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Using angle-resolved photoemission from Zn (0001) we observe that the Zn 3d states exhibit energy-band
dispersion (0.17 eV from I' ¢t to Iy~ for the upper d band) and k-dependent polarization selection rules. The d bands
are centered at 10 eV below the Fermi energy E and are 1.0 eV wide (I"; to I's). In contrast, ab initio band
calculations using a Hedin-Lundqvist potential yield d bands centered at ~8.3 eV below E that are 1.5 eV wide and
disperse by 0.33 eV, thus indicating the significance of self-energy corrections for these deep-lying narrow bands.
Upon empirically correcting the d-band position by adjusting the exchange parameter @ in a nonrelativistic Xa
calculation, the calculated bandwidth (1.0 eV) and dispersion are also in agreement with experiment. Experimental
critical points are (energies relative to Ep): I's = —9.60 eV, I'¢f = —9.77 eV, I'¢ = — 10.05 eV, —10.30 eV,
Iy = —10.05eV, —10.31eV, I'; = — 10.62 eV. The observed initial-state lifetime broadening (full width of half
maximum) is 0.3 eV at the top of the d bands and 0.5 eV at the bottom of the d bands.

INTRODUCTION

Accurate valence-band energy dispersions E(E)
of a number of three-dimensional solids (Fe, Co,
Ni, Cu, Pd) have been determined recently using
angle-resolved photoemission-spectroscopy
(ARPES) techniques combined with tunable synchro-
tron radiation (see, e.g., Refs. 1-4 and.references
therein). These E(E) dispersions, which are of
central importance in the single-particle descrip-
tion of solids, have given new information showing
that the valence electrons of transition metals can
be well described by an itinerant band model. Ma-
jor discrepancies have been observed only for Ni,
and for Co to a lesser extent, where d-band widths
and magnetic exchange splittings are observed to
be smaller than ab initio calculations predict (Ref.
4). The present ARPES investigation of Zn 3d
states was undertaken in order to study the transi-
tion from itinerant bands to highly correlated,
corelike levels. The investigation of this transition
and the question of Ligand field splittings of outer
core levels are of fundamental interest. Also of in-
terest are the effects of final-state hole-lifetime
broadenings when they are comparable to band-
dispersion widths.

The question of E(E) dispersion versus atomic-
like behavior for deep-lying valence states, such
.as the Zn 3d states has never been studied
thoroughly despite its fundamental importance.
Generally, nondispersive atomiclike Zn 3d core
levels have been assumed. Experimentally, the
electronic structure of the Zn 3d states has not
been determined accurately until now, despite sev-
eral ultraviolet photoelectron spectroscopy
(UPS),*>" 7 soft x-ray emission,® and x-ray photo-
emission spectroscopy (XPS) (Refs. 9, 10) studies.
XPS measurements are insensitive to small ener-
gy-band dispersions due to the energy resolution
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(AE~0.5 eV) and to the fact that they tend to sam-
ple bands throughout large regions of the Bril-
louin zone. However, band-structure calcula-
tions*'~*® show distinct 3-d band dispersions*?™*°
with total d-band widths of the order of 1.4 eV

(L, toL,) (Refs. 13 and 15).

Concerning other materials with narrow bands,
angle-integrated photoemission experiments for
the valence bands of rare-gas solids with binding
energies ranging from ~9.8 eV in Xe to ~20.3 eV
in Ne (referred to the vacuum level) have given
evidence of a bandlike behavior for the p-like
deep-lying valence bands of these materials.***”
However, all available band-structure calculations
to date have failed in predicting the bandwidths and
hence the dispersions for these simple materials.

