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Abstract. We have measured angle-resolved ultraviolet photoemission spectra from epitaxially
grown thin films of CuBr with (111) orientation. Their analysis allows the determination of an
experimental valence band dispersion very near the I'-L-direction of the bulk Brillouin zone.
These results show fair agreement with a kkr band structure calculation performed by Overhof.
Our results, combined with earlier- results obtained by ‘constant-initial-state’ photoelectron
spectroscopy, are in agreement with all available optical data to within typically +£0.1 eV,

1. Introduction

The electronic properties of the noble metal halides are essentially determined by the energy
positions and hybridization of the noble metal d orbitals, and the p orbitals of the halides
[t]. This is in contrast to the isoelectronic I-v and I-vi compounds, where in general
the d'? shells form deep core levels with virtually no energy dispersion. Thus the noble
metal halides are interesting and sufficiently simple model substances to study hybridized
p—d bonds.

Like most 1i-v and [I-vI compounds, the copper halides (I-viI) are tetrahedrally
coordinated semiconductors which crystallize in the zincblende lattice. However, while the
usual bond in the zincblende structure is derived from an sp’—sp® electronic configuration,
the copper halide valence bands are formed by an sp°-sd® configuration. The resulting p—d
hybridization significantly changes the physical properties of the copper halides compared
with the other members of the group Iv, -V and II-vVI isomorphic series. For example,
in CuCl the spin-orbit splitting of the edge exciton is reversed from that of the ‘normal’
zincblende materials [1]. Also the volume dependence of the spin—orbit splitting in the
copper halides is significantly different compared to sp*-hybridized materials [2). In
consequence, the electronic band structure of the copper halides in the zincblende phase has
attracted much attention and has been investigated both experimentally and theoretically in
‘many earlier studies. These have been critically reviewed [3].

Since that time considerable progress has been made. The technique of angle-resolved
photoelectron spectroscopy now makes it possible to map experimental energy bands in
considerable detzil [4—6]. Improved methods to calculate the electronic energy bands of the
copper halides have also been developed 2,7, 8]. Consequently, we have tried to improve
our experimental knowledge of the copper halide band structures. New results for CuCl,

f On leave of absence from the Institute of Mathematics and Physics, Academy of Technology and Agriculture,
Bydgoszcz, Poland.
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derived from angle-resolved spectroscopies of photoelectrons [9] and of secondary electrons
{10] were published several years ago. In the present paper we report a new investigation
of CuBr, based on angle-resolved photoemission from epitaxially grown CuBr(111). We
compare our results to an available band structure calculation [7] and to other relevant
experimental results: UV absorption spectra [11], UV reflection spectra [12], x-ray absorption
data [13] and recent results from ‘constant-initial-state’ photoelectron spectroscopy [14].

2, Experimental details

Most of the measurements were performed using an ESCA 100 spectrometer from Vacuum
Science Workshops Ltd. It consists of two ultra-high-vacuum chambers which are pumped
separately to a base pressure of 1 x 107! mbar, They are separated by a gate valve and
are used for sample preparation and electron angle and energy analysis.

The spectrometer is equipped with a LEED facility, excitation sources for Xps (Mg
Ko, Al Ka), UpPs (a self-built capillary discharge lamp to excite the Ne I, He I and He
II emission) and the standard sample preparation apparatus. Angular distributions are
measured by rotating the crystal through the manipulator axis, thereby keeping the angle
between the incident photor beam and the electron take-off direction constant (~=245° for
UPS results). In ali angle-resolved photoemission experiments the angular resolution was set
to 4° (acceptance cone of the lens) and the energy resolution as determined by the constant
energy flux through the analyser was chosen to be 100 meV.

Additional experiments were performed using the monochromatized synchrotron
radiation of the storage ring BESSY in Berlin. In that instance we used the TGM 2-
beamline and a high resolution photoelectron spectrometer based on a modified Vacuum
Generators ADES 400 analyser. For these experiments the angular resolution was about 2°
and the total energy resolution (for photons and electrons) was set to 200 meV.

