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The x-ray photoelectron spectra of the valence bands of CuCl, CuBr, and CuI have been measured.
The spectra show that the valence bands of these materials consist of two branches. The existence of a
forbidden band between the two branches and a few additional structures are revealed by the
deconvolution of the spectra with a measured instrumental response function. The average p-d mixing
rates in the valence bands are evaluated by taking the transition matrix elements into account. It is

shown that the upper branch of the valence bands arises mostly from the 3d states of a cuprous ion,
in accordance with the optical-absorption spectra in the ultraviolet region. The results are compared
with other experimental and theoretical data. Especially, the fundamental absorption spectra are
reinterpreted.

I. INTRODUCTION

The optical properties of cuprous halides, for
example, the photoabsorption and the luminescence
due to high-density excitons, have been the subject
of extensive study. However, only a few works' ~

have been carried out from the viewpoint of the in-
vestigation of the energy-band structure. Semicon-
ductors with the zinc-blende or diamond crystal
structure form an isoelectronic sequence beginning
with a covalent material in the fourth column of the
Periodic Table and ending with a I-VII compound,
such as Ge, GaAs, ZnSe, and CuBr. The band
gaps of the materials in this sequence except cu-
prous halides change according to a quadratic de-
pendence on the deviation of the valence number
from that of the material in the fourth column. The
band-gap energy of a cuprous halide estimated
from the location of the exciton band in the funda-
mental absorption spectrum is smaller than the
value expected from this quadratic dependence. The
exciton absorption is not intense and the absorption
intensity is weak in the region between the exciton
band and the third peak. The strong absorption
peaks occur in the energy region more than a few
electron volts above the threshold. The spin-
orbit splitting of the exciton band is small in CuBr
and CuI as compared with the values expected from
the splitting in respective halogen iona, and is in-
verted in CuC1. ' AQ of these aspects of the op-
tical spectra of cuprous halides have been ascribed
to the 3d states of the Cu' ion being the majority in
the upper part of the valence band in contrast with
the case of other materials in the isoelectronic se-
quence. The band calculation by Song is consis-
tent with this interpretation, at least in a qualita-
tive manner. A remarkable feature of the calcu-
lated band structure is the presence of a forbidden
band between the d-rich upper valence band and the
p-rich lower valence band, as first suggested by
Herman and McClure.

The photoelectron measurement is quite suitable
for obtaining informations on the valence band. In
particular, x-ray photoelectron spectroscopy
(XPS) has certain advantages as compared with
ultraviolet photoelectron spectroscopy (UPS}.' Be-
cause of the high energy of the incident x-ray pho-
ton, the electron is excited to a state almost mono-
tonic and structureless in its energy dependence.
Electx'ons inelastically scattered in the couxse of
the transport to the surface give rise to only a
small structureless background in the region of the
valence-band spectrum. Such a contribution from
scattered electrons can be subtracted from the
spectrum. The potential barrier at the surface
has no important effect on the escape of photoex-
cited electrons with an energy of the order of 10
eV. Thus, the valence-band spectrum is deter-
mined mostly by the density of states of the valence
band and the transition matrix elements between
the valence states and the high-energy conduction
states. On the other hand, the instrumental res-
olution which is mainly governed by the natural
width of exciting light is not high enough to resolve
the details of the valence band. In the present case,
where a measuring system with an x-ray mono-
chromator is not available, the deconvolution of the
measured spectrum with an appropriate response
function should be made for supplementing the low
resolution.

The purpose of the present paper is to describe
an XPS study of the nature of the valence bands in
cuprous halides. %e will show a direct evidence
for the existence of the forbidden band between the
two valence bands and estimate the average p-d
mixing rate in each band. The experimental pro-
cedure and the results ax'e described in Secs. II
and IG, respectively. Section IV is devoted to eval-
uate the average p-d mixing rates in the valence
bands. In Sec. V, the discussion of the results is
given along with the comparison with other experi-
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FIG. 1. X-ray photoelectron spectra for the valence
bands of CuCI, CuBr, and CuI.

mental and theoretical data, and the fumh, mental
absorption spectra are reinterpreted.