Using angle-resolved photoemission combined
with polarized tunable synchrotron radiation, we
have determined energy-band dispersions E(k) for
the 3d bands of Zn along the line I'-A in k space.
The upper d band shows a small (0.17 eV) but dis-
tinct dispersion which is indicative of itinerant
band behavior. Also, we find matrix element and po -
larization-selection-rule effects for the Zn 3d states.
Our findings are compatible with an itinerant band
picture if the calculated 3d bands are empirically
shifted to have the experimentally observed binding
energies. Namely, a self-consistent ab initio cal-
culation using the Hedin-Lundqvist local density ap-
proximation'® yields Zn 34 bands centered at 8 eV
below E, with a 1.5-eV total bandwidth. This dif-
fers significantly from our findings, i.e., 3d bands
centered at 10 eV below Ep with a 1.0-eV total
bandwidth. However, upon correcting the d-band
position via the use of an exchange parameter «
=0.8 in a nonrelativistic Xa calculation, the cal-
culated total bandwidth becomes 1.0 eV and the up-
per d-band-dispersion width becomes 0.25 eV, in
reasonable agreement with experiment. Even bet-
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FIG. 1. Angle-resolved photoelectron spectra from
Zn (0001) for a selected set of photon energies showing
the photon and polarization dependence of the 3d emission
in the [0001] direction. Solid lines give the s-polarized
spectra whereas the dash-dotted line in the lower panel
shows the result for mixed polarized geometry. The
difference curve in the lower panel empahsizes the con-
tribution from the L; point (see text).
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FIG. 2. Photon-energy-dependent intensity ratio I,/I,
of the 3d “doublet” lines in s polarization. The local
minimum at 31 eV photon energy occurs at the I" point
in % space.
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ter agreement is obtained when the hcp lattice is
taken into account.

EXPERIMENTAL TECHNIQUES

For our measurements, a two-dimensional dis-
play-type electron spectrometer was used.'® Syn-
chrotron radiation from the 240-MeV storage ring
Tantalus I at the University of Wisconsin in Madi-
son monochromatized by a 1.5-m toroidal grating
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FIG. 3. Schematic energy-band dispersion E vs K for
Zn. Note the change in the energy scale (by a factor of
20) at the Fermi level Eg. The valence bands are from
Juras et al (Ref. 13, a@=1), and the bands above Ep are
free-electron-like bands (bottom at 8 eV below E) with
experimental critical points marked by dots. Two sets
of symmetry labels (for fcc and hep lattices) are given
(for details of comparing fcc and hep Brillouin zones,
see Ref. 3). :
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monochromator served as a tunable light source.
The combined energy resolution of the monochro-
mator and electron spectrometer was <200 meV
for the photon-energy range 5<iv <60 eV used in
this study. The electron spectrometer was oper-
ated at an angular resolution of 60 =6°. For these
conditions, typical counting rates i'angecl from
10%/sec to 10%/sec for the Zn 34 bands. Normal
emission spectra were taken from a Zn (0001) face
prepared by sputter etching and annealing and
characterized by low-energy electron diffraction
(LEED) and Auger electron spectroscopy. Two
different light polarizations were used: s polariz-
ation with E || [1010] and mixed s, p polarization.
For Zn (0001) we have determined a work function
of ed=4.4eV.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Ahgle-resolved photoelectron spectra of the Zn
3d bands are shown in Fig. 1 for several selected
photon energies and polarizations. The most in-
tense emission comes from the uppermost d
band, with weaker emission from lower lying d
bands. As we will discuss, interband transitions
at I occur for zv=31 eV and transitions at L (fcc
notation) occur for sv=>57 eV. Thus, the energy
dispersion of the upper d band is given by the en-
ergy difference (0.17 eV) of the L, (hv=>57 eV) and

T, (hv=31 eV) critical-point energies. Further,
the spectra show a polarization dependence; name-
ly, for hv=>57 eV an extra transition which is for-
bidden in s polarization is seen for mixed s-p pol-
arization (i.e., the L, transition, see difference
spectrum). All of these observations are not com-
patible with an atomic core/level model [the 34 spin-
orbit splittingis 0.34 eV (Ref. 20) in atomic Zn].

The Zn 3d states show itinerant band behavior
analogous to d states for other transition and noble
metals (Fe, Co, Ni, Cu, Pd) and we shall next
describe our experimentally determined E (k) dis-
persions for Zn and compare them with band cal-
culations. We shall use fcc lattice-symmetry la-
bels as well as hcp symmetry labels by taking ad-
vantage of a relationship between these crystal lat-
tices which is valid for normal emission along the
hep [0001] axis (Ref. 3).