The CuBr(l111) samples were prepared by epitaxial growth of CuBr on a Cu(lll)
bulk single crystal. The latter was treated before by the standard procedures of argon-ion
bombardment and gentle annealing. The substrate cleanliness and surface quality were
verified by LEED and detailed UPS investigations of the well known Cu(111) surface states
[15, 16] around the [ and the M points of the surface Brillouin zone.

During the evaporation of CuBr from powdered CuBr the Cu(111) substrate was held
at room temperature. The evaporation rate (about 10 monolayers per hour) was controlled
with a guartz thickness monitor. The deposited film thickness was also checked via XPS
core-level intensities using electron mean free path from [17] and calculated XPS excitation
cross section ratios [18).

The CuBr{111) samples studied in the present work were typically at least 10 monolayers
thick with a sufficient degree of photoconductivity to avoid any charging. No UPS features
related to snbstrate emission were detected. We have observed a LEED pattern at a primary
electron energy of 66 eV, which shows nearly hexagonal symmetry. The spots were [ess
sharp and superimposed to increased background intensity as compared to the brilliant LEED
pattern of the clean copper substrate. The ratio of lattice constants

GCuBr
acy

= 1.58

was reproduced to within 5% experimental error,
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Samples kept at room temperature during photon irradiation show severe damage effects.
A typical result is shown in figure 1, where a polycrystalline film of CuBr (about 15 A thick)
evaporated onto a clean Ag(100) surface was illuminated by intense synchrotron radiation
moncchromatized at e = 20 eV. Figure 1 shows photoelectror distribution curves from
a new sample (labelled 1), from the same surface after 3 minutes {dashed, labelled 2) and
after about 27 minutes of additional exposure (labelled 3). Besides the general loss of
intensity and the smearing out of structural features, a new emission peak develops at about
4 eV below the Fermi energy Er (Ep is defined by the substrate photoemission) which
indicates a dramatic change in the electronic-structure. To avoid such decomposition effects
the samples were cooled to 120 K during all measurements. At this temperature no changes
in the photoelectron spectra were observed after several hours of irradiation with He and
Ne resonance line photons of our laboratory source.

CuBr huw= 20eY
T = 300K

Intensity

T { T [ I [ ] . 1
-12 -8 -4 E=0

Initial state energy {eV)
Figure I Photoemission spectra demonstrating photon-induced damage of a 15 A thick CuBr
&im evaporated onto a clean Ag(100) crystal. Synchrotron radiation from bBeSSY was used for
excitation at a photon energy of fiw = 20 eV. Data refer to new sample (race 1), sample after
about 3 minutes of irradiation (dashed, trace 2) and after 27 minutes (frace 3). All data were
taken while substrate was at room temperature.

3. Results

Two typical angle-resolved spectra taken at photon energies fiw = 21.2 eV and iw = 40.8 eV
in normal emission from a CuBr(111) film, held at 120 K are shown in figure 2. From
earlier investigations of polycrystalline samples [3, 19] and from theoretical considerations
[1,3,7] the structures labelled A-D may be assigned to their particular orbital-momentum
character. The upper two features {A, B) overlap each other and the lower two (C, D)
overlap each other. There is a gap between the upper pair and the lower pair. The upper
bands (A, B) originate mainly from the 3d states of Cu, and the lower bands (C, D) from 4p
states of bromine. In fact, peak B (originating from a state of [';; point group symmetry,
in the non-relativistic notation [3] cannot hybridize with Br 4p orbitals and is essentially a
pure d-like band. This fact is reflected by its very small dispersion as shown further below.
Peak A (originating from a I';5 state) contains some 4p admixture, In contrast, both peaks
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Figure 2. Normal emission photoclectron distribution curves taken from CuBr(111) at photon
energies of Aw = 21.2 eV (top) and ke = 40.8 eV (bottom). Data taken while sample was at
120 K and shielded against visible light.