II. EXPERIMENTAL PROCEDURE

An electron energy analyzer of the hemispherical-
electrostatic-condenser type with 51-mm mean ra-
dius was constructed and used for the measure-
ments. Both MgK (1253.6 eV) and AlK (1466.6
eV) radiations were used for excitation. The x-ray
tube was usually operated at 7 kV and 100 mA. A
retarding voltage of about 800 V was applied to a
sample holder in the case of the measurement of
the valence-band spectra. The resolution in this
case, estimated from the full width athalf-maximum
of the Au N~ line, was 1.0 eV for MgK, excitation.
The scanning was carried out by changing the re-
tarding voltage, and the output counts were stored
in a 1000-channel multiscaler by repeating the scan-
ning.

Samples were prepared by evaporation in situ
onto the stainless-steel sample holder at 2-4
@10 Torr. The starting materials were chemical-
ly purified and zone refined. The samples of CuI
were prepared by evaporation onto the sample hold'-
er heated at about 150 'C, so that the samples with
the zinc-bleade-type crystal structure were ob-
tained. For CuCl and CuBr, such a heating was
not necessary. Novakov' reported that satellite
bands associated with the copper 2p lines were

found in the spectrum of CuCl, and later related
it to the adsorption of water or oxygen. No satel-
lite band of this kind was found to occur in the pres-
ent experiment. This kind of discrepancy may of-
ten be caused by the difference of the sample prep-
aration. CuCl changes its chemical state upon ex-
posure to air and this is recognized by the change
of its color. In order to examine the difference
of the XPS spectrum due to the difference of the
chemical state, the copper 2P lines of CuCl~ ~ 2HO
were measured. In this case, the satellite bands
were found. This suggests that the satellite is in-
herent in the cupric ion, not in the cuprous ion.
Recently, Frost et a/. ' have carried out an ex-
tensive study on cupric and cuprous compounds and
confirmed that the satellite of the copper 2p line
is characteristic of the Cu~' ion. Since no satellite
of the Cu 2p line was observed in the present ex-
periment, the XPS spectra obtained here give those
of cuprous halides free from oxidization or adsorp-

, tion of water.
Since a nonmetallic sample is charged during x-

ray irradiation, the binding energy should be care-
fully determined so that the charging effect is
eliminated. The electron energy analyzer was
calibrated with the high-energy edge of the valence-
band spectrum of Pd metal. ' Binding energies
were determined by the comparison with the energy
of the 3d line of Ag metal, which was evaporated
onto a cuprous halide sample. The location of the

.Fermi level of a cuprous halide thus determined
seems to still contain a little inaccuracy.

HI. EXPERIMENTAL RESULTS

Figure 1 shows the photoelectron spectra of the
valence bands of CuCl, CuBr, and CuI obtained by
MgK irradiation. The abscissa is the bimhng en-
ergy and the ordinate is the intensity. The count-
ing time for one channel was 120 sec for CuCl and
CuBr, and 180 sec for CuI. The spectral resolu-
tion is 1.0 eV for all materials.

Each spectrum is composed of two bands. The
upper band appears to have composite structure
which is not clearly resolved. Because of the nat-
ural width of MgK, radiation, the bands occurring
in the spectra are much more broadened than the
widths of the valence bands. Therefore, the spec-
tra of CuC1 and CuBr strongly suggest the exis-
tence of a forbidden band between the upper and
lower bands.

The spectra shown in Fig. 1, were deconvoluted
by a modified Gauss-Seidel method. '3 In order to
avoid the occurrence of spurious unphysical struc-
tures, an ordinary smoothing procedure was in-
serted before each iteration. The spectral profile
of the Au 4f (N~) line was measured and used as the
response function. Small unphysical oscillations
occurring in the deconvoluted curve were excluded
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IV. EVALUATION OF THE AVERAGE p-d MIXING RATES
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The magnitudes of the average p-d mixing rates
in the valence bands can be evaluated from the
analysis of the spectra given in Fig. 2. In this
analysis, the ratio, denoted as R hereafter, of the
integrated intensity of the upper band to that of the
lower band in the XPS spectrum plays an impor-
tant role. As is mentioned in Sec. I, the scattering
and escape processes are unimportant in the pres-
ent case. Thus, the photoelectron spectrum is giv-
en by

N (E tf&o)=~ ~ I(@ flvI@wf)I'
kv4

CuCl

I I

4 2
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FIG. 2. Deconvoluted XPS spectra obt~~~ed from the
spectra given in Fig. 1 by a modified Gauss-Seidel meth-
od with 100-times iteration.

in such a manner as not to change the total area
under the obtained curve. This did not change the
detail of the major profile of the obtained spectrum.
In addition to this, a few known test functions were
deconvoluted and the validity of the procedure was
confirmed. Figure 2 shows the deconvoluted spec-
tra of the valence bands. The spectra indicate the
existence of the forbidden band in all of the three
materials. The composite structures in the upper
bands in Fig. 1 are more clearly resolved, and
structures are also revealed in the lower bands.
The gaps between the upper and lower bands of
CuCl, CuBr, and CuI decrease in that order.