In Fig. 2 the photon-energy-dependent intensity
ratio of the 3d doublet lines for s polarization is
shown. The lower d-band peak (b) becomes very
weak for low photon energies and has a relative
maximum at zv~ 31 eV. Qualitatively, the same
behavior is seen for other fcc or hcp transition
metals'~® and the minimum of the intensity ratio
I,/1, corresponds to interband transitions at the
center of the Brillouin zone I'. This yields an en-
ergy of ~21 eV above E, for the final state at I".
With increasing 2v, one moves along the line I'L

TABLE I, Experimental and calculated critical points for the 3d bands of Zn (energies in
eV with Ex=0). The fcc-symmetry labels are correlated to hcp-symmetry labels according

to Ref. 3.

Symmetry point Juras Juras Moruzzi

fce hep This experiment et al.? et al.? etal.®

L +47  22°

r +21 +2

Ly Iy -2.9 +0.3¢ -2.9 -2.7 -1.20

L Ty -3.9 +0.3¢ -3.7 -4.0 -3.33

Ly I3 —9.60 +0.03 -9.7 -7.3 —7.48

Ty, T; —9.77 £ 0.03 -9.9 -7.6 -7.81
-10.05+0.1°

Ty I ~10.30 £ 0.05° -10.15 -8.0 -8.21
-10.05+0.1°¢

Ly Iy —10.31 £ 0.05° -10.1 -7.9 —-8.24

Ly Iy -10.62 +0.05 -10.6 -8.9 -8.99

2Reference 13, Xa calculation (@=1), hep lattice.
PReference 13, Xa calculation (a=%.), hep lattice. }
®Reference 15, self-consistent calculation using Hedin-Iungvist exchange, fcc lattice.

dDiscussed in more detail in Ref. 21.

¢ The experimental splitting is probably due to spin-orbit effects which are not included in
the calculations. All symmetry labels are nonrelativistic.
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(fcc lattice) or TAT (hep lattice) in k space (see
Fig. 3). The final-state L point is located at ~47
eV above E by following the dispersion of the s-p
band (see Fig. 3 and Ref. 21). The 3d states are
excited into this final state at hv~ 57 eV. Critical-
paint energies at I and L for initial states (e.g.,
Fig. 1) and final states are summarized in Table I.

The overall shift of spectral weight from the up-
per part of the d bands to the lower part of the d
bands with increasing photon energy may explain
previous discrepancies between UPS data (kv
=21.2,40.8 eV) and XPS data (hv=1487 eV) where
the doublet structure of the Zn d-band emission
was not resolved. The values for the d-band posi-
tion reported by UPS [-9.5 eV,>® —-9.9 eV (Ref. 7)]
were consistently higher than XPS values [ -10.18
eV,°-10.08 eV (Ref. 10)] .

Energy-band dispersions E(T«:) for the Zn 3d bands
have been determined from a set of normal-emis-
sion energy-distribution curves for 15 <y <70 eV
(along the ¢ axis, not shown). These experimental
E(&) dispersions are summarized in Fig. 4. To
determine the momentum scale along the I'L (i.e.,
TAT) direction, we have converted the measured
final energy to the momentum k via a final-state
nearly-free-electron energy-band dispersion (see
Fig. 3). This nearly-free-electron (nfe) parabolic
final band (m *=m,), with a potential zero at 8 eV
below E (Ref. 15) approximates our experimentally
determined final-state critical points as wgll as
Fermi-surface data'* (see Fig. 3). The E-k con-
version scale for the nfe final band is shown on top
of Fig. 4, e.g., a final energy of E=47 eV corres-
ponds to interband transitionsnear 1. As shownfor
Co (0001) in Ref. 3, the bands along TAT in an hcp
lattice can be unfolded to correspond to the line
T'L of an fcc lattice. Accordingly, two sets of la-
bels for the symmetry points are given on the bot-
tom of Fig. 3 and Fig. 4. The upper d band with A,
symmetry disperses 0.17 eV upward fromI" to L,
the lower d band with A, symmetry has no mea-
surable dispersion. Qualitatively, this is very
similar to the d-band dispersion seen for Cu, Ni,
Pd, etc. The lower A, band seems to be split
(~0.25 eV) by spin-orbit effects.