C and D possess only weak d character: while peak D is almost purely of 4p origin, peak
C contains some Cu 3d character.

Figure 2 also indicates the statistical quality of our data and shows our calibration of
the valence band maximum (vBM). This calibration is chosen to be in agreement with all
earlier data taken from polycrystalline samples and places the almost dispersionless peak B
at (2.05 £ 0.10) eV below the VBM.

We have collected many angle-dependence spectra, at several photon energies. A typical
result at fiw = 40.8 eV is shown in figure 3. It indicates almost no dispersion of the peak at
2.05 eV below the VBM, however a strong dependence on the emission angle 8 of the feature
observed between the VBM and about 1.4 eV below the vBM. Our results generally originate
from direct transitions cccurring at many points in k-space. To localize these transitions in
k-space and, in particular, to identify those data which correspond to the vicinity of the I'-L
direction, we make the usual assumption that the dominant final states of the photoemission
process are those that can be best approximated by a free-electron-like band [4-6]

2
Ef(k) = hao + E;(k) = (-2”—”;)::2 + V. (1)

In our terminology, energy conservation is given by Ef — E; = fiew, and therefore we define
the final staie energy E¢ > 0 and the initial state energy E; < 0, where E; = 0 coincides
with the valence band maximum. In the extended zone scheme, conservation of electron
momentum k is formulated as follows:

ke=ki+ G, k1)
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Figure 3. Angle-resolved photoeleciron distribution curves taken from CuBr(111) at different
emission angles ¢ along the FLUX plane of the bulk Briliouin zone. Photon energy was fiw =
408 eV,

where G(h, k, 1) is a reciprocat bulk lattice vector. During the transmission of the excited
electron through the surface into the vacuum, only the component & parailel to the surface
is conserved [20]. In contrast, k;, = & — k& is changed by momentum transfer to the
lattice, in order to ensure energy conservation during refraction, and therefore k) cannot
be determined from the kinematics of only one electron distribution curve. Thus the usual
approach to estimate k; is as follows: taking

k= sin el2m /) Eyal'/?

from the experiment (where ® is the electron take-off angle with respect to the surface
normal, Eyy, is the kinetic energy of the observed electron and m its rest mass) and making
a reasonable assumption for Vj (the average potential as seen by the electron within the
bulk lattice) the component & can be calculated from (1) with G(h, £, ) = G(2, 2, 2).
The peak dispersion shown in figure 3 can be explained best with k-points, which are
distributed over the 'LUX emission plane of the bulk Brillouin zone of CuBr. The ‘best’
Vo is detenmined by trial and error within the approximation of (1), We decided upon
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Vo = —15 eV which fits the He II off-normal data as well as the normal emission data
measured at other photon energies (Ar I, Ne I, He I), using a = 5.69 A for the lattice
constant and @ = 7.1 eV [19] as the work function referred to the vBM. This particular
choice appears reasonable since it is in fair agreement with the position of the Br(3s)-like
band, which has been observed at E; = —15.4 eV [19] and which is located close to the
bottom of the inner potential. Note that the precise value of Vp is not very critical, since
(1) is only used to estimate