In order to see the dependence of the spectral
profile on the exciting photon energy, the valence-
band spectra were observed by the excitation with
A3IK radiation, whose energy is more than 200 eV
higher than that of MgK, radiation. The instru-
mental resolution was adjusted to be the same in
both cases. The obtained spectra were the same
in their spectralprofiles as those obtained with
MgK radiation. This result indicates no depen-
dence of the XPS spectrum under question on the
exciting photon energy, and from this we may con-
clude that the excited state for the photoelectron
is monotonic and structureless as mentioned in
Sec. I.

& ll(Eof Ewf }ao)5(E —E„,f), (l)

where X distinguishes the upper (X =u) and lower
(X = l) valence bands, q„,f is the wave function of
an electron in the ith component band of the X va-
lencebandwith energy E„,-„, Cd, the wave function
of an electron excited to a conduction state with
high energy E,g, and A a constant. The dipole
transition approximation is used since the multi-
pole expansion parameter is very small in the pres-
ent case. The summation over the initial-state
wave vector in the reduced zone is replaced by that
over the final-state wave vector in the extended
zone. It is assumed that the valence states can be
described in terms of the tight-binding approxima-
tion, and q', f can be described by a single plane
wave orthogonalized to the valence and core states
(SOPW). The energy of the excited electron is ap-
proximated as E,~=E,0+5 k /2m. Since the energy
dispersions of the valence states are negligibly
small as compared with the excitation energy, R
can be written as

fdEN„(E, g(o) ),gpss fd&fl(@ f IVI%'„gf) I

fdE N, (E, ff(o) g(.'gfdAP I (4',f~ IV I @)(g ) I

(d&f = sinltfd8f dye). (2)

Here, n„ is the number of the component bands in
the X valence band, k=[2m}f ~( &oif+„E,- ,E)]0' ~,1

and k' = [2ma (K&@ +E« -E,o)]' . In practice one
can put k = k'. In the tight-binding approximation,
C„&„-is given by

4„,-(r) =N I Z C"'- e '"& g„(r—R ), (8)

where P„ is an ionic orbital, p(= Cu' or X ) dis-
tinguishes the copper and halogen iona, o [= (n, l,
m)] stands for the quantum number of the Cu' 3d
and the outermost X np orbitals, and N is the num-
ber of unit cells in the crystal. The summation
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over j is taken over the y;type sublattice. The
overlap integrals between the ionic orbitals on dif-
ferent sites are neglected, so that the Bloch sums,
N '~ g&e'~'"&p„(r —Rz), form an orthonormsl
set. In practice, 0,„- is well approximated by a
plane wave orthogonalized only to all of the core
and valence-band Bloch sums.

The expansion coefficients C"' determine the
xkfr,

properties of the p-d mixing in the upper and lower
valence bands. If the matrix elements between the
ionic orbitals on different sites appearing through
the orthogonalization terms are neglected, the ma-
trix elements in Eq. (2) become

(4)

d"al(e. Ivl~ig)l = Q &Ic,",f I'&„

x dfl. l(y"-..Ivle. ,-&1' (5)

Since the Q integral of l(@,f „IV Ip„,) I~ is inde-
pendent of the quantum number m, the ratio R is
given from Eqs. (2) and (5) as

R = n„(yp„+d„)/sg(ypg+dg),

where

I(6)

p. =&.' ~ ~ &Ic™u.l'&.„

y= f«. I&@:, Iv-l e .-.&I'

x(fdQf I(p i,c I
vI pc,M)I ) . (8)

Here, abbreviated notations C~~&~ and C),g mean

where p, ~ „ is a single plane wave orthogonalized
to the p-type ionic orbitals and has the normaliza-
tion factor of 4«.