In Tables I and II experimental critical-point en-
ergies at I' and L and band dispersions for Zn are
summarized and compared with a self-consistent
ab initio energy-band calculation®® which used a
local density approximation (i.e., Hedin-Lundqvist
potential), as well as with an earlier non-self-
consistent calculation®® which used exchange coef-
ficients =2 and @ =1. Labels are given for non-
relativistic bands in an fcc and hcp lattice. There
is a one-to-one correspondence except for the I'jg
point, which is split into the I'; and T'; points in the
hep lattice. There is a systematic discrepancy be-
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FIG. 4. Experimental and calculated Zn 3d-band dis-
perions. The experimental data are in the uppermost
panel. The E(2 l) conversion scale for the free-electron
like final band energy is given on top; e.g., a final energy
of 47 eV corresponds to a momentum k near the L point
(I" in hep notation, see text). Directly determined criti-
cal points are marked by arrows. The middle panel
shows the result of a self-consistent Xa(a=0.80) calcu-
lation which was performed for an fcc lattice. The bot-
tom panel shows the result of an Xa (@ =1) calculation by
Juras et al. (Ref. 13). Dashed bands are forbidden in
normal emission with s polarization (i.e., Ay symmetry
and Ay, Ay, symmetry for an fcc and hep lattice, respec-
tively).

tween the experimental and ab initio calculated
bands; the calculated bands are too wide and their
center of gravity is too high by ~2 eV. This com-
parison shows more dramatically a trend which was
observed in Cu (Ref. 2) and attributed to inadequate
self-energy corrections. We note that the above
comparison involves experimental excited-state
eigenvalues versus calculated ground-state single-
particle energies; such comparisons always involve
questions concerning relaxation effects which ac-
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TABLE II. Experimental and calculated band parameters for the 3d bands of Zn (energies

are in eV),
This This Juras Moruzzi
experiment etal.*  calculation® et al.® et al.?
Ts—Ep 9.77 +0.03 9.76 7.6 7.81
(3d-band position) U : 0 - -
- by
5= 14
(3d-band full width) 1.02 +0.05 1.01 1.55 1.51
-_ r+
I5—Tg 0.17 +0.05 0.25 0.30 0.33

(3d-band dispersion)

2Xa calculation (¢=1.0), hep lattice, Ref. 13.

b Self-consistent Xa calculation (@ =0.80), fcc lattice.

¢ Xa calculation (@ =%), hep lattice, Ref. 13.

dgelf-consistent calculatlon with Hedin- Iundqvist exchange, fcc lattice, Ref. 15.

company electronic excitations.

We have performed a self-consistent field (SCF)
Xa calculation which “matches” the experimental
3d-band position by selecting an exchange param-
eter of ®=0.8. These calculated bands are shown
in Fig. 4. Upon being lowered by ~2 eV to the ex-
perimental d-band position, the d bands become
narrower (e.g., see Connolly®?) and band disper-
sions become smaller. This narrowing results in
a good agreement with experiment (e.g., L,-L,
separations in Table II). The band dispersion of
the upper d band is still too large in this calcula-
tion; this could be due to the fact that relativistic
effects have been neglected and also that an fcc
lattice rather than hcp lattice has been used. Spin-
orbit effects, which cause a 0.34-eV splitting for
the free atom, must be included in more realistic
calculations. To estimate the effect of an hcp ver-
sus fcc lattice, we have taken a non-self-consistent
Xa calculation for an hep lattice (Ref. 13, a=1)
and find almost perfect agreement with our experi-
ment (Table II, Fig. 4).

Our experimental data can also be used to obtain
hole lifetimes 7 from the width of the observed
peaks in angle-resolved photoelectron spectra at
critical points. We find an inverse lifetime (T =7/

7) of I' £ 0.3 eV at the top of the d bands and I"=0.5
eV at the bottom of the d bands (L, I";, respective-
ly). These values represent upper bounds on the
intrinsic lifetimes; experimental broadening con-
tributions due to the monochromator and electron
spectrometer are small.

We believe that the Zn d bands are an ideal test
case for self-energy effects which go beyond the
local density approximation. We have measured
the imaginary part of the self-energy (the inverse
lifetime) as well as the real part of the self-energy
which determines the band position. It would be
interesting to apply self-energy corrections to an
ab initio calculation for the Zn 3d bands. Similar
efforts have been started for nickel®*™¢ and cop-
per27 where the self-energy effects are less dra-
matic than in zinc.

*IBM summer visitor, permanent address: Hamburger
Synchrotronstrahlungslabor, HASYLAB, Deutsches
Elektronen-Synchrotron DESY, Hamburg, Federal
Repubhc of Germany.
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