2m
ky = \/(h—z)(E,- +hew — Vo) — k3

while the initial state energy E; and the component & of & are determined independently
of the experimental data without any assumptions. Our choice of V; positions the series
of spectra repraduced in figure 3 close to the I'(2,2,2)L(3/2, 3/2, 5/2)I"(1,1,3) line (in the
extended reciprocal Iattice scheme) within the I'LUX plane. In fact, the remaining distance to
the critical point I and L is not larger than the uncertainty of the k-vector caused by the life
time broadening of the final electron state, as estimated from the observed peak widths. The
then expected periodicity along I'(2,2,2)L(3/2, 3/2, 5/2)I"(1,1,3)L(1/2, 172, 7/2) is indeed
observed in ali our data (not reproduced), which were obtained up to @ = 50° in A® =2.5°
increments. While T" is nearly reached at ® = 0° and ® = 39.6°, the L point is touched near
© = 18.8° {compare figure 3) and approached again at @ > 45°. This allocation is also fully
consistent with the respective ky-vectors, which can be derived from the kinematics without
any further assumptions. Thus our choice of Vp at least gnarantees an almost complete
inner consistency of our results. We are thus able to derive an ‘approximate’ band structure
along I'-L. from experimental data which correspond to direct transitions occuring very
near to the I'-L-symmetry line. In fact we estimate the errors in k) to be below 5% of
the characteristic dimensions of the bulk Brillouin zone. Considering the weak dispersion
of the bulk bands with &, in all k-space directions where calculations are availabie [7, 19]
(compare also figure 4) we are confident that our results reflect the bulk band structure along
=L within the given error margins.

A summary of all our results plotted along the I'-L bulk Brillouin zone direction is
shown in figure 4. Also reproduced in this figure are the resuits of the calculation performed
by Overhof [7] along the same k-space line.

4. Discussion

Comparison between the experimental and theoretical energy bands compiled in figure 4
indicates a generaily good qualitative overall agreement. Closer inspection reveals
quantitative differences. In particular the width of the upper bands is observed to be
about 2.1 eV, while the calculation predicts 1.3 eV, However, the lower bands with a
calculated width of 1.4 eV agree reasonably well with the observed width of 1.25 eV. The
gap between upper and lower bands is observed to be 2.1 eV, not very different from the
calculated 2.3 eV. Also the initial state energy of the uppermost flat band of the lower
ones has been calculated to be E; = —3.7 eV, reasonably close to —4.2 eV as observed
experimentally. Thus, apart from the width of the upper bands, calculation and experiment
are in fair agreement.
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Figure 4. Band structure of CuBr along the IM-L direction of the bulk Brillouin zone: {(a)
calculated by Overhof [7], (b) experimental results of present work. The emor in &y is about
10% of the distance T'-L for all data points. . .

Table 1. Critical point energies of CuBr valence bands along the I'-L direction in the bulk
Brillouin zone. Errors are given in brackets in units of 0.1 eV.

. Tt
eyl

initial states
E; (V) Assignment  [-character
—15.4(3)% sils Iy
- 5.6(3) Ls p
—~ 4.8(3) I'7 P
— 4.7(3) Ls pid
- 42(2) . Igilas p + (d)
— 2.05(1) Isilg;las d
— L4(3) Le d+(p)
- 0.8(3) Mralsibas  d+(
1 Data from [19].

The band structure calculation of Overhof [7] is based on the relativistic Kominga—
Kohn-Rostoker (KKR) method, using a potential of the muffin-tin form. His data as
reproduced in figure 4 are calculated with a potential constructed from SCF atomic potentials,
overlapped and cast into a muffin-tin form. Overhof also performed a calculation using
ionic potentials. The results, not reproduced here, show very similar overall behaviour,
but of course quantitative differences, Now the width of the upper bands is increased to
about 1.9 eV, in almost perfect agreement with the experimental value of (2.05£0.10} eV.
However, the width of the lower bands is reduced by a factor of about two, making the
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Table 2. Critical point energies of CuBr conduction states as obtained from ‘constant-initial-
state’ spectroscopy (C15) and from secondary electron emission {SEg) spectra. Emors (in brackets)
are given in units of 0.1 eV .

Final state energies E; (eV)

s SEE}  SEE} Predominant
{-character
775 15 7.4(2) p
8.9(2) 88 8.9(3) s, d

1022y — — - s, d
12.0(3) — —_

412 — — nf
15.22) — — 5, d
17222y — _ p. f
t [21).

t This work.

agreement with the photoemission data much worse, and the gap between the upper and the
lower group of bands is reduced drastically from 2.3 ¢V to about 1.1 eV. We conclude that
our data are best described by the calculation based on atomic potentials.