Suppose that the spherical energy surface of the
excited electron in the extended zone is folded into
the reduced zone. Since the original spherical
surface has very large value of k, the folded sur-
face distributes throughout the first Brillouin zone
so complicatedly that the coefficient C„",'& varies
rapidly and almost randomly when k runs over the
original spherical surface. On the other hand,

(p,g „IV I Q„,,)*x(p,~ „.I V ltp„. ..) varies rather
monotonically. Thus, (C„,g)* C~,$ can be re-
placed by its average &(C„",I )*C„",g' }„,in the first
Brillouin zone, in carrying out the integration. For
the orbitals under consideration, the integral
fdflf (p,f„I V I Q „, )*x (p,f „.I V I p „.. .) vanishes
except for (p, , z}= (p', n') Thus, . from Eq. (4) the
integration over 0„- is written as

C„,„»
~ and C„,g™,respectively. The quantities

p„and d„are the average fractions of the p and d
components in the X valence band.

In the eigenvalue problem for the tight-binding
valence states, the Hamiltonian matrix elements
are formed between the Bloch sums used in the ex-
pansion of 4~,g. Because of the assumed ortho-
normality of the Bloch sums, the coefficient is
given by the (pn, Xi)th element of the 8x8 unitary
transf ormation matrix diagonalizing the Hamiltonian
matrix. The unitary conditions are

c'„"„-I'+~ lcttal'=I (g=p, d).

(9}

These directly give the mutual relations among the
mixing rates:

p„+d„=1, p, +d)=1,
(10)

n„p„+n&p, = 3, n„d„+n&d, = 5.

If the ratio R is obtained from experimental spec-
trum and the value of y is calculated from the ionic
orbitals, all mixing rates can be evaluated from
Eqs. (6) and (10) under an appropriate choice of
n„satisfying n„+n, =8. The k dependence of
fdA„- I(Q,I „IV or rip„, )I is often important in
optical problems. Handy expressions of the quan-
tity are given in the Appendix.

In evaluating y from Eqs. (8) and (A10), the
Hoothaan-Hartr ee-Fock wave functions calculated
by Clementi' are used for Cu', Cl, and Br or-
bitals. For the large value of k, the behaviors of
wave functions near the nucleus are important.
These wave functions are thought to be very close
approximations to the exact Hartree-Fock wave
functions not only in the high charge-density re-
gion, but also in the regions near and far from the
nucleus. Since such a wave function is not available
for I, the Hartree-Fock-Slater I 5p wave func-
tion, calculated by Kunz by the method of Herman
and Skillman, '8 is used for CuI, and the orthogonal-
ization is omitted approximately. The values of
y for MgK irradiation (k= 9.6 a.u. ) are 0. 264,
0. 035, and 0.258 for CuCl, CuBr, and CuI, re-
spectively. The small value of y for CuBr is due
to the fact that the value of k lies close to the sec-
ond node of Fourier transform f4~(k} of the Br 4p
radial wave function (k = 9.3 a.u. ) accidentally,
and thus the contribution arises mainly from the
orthogonalization term [see Eqs. (A3) and (A10)].
Values of y depend on the wave functions used.
For example, the wave functions constructed by
Slater's rule with the correct number of nodes
give much larger values of y. This is mainly due
to a wrong behavior of the Cu' 3d wave function
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TABLE I. Fractions of the d components of the valence bands of cuprous halides.

d2

Average over the
valence bandsd„d„2 Cardona"

Values at the top of
the valence band

Suga et al. ' Sold Shindo et aE. ~

CuCl 0.24

CuBr 0.52

CuI 0.39

0.86 1

0.69 1

0.77 1

0.76

0.49

0.61

0.75

0.64

0.50 0.1 0.4

0.73+ 0.02 0.79

0.57+ 0.03

0.56

0.61

0.51

~Present work.
'Reference 4.
'Reference 18.

preference 6.
K. Shindo, A. Morita, and H, Kamimura, J. Phys.

Soc. Japan ~21 2748 (1966).

with a peak too small and too distant from the nu-
cleus.

It is expected that the upper valence band is
composed of five component bands, and the lower
valence band three components. Thus, n„= 5 and
n, = 3. From the result shown in Fig. 2, R is
estimated as 3.41, 2. 16, and 2. 51, for CuCl,
CuBr, and CuI, respectively. The substitution of
the values of R and y given above into Eqs. (6) and
(10) yields the values of d„and d, shown in Table
I. This result shows that the upper valence band
is d rich. Another possible choice that n„=3 and

n& = 5 leads to unphysical values of d„, for example,
1.67 for CuCl and 1.17 for CuBr.

