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The KP-emission and K-absorption spectra of chlorine in CuCl have been obtained with a
50-cm bent~uartz-crystal vacuum spectrograph. The spectra are discussed in terms of the
energy-band structure. Results are evaluated by comparing the Cl K spectra with the Cu K
and L, spectra, with the z-ray photoelectron spectrum, and with the theoretical band structure.
It is confirmed that the upper valence band arises primarily from the 3d state of copper and

the lower band predominantly from the 3p state of chlorine. The low-energy part of the con-
duction band arises from the 4s state of copper. The p-type states in the conduction band are
located at several eV above the bottom.

I. INTRODUCTION

CuCl is a compound semiconductor which crys-
tallizes in the zinc-blende structure at room tem-
perature. The electronic energy-band structure
has been deduced experimentally by many investi-
gators on the basis of the interpretation of the fun-
damental ultraviolet absorption spectra, '3 the soft
x-ray emission and absorption spectra, 3 and the
x-ray photoelectron spectrum. ~ It has also been
calculated theoretically by Bong. 7 It is reported
that the valence band consists of two bands sepa™
rated by a forbidden band, and the upper and the
lower bands arise primarily from the Sd state of

copper and the sp state of chlorine, respectively.
The formex seems to be accepted generally, while
the latter has not been confirmed unambiguously.
For the conduction band, it is supposed that its
low-energy part arises from the 4s state of cop-
per.

As is well known, x-ray valence-band emission
and absorption spectra give information about the
density of states in the valence and conduction
bands, respectively. For example, the Cl Kp-
emission and K-absorption spectra of CuCl reflect
the distributions of the p-type states in the valence
and conduction bands, respectively, and the Cu

Lo.-emission and L,», -absorption spectra reflect
the distributions of the s- and d-type states. The

Cu L spectra have been investigated by Bonnelle~

and discussed in relation to the electronic struc-
ture. However, the Cl K spectra have not yet been
reported, except for the present author's short
note. 4 The purpose of the present study is to de-
lineate the Cl KP-emission and K-absorption spec-
tra and to obtain information on the electronic
band structure.

On the other hand, the K-absorption spectrum of
copper in CuCl has been observed by several inves-
tigators 8-xo Beeman et a) e have measuxed the
spectrum by the use of a double-crystal spectrom-

eter with high resolving power and analyzed the ab-
sorption structure near the K edge into component
absorption lines. The most intense absorption
maximum was regarded as being due to excitation
of the K electron into the 4p level of the Cu' ion.

H. EXPERIMENTAL

A 50-cm bent-quartz-crystal vacuum spectro-
graph was used in the present investigation. Both
the Kp-emission and the K-absorption spectra were
recorded on a Fuji A1 photographic film in the
first-order reflection for the (11')plane of the
crystal. The dispersion of the spectrograph was
5. 23 xu/mm (xu is for "x-ray units") or 3. 10 eV/
mm on the film.

CuCl specimens used for both emission and ab-
sorption studies were prepared by Usta and his co-
workers. They were chemically purified and zone
refined. ~~ The emitter used to obtain the emission
spectrum was powdered CuCl rubbed into a tung-
sten target of a demountable x-ray tube. The op-
erating conditions of the x-ray tube were 5 kV and
3 mA. The exposure times were about 10 min.

Absorption measurements were made on an
evaporated film. The film, about 5 p, in thickness,
was prepared by the use of an evapox'ation appara-
tus placed in the vacuum spectrograph tank. Ra-
diation with a continuous spectrum was obtained
from the x-ray tube with a tungsten target, operat-
ing at 5. 5 kV and 20 mA. The exposure times
mere about 2 h. The pressure of the spectrograph
tank during the experiments was Ix10 ' Torr. The
wavelength values were calibrated by comparing
the Ep-emission and the K-absorption spectra
with three emission lines, Pd I.a, (4358. 62 xu}, 's

Pd I,az (4366. 81 xu), and Cl fCP, (4394. 91 xu) 4

of KCl.
III. RESULTS AND DISCUSSION

The EP-emission and K-absorption spectra of
chlorine in CuCl are shown in Fig. 1. The wave-
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FIG. 1. KP-emission and K-
absorption spectra of chlorine
in CuCl.
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length and photon energy values of the character-
istic points in these spectra are listed in Table I.
The KP-emission spectrum consists of a promi-
nent peak Pz with a shoulder P' and a less promi-
nent p". The K-absorption spectrum has several
structures. These emission and absorption spec-
tra are similar to those of chlorine in LiCl.

X-ray photoelectron spectroscopy is useful for
obtaining information on the valence bands of sol-
ids. Recently, Kono et al. e found two separate
valence bands for CuCl from the x-ray photoelec-
tron measurement and reported that the major
part of the upper band arises from the 3d state of
copper and the major part of the lower band from
the 3P state of chlorine. In Fig. 2, comparisons
of the Cl KP-emission and K-absorption spectra,
the Cu LQ emission and Lzzz absorption spectra, 3

the x-ray photoelectron spectrum, and the the-
oretical energy-band structure are shown, where
the main peak in the photoelectron spectrum and
the prominent peak Ln are associated with the up-
per valence band and the prominent