One might speculate whether the discrepancy in the width of the uppermost bands
could be due to a refaxation (photoemission final state) effect, since only the bands with
predominant d-orbital character are affected. We have no experimental means to answer this
question, Another explanation should also be considered seriously; if our calibration of E;
= 0, i.e. the definition of the valence band minimum, was wrong by about 0.6-0.7 eV, nearly
perfect agreement with the calculated bands could be reached. Indeed, group theoretical
arguments lead to a direct gap at " in the zincblende lattice of CuBr. The spin—orbit
splitting at T, i.e. E;(Fg)—FE;(I'7) at the VBM, was observed to be about (.15 eV [1]. If we
add this energy to the uppermost experimental band observed at E; = —0.8 eV, we end
up with an ‘adjusted” vBM at E; = —0.65 eV in figure 4(b). The obtained bandwidth of
1.5 eV compares well to the calculated 1.3 eV. However, we have no reason to think that
our calibration of £; = 0 could be wrong by more than half of an electronvoit.

The fair agreement between experimental and theoretical energy bands encouraged us to
assign symmetry labels according to figure 4(a) to the I'- and L-point energies as observed
in figure 4(b). All results concemning initial valence state energies are collected in table 1.
Information about final stage energies involved in the photoemission from CuBr results
from the analysis of secondary electron emission (SEE) structures in the electron energy
distribution curves and, in particular, from ‘constant-initial-state’ (CIS) spectra taken earlier
by us {14] from polycrystalline films of CuBr. The energies of significant peaks in CIS-
results as well as structures due to secondary elecirons {observed in the present work and
also earlier by Lin et al [21] are summarized in table 2. Note that all energies given in this
table for E; > 0 and in table | for E; < 0 refer to the same calibration of the vBM, which
is used also in figure 4(b).

Next we demonstrate that our results are consistent with optical data. The first column of
table 3 summarizes prominent transitions observed in ultraviolet reflection [12], ultraviolet
absorption [11] and soft x-ray absorption [13] spectra. The second and third columns give
our interpretation in tenms of interband transitions between the states listed in tables | and
2, respectively.

Of course, a unique fit of the optical data is not possible in general. Nevertheless table 3
indicates that our results are consistent within typically £0.1 eV with all other available
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Table 3. Interpretation of optical transitions listed in column 1, in terms of interband transitions
between states listed in tables 1 and 2, respectively.

Optical transition Interpretation

method feo (eV) hew E; — Eg

a 2.0 89  Lg(-ldeVy—> +75eV

b 9.1 Lg(—2.1eV) -

b 10 110 Lsg(—21eV) = +89eV

¢ ~&=121 a3 12,1 Las (—4.2eV), ['s (—4.7 V), [7(—4.8eV) > + 7.5 eV

b 134 Las (—4.2eV), Fs (—4.7eV), [; (—4.8eV) = + 89 eV
&= 13.5

a 136

b 161 162  I'g{(—42eV)—> +12.0eV; g (2.1 V) — + 141 eV

a =165 166 Lg(—14eV)— +152eV

b 171 =170 vBM — +172eV, 7 (—4.8eV) —» + 12V

¢ ~ 175 ~ 175  vBM = 17.2eV; Ly (—5.6eV) = + 12 eV

b 198 199 Lg(—47eV) = +152

b 221 220 Pr(—48eV)— 172

(a) uv absorption [11].
(b) uv reflection [12].
(¢} Soft x-ray absorption {13].

data. Also all interpretations listed in table 3 satisfy the common selection rule for optical
dipoie transitions.

In conclusion we have obtained new band structure data for CuBr. All available optical
results of other authors are fully consistent with our results. We hope our work stimulates
further theoretical and experimental work, in particular to obtain a better description of the
conduction states.
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