As is obvious in Fig. 2, the upper and lower
bands have structures. If the structures arise from
the admixture of component bands, the procedure
for the evaluation of the p-d mixing rates described
above will also be applicable to these component
bands. According to Song's band calculation, the
result of which is illustrated in Fig. 4, the upper
valence band may possibly have component bands.
One of the components contains the I"&5 state. The
other containing the I'» state is of almost pure d-
type symmetry. Equations analogous to Eqs. (6)
and (10) are obtained as

R' =3(yp.i+&.~)/2(rP~+&~),

pgg +Age pgg +cEg2 1p

FIG. 3. Decomposition of the upper valence be~ of
CuC1. (a) Simple decomposition. e)) Decomposition ex-
pected fromm the estimation of the average p-d mM~
rates for the subbed~~, under the assumption of the pure
d-type lower subbed.

3p~+ 2p„g= 5p„, 3d„g+ 2d„p = 5d„.

Subscripts 1 and 2 distinguish the upper and lower
components, respectively, and p, p„, and d„are
the same as before.

If the upper band is decomposed simply as il-
lustrated in Fig. 3(a), the estimated values of R'
are 0.45, 0.48, and 0.65 for CuC1, CuBr, and
CuI, respectively. With these values and Eq. (11),
the values of d„z are evaluated to be 1.7, 1.2, and
1.3 for CuCl, CuBr, and CuI, respectively. These
values are all larger than unity and meaningless.
The origin for this may be the wrongly estimated
value of R'. The width of the lower subband of
almost pure d type may be narrower than that
shown in Fig. 3(a). Since the decomposition of
the upper band can not be made uniquely, we will
not try to decompose the upper band in such a man-
ner. Alternatively, we assume that d„~= 1 be-
cause of the almost pure d-type nature of the low-
er subband. The values of d„, thus obtained from
Eq. (11) are tabulated in Table I. The correspond-
ing values of R' are 1.24, 0. 75, and 1.06 for CuCl,
CuBr, and CuI, respectively. In order that the
value of d„z is smaller than unity, the values of R'
should be larger than those given above. These
values of R' suggest that the decomposition of the
upper band should rather be altered like that shown
in Fig. 3(b). The lower subband in Fig. 3(b) is
narrower than that in Fig. 3(a).

The p-d mixing rate at the top of the valence
band can be estimated by other methods. The val-
ues reported so far are cited in Table I for com-
parison. The values by Suga et al. ' are obtained
from the analysis of the effective g values of the
exciton band in the Faraday rotation spectra, and
all others are based on the analysis of the spin-
orbit splitting of the exciton absorption band. Al-
though the average p-d mixing rate is different in
its definition from that at the top of the valence
band, the values of d„& obtained here are in fair
agreement with the values obtained by others. The
value for CuI obtained by Suga et al. appears to be
too small as compared with others. The origin
of this disagreement is not clear at present. The
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average fraction d„of the d component in the up-
per band is larger than that at the top of the valence
band. The almost pure d-type subband involving the
I'» state gives a substantial contribution to this.

V. DISCUSSION

FUNDAMENTAL ABSORPTION

There are some optical phenomena which are as
closely related to the density of states of the va-
lence band as the x-ray photoemission. They are
the fundamental absorption, the soft-x-ray emis-
sion, and UPS. They have already been measured
on cuprous halides, and are compared with the
present result in Figs. 4 and 5. Figure 4 shows,
for the case of CuCI, the spectra of the Cu'L
emission, the Cl L2 3 emission, the UPS optical
density of states obtained under the assumption of
the constant transition matrix element, and the

(

CuC( 3.2

CuBr 30
Cul 3.1

6.9 6.9 8.5
5.6 6.7 7.9

4.8 5.1 6.0,6.4 7.3

XPS

VALENCE BAND CONDUCTION

BAND

Ii X,

(6.9)
Q( 5.6)

( 5.0)

CUC( 1.2 1.3 1.8 1. 0 1.0
CuBr ~1.5~&0.9&~1.3:.1. 0+ f.1.0::
Cul

i

I.4 0.8 0.6 1 0 1.6

Cue(

CuBr
Cul

(3.2) e-1.7~
Z (3.Q)~

( 3.1)

EF(=p ) (eV )

Ct L23 EMISSION

CUCL

CuBr
CLil

C LLC(

CuBr '.

