¢
dy dyz (15/4m)1/2 sing cosd sing }tzg
ds e (15/4m)/2 sinf cosf cos ¢
a4 da.ye $(15/4m)1/2 3in%0 cos2¢ .
ds dy2.,2 (1/2w/_3_)(15/47r)1/2(3cos20—1)} €

polycrystalline d-band materials by Nemoshkalen-
ko et al.*®* These authors claimed that by including
angle averaged (integrated) matrix elements be-
tween tight-binding d initial states and plane-wave
final states, they could account for part of the dis-
crepancy between the experimental spectra and the
calculated density of states. In particular they
concluded that the electron excitation probability
from e, states is higher than from #,, states. Our
calculation, which employed the same description
of initial and final states, is in gross disagree-
ment with this result, since for polycrystalline
materials, i.e., angle-integrated matrix elements,
the e, and #,, states contribute equally to the photo-
emission spectrum. Equations (1) and (2) show
that for this case the cross section (which is pro-
portional to the transition probability) is given by

o, j,D~ 3 8@ ©)

This is exactly the fotal d projection of the initial
states, i.e., the sum of the e, and ¢,, projections.*®
Only in case of angle-resolved photoemission from
oriented single-crystal faces can the cross sec-
tions for photoemission from e, and ¢,, states be
different.

IV. DISCUSSION OF RESULTS

In Fig. 2(c) we show the results of a theoretical-
model calculation employing Eq. (5) for photoemis-
sion into the [111] and [001] directions. As dis-
cussed earlier these cases correspond to the ¢,,
and e, projections of the valence-band density of
states. Comparison of Figs. 2(b) and 2(c) reveals
good agreement between the experimental shapes
of the PED’s and the calculated ones. The main
characteristic differences between the experimen-
tal spectra taken along the two symmetry direc-
tions are predicted well by the calculation. We
note that plane-wave final-state cross section cal-
culations should be more reliable for Cu than for
the previously investigated noble metals Ag and
Au.? This is inferred by the small-electron scat-
tering phase shifts for Cu as opposed to the larger
values for Ag and Au.?° Also, the spin-orbit cou-
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pling which reduces the e, —t,, anistropy by mixing
the wave functions is small for Cu. This might
explain why the experimental and theoretical dif-
ferences between the two directions are quite pro-
nounced for Cu. It is interesting to note that our
theoretical model predicts the largest changes to
occur between the PED’s taken along the [001] and
[111] directions. This is in complete agreement
with the experimental findings of Baird et al. for
Au.' More evidence for the importance of matrix
element effects in x-ray photoemission from d
bands, as opposed to the constant matrix-element
model proposed by Baird et al., was recently pre-
sented by Williams et al.2* These authors found
good agreement between the angular variation of
valence-band peak intensities of MoS, and that pre-
dicted by a tight-binding d initial- and plane-wave
final -state matrix element. We feel that the pres-
ent results, in conjunction with the results ob-
tained earlier for Ag and Au,? indicate that the
model presented above to explain the angular de-
pendence of photoemission from d bands may, in
general, provide a useful approximation in the x-
ray range of photoemission.

APPENDIX A: TRANSFORMATION OF TIGHT-BINDING
d FUNCTIONS IN A FIELD OF CUBIC SYMMETRY

Let zpé(?) be a tight-binding Bloch function

HE) =N T ety F_R), (A1)
1

where xj(f‘ - ﬁl) is a linear combination of atomic
orbitals

x,®=3" Bi0e, ). (A2)

LetP be anoperator, corresponding to one of the sym-
metry operations of the cubic group,* i.e., an oper-
ator which transforms a point k from one irreducible
zone of the first BZ into an equivalent point in a differ-
entirreducible zone. Then the transformation of the
corresponding Bloch function under P is given

by16
PYI(E) = 4 (P"F)

=N el Fny (PIF_R), (A3)
n

where

X,(PE) =3 BL(K)®, (PF) . (A4)

Thus the transformation of the tight-binding func-
tion i(T) is accomplished by simply transforming
the atomic functions @u('f‘) under the inverse op-
eration P!, Furthermore, &,(f) may be separated
into a radial part R(r) and an angular part
d,(6,,4,). Inthe case of a simple fcc lattice the
operations of the cubic group only affect the angu-
lar part, i.e., the d orbitals d,(6,, ¢,). Thus

P =R0) S BLEIP, 6,, ,) . (A5)

Knowing how the wave function :p_ll('(f) transforms
under P we can now transform its matrix element
with a plane wave given by Eq. (1). Since this
matrix element is the Fourier transform of the

function
> BL0d,6,,0,),
m
we obtain (A6)

3 80P, 0, 6)|

for the transformed matrix element. Hence it is
only necessary to work out the transformations of
the five d orbitals under the 48 symmetry opera-
tions of the cubic group. This is easily done by
writing the 4 orbitals in Cartesian coordinates.
All log orbitals (compare Table I) transform into
each other (e.g., P 'd,=-d,) while the e, orbitals
either transform into themselves (i.e., P'd,=d,
or —d, and P~'d, =d,) or into a linear combination
of d, and d;, i.e., P™'d, == (3d,+3V3d;) and P,
=+3V3d, - 3d;. The sum of all 48 cross sections
given by Eq. (A6), corresponding to the 48 equiva-
lent % points in the first BZ then yields Eq. (2).
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