C LL I

7.Q
E, 6.4

6.3
(8.5)

Q(79)
(7.3)

190

(c)

195
I

(eV)

UPS

(Aita) FIG. 5. Schematic illustration of the relation bebveen
the energies of the characteristic points in the XPS spec-
tra amI the fundamental absorption spectra. Values in
parentheses are taken from the energies of the peak
positions in the fundamental absorption spectra. Units
are all in eV.

( i(rolikowski )

(d)

I

0 (ev)

)(P$

( Present Work )

(e)

I

0 (eV}

L

ENERGY BAND

(5orig )

FIG. 4. Comparison of the valence-band spectra of
Cu Cl obtained by various optical measurements. (a) Cop-
per L ~ emission spectrum. (b) Chlorine L2 3 emission
spectrum. (c) Optical density of states estimated from
the ultraviolet photoemission spectrum. (d) Present
XPS spectrum. (e) Energy-band structure calculated by
Song.

x-ray photoemission. The energy-band structure
calculated by Songs is also shown. The Cu'L
emission spectrum originates from the transition
of a valence electron to the 2p hole in the Cu' ion.
The structures occurring on the high-energy side
of the main band, which are denoted as n', n",
and n'", are the satellites due to multiple ioniza-
tion. The electronic transition in the Cl Lz 3
emission occurs to the 2p hole in the Cl ion. The
structures in the spectrum are doubled owing to
the spin-orbit splitting of the 2p level. The spin-
orbit partners are shown by linked arrows in the
figure ~

All of the spectra shown in Fig. 4 show a com-
mon aspect that the valence band of CuC1 is com-
posed of two branches. The over-all resolution of
the soft-x-ray emission spectrum for the analysis
of the energy-band structure appears to be inferior
to that of the photoemission. The disagreement of
the profiles among various spectra may be due to
the difference of the transition matrix elements.
For example, the Cl Lz 3 transition includes the
transfer of an electron from a copper ion to a chlo-
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rine ion with a hole in the core state. In the case
of the UPS spectrum, the energy and momentum
dependence of the transition matrix element may
be important, since the transition occurs to the
states near the bottom of the conduction band.

Three peaks are observed in the optical density
of states estimated from the UPS spectrum. Peaks
1, 2, and 3 in the UPS spectrum correspond well
to the peaks C, B, and A in the XPS spectrum,
respectively. No peak corresponding to the peak
D in the XPS spectrum is observed in the UPS
spectrum. This may be ascribed to the low ex-
citation energy in the case of the UPS experiment.
The forbidden band between the upper and lower
valence bands is not observed in the spectrum of
the UPS optical density of states. The spectrum of
inelastically scattered electrons inevitably over-
laps the valence-band spectrum in the case of UPS.
Even if a certain correction for this is made, there
still remains a possibility of this effect to mask
the existence of a forbidden band. The UPS spec-
tra have also been measured on CuBr and CuI. '
The relations between the XPS and UPS spectra of
CuBr and CuI are found to be similar to that of
CuC1. Thus, the UPS and XPS results are qualita-
tively in good agreement. They are also compati-
ble, at least qualitatively, with the result of Song's
band calculation.

The fundamental absorption spectra in the ultra-
violet region should be interpreted consistently
with the XPS spectra obtained here. One of the
characteristic aspects of the fundamental absorp-
tion spectra is that the absorption intensity is
weak near the threshold. In the cases of CuC1
and CuBr, for example, the threshold is located
around 3 eV and intensity is weak below 7 eV.
Such a feature is consistent with the present result
that the major part of the upper valence band
arises from the d-type states, since most of the
low-energy part of the conduction band are com-
posed of the s-type states. In Fig. 5 energy sep-
arations between various characteristic points in
the XPS spectra are summarized. The values of
the energy separations for CuC1, CuBr, and CuI
are given below the XPS spectrum in that order.
The energies of the peak positions observed by
Ishii et al. for CuCl and CuBr and by Cardona
for CuI are also shown in the figure. The nomen-
clature is after Cardona. It should be noted that
the E& and Eo peaks overlap each other in CuCl
and only a single peak is observed around 6. 9 eV.
The decomposition of this band into components
can not be carried out without serious ambiguity.
The energy of the lowest exciton band is taken as
the band-gap energy, since the exciton binding en-
ergy is too small as compared with the accuracy
involved in the argument described below.

As is obvious in Fig. 5, the energies of the ED

peaks, 6. 9, 6. 7, and 6.0-6.4 eV for CuC1, CuBr,
and CuI, respectively, are roughly equal to the
values of the spearations, 7.0, 6.4, and 6.3 eV,
between the top of the lower valence band and the
bottom of the conduction band in the respective
materials. Therefore, the Eo peak will be as-
signed to the transition from the top of the lower
valence band to the bottom of the conduction band
(rf5 If) Perhaps, this transition results in a
formation of an exciton. This exciton state occurs
in energy in the region of the continuous absorp-
tion due to the transition from the upper valence
band. In a case like this, the exciton produced
may have a large probability of the autoionization
to decompose into a pair of a free electron and a
free hole, and have a short lifetime. As a result,
the observed exciton line is much more broadened
than the ordinary exciton line at the threshold of
the fundamental absorption. This will explain the
difference of the width between the exciton band at
the threshold and the Eo band. If the background
due to overlapping continuous absorption is sub-
tracted appropriately, the integrated intensity of
the Eo band is estimated. It is found for CuCl that
the integrated intensity of the Zo band is roughly
ten times as large as those of the Z exciton bands.
This ratio is not too large as compared with the
ratio 5:1of the fraction of the p components of the
lower valence band to that of the upper valence
band.

The energies of the E& peaks in CuBr and CuI
are smaller than the separations between the lower
valence band and the bottom of the conduction band.
Therefore, the E& band must be caused by the
transition from the upper valence band. A tenta-
tive assignment of the E& band is to the transition
from the states corresponding to the most intense
peak B in the upper band. Since the majority of
the states around the peak B are of d-type, the
states of the conduction band responsible for the
transition should be of p type. Thus, an electron
may be excited to a state near the Xe point, around
which a plenty of p-type states may be contained.
Since the peak E, and the peak Eo occur at nearly
the same energy in CuCl, the separation between
the top of the lower valence band and the peak B
should be equal to the separation between the I'&

and X3 points in the conduction band in this mate-
rial. According to the recent band calculation by
Kahn, the separation between the I'& and X3
points is 1.7 eV, and agrees well with the separa-
tion 1.8 eV between the top of the lower band and
the B peak. According to this assignment, the en-
ergy separation between the I

& and X~ points in the
conduction band of CuBr is about 0. 6 eV and fairly
smaller than that of CuC1. The value for CuI is
negative and the assignment should be altered for
this material.
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The assignment of the Ez peak can not be made
without more ambiguity. We tentatively assign
the Ea peak to the transition between the states
around the peak C in the lower band to the states
near the bottom of the conduction band, because
the energy responsible for the transition is rough-

ly equal to the energy at the E~ peak.
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APPENDIX

Expressions for fdAI, I(p,q, „IAIDO„, )I, where
X= V or r, with SOPW

(A1)

are given in handy forms. In Eq. (Al) the orthog-
onalization coefficient Sg „can be written from
a variable-separated form of p„(r)=R„„r(r)
x Yr (g) as

RI, „=4v Qo'~ i'f„„,(k) Fr„(Af), (A2)

f„,„,(k)= f r R„,„,(r)j,(kv)dr, (AS)

Y, and j, are the spherical harmonics and the
spherical Bessel function, respectively. The sub-
scripts c and p,, the normalization constant N,g,
and unit cell volume Ao will be dropped in what
follows.

Consider the following expressions:

(«"'Ix, !y„,„)=4v(-i)'-'[r,., „,.(nf)a (lm;1&&)(jr, !D„,IR„,) —rr..„„(nf)s,(lm;1&)(j„,ID, IR„,)],

(p„.r.„.
I
Ar

I 4'„r ) = [a (Im~ 1o) &Rn', I-1!Dr 11R r &5r ~, r-x +a, (lm; lo) (R ', r & ID-r IR r & 5r' r ~ ] 5

(A4)

(A5)

Here Ar =A, [= (A, aiA„)/v'2] or A, , o=1, 0, —1 for t' =+, s, —,resPectively, and & f)Dr [g& = fo"r fDrgdr
with Dr -d/Ch+j/r for A= V and with Dr =r for A= r. a, (lm; la) are the coefficients introduced by the ex-
pansion of Y, Y„in terms of Y„&,and are given by

(-1) " [(l+mal)(lam+Ia1)]' ~

a,(lm;1o)=[2(2l+1)(2l+2+1)] 'r x & [2(i+m+2+ —,')(l -m+ —,'a~)]'r
! (- 1) [(Ivm + 1)(l +m +1+ 1)]

(o=1)

(o =0)

(o = —1)

(A6)

and are zero for negative argument of the square
roots. They have the properties

F',I,'„r(k) = Z &R„,.!Dr IR„r )f„, (k).
n'

(AQ)

a,(l + 1, m+o; 1, —o) = a,(lm; lo),
1

P [a,(lm; 1&r)] = (l+ —,
' a —,')/(Bi+1).

(A7)

By operating V to SOPW pf, an expression which
is explicitly connected with the Fourier trans-
forms of radial wave functions f„,(k)'s, is obtained
as

From Eqs. (Al)-(A7) one can obtain (again, A= V

or r)

f «f
I (@.IAI @.-) I

-/«. )

=(2I+1) 'y[&j i(k~)IDr. FAIR. r& FI'i', rr(k-)]'

+ (1+1)[&jr,s(k&)
I
D r IR.r &

—FI,i",.r(k)]')
(A6)where

f «'I «'I v
I &. -) I'/(4v)'

= k~f ~,(k) —2 (2l + 1) ' kf„,(k)

x[IF", ,', „',(k)-( +I)I'F-",( )]k(+2I+)1'

x(l [FI",'„'r(k)]'+ (l +1)[FI,g'„r(k)]' j.
(A10)
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Studies on the conductivity and photoconductivity of amorphous films of poly (N-vinylcarbazole) with
SnO and metal electrodes show that the dark conductivity is dominated by the
Richardson-Schottky field-assisted hole emission from positively biased metal electrodes, provided the
metal work function is greater than 3.8 eV. When the metal electrode is negatively biased or with
lower-work-function electrodes, the conductivity appears to be dominated by a bulk-polymer-film effect.
The current-voltage characteristics of the latter effect do not support a Poole-Frenkel process.
High-work-function metal electrodes in positive bias give rise to hole-photoemission tails in the
photocurrent-action spectrum. A photocarrier generation process, which onsets at 1.8—1.9 eV and
obscures hole photoemission from low-work-function metal electrodes, produces a linear dependence of
photocurrent on light intensity and appears to be associated with electronic transitions in the polymer
film.

INTRODUCTION

A considerable amount of progress has been
made in understanding photoconductivity and semi-
conductivity phenomena in organic crystals in re-
cent years. The situation with regard to under-
stamhng similar phenomena observed in organic
polymers is less satisfactory. This can be largely
attributed to the greater difficulties in obtaining
well-characterized samples and the semi- or non-
crystalline nature of polymer specimens. The in-
creasing importance of polymeric materials in
electrophotography and recent emphasis on the
electronic properties of amorphous materials in
general has, however, stimulated a renewal of in-
terest in both carrier generation and transport in
polymers. Carrier mobilities have been reported
in poly PT-vinylcarbazole) (PVK), polyvinylchlo-
ride, and other polymers. Photoinjection of
carriers through electrodes and photocarrier
generation via excitons have also been investi-
gated. Progress has been made in understanding
mechanisms of spectral sensitization in poly(N-
vinylcarbazole).

Recent studies on photoinjected space-charge-
perturbed currents in PVK films are particularly
intriguing because they indicate that deep carrier
trapping may not be a major problem in relatively

uncharacterized amorphous materials in contrast
to the situation that obtains in the case of organic
molecular single crystals. '" These findings, in
conjunction with hole-photoemission studies on
metal-PVK-SnOz samples, '" indicate that the dark-
conduction mechanism is likely to be dominated by
the Richardson-Schottky field-assisted thermionic
hole emission. To determine the extent to which
this mechanism is operative and also gain addition-
al information on photocarrier generation in amor-
phous PVK, steady-state-photoconductivity and
dark-conductivity measurements have been carried
out on metal-PVK-SnOz samples with metals having
work functions in the range 3.8-6.3 eV.

EXPERIMENTAL TECHNIQUES

Optically clear PVK films were cast evenly on
the conducting side of ultrasonically clean Nesa
glass from a, solution consisting of 17% PVK, 17%%uq

cyclohexanone, and 66%%uo toluene by weight. The
sample was placed in a saturated atmosphere of
the solvent 1:4 (cyclohexanone-toluene) for 4-5 h
then dried at (65-'l0) 'C, for 4-8 h. A metal film
(thickness 800 A; area 5-6 cm ) was vacuum evapo-
rated onto the PVK to complete the electrode sys-
tem. The PVK film thicknesses were determined
by capacitance measurements to be 30+5 p.

The experimental arrangement used for the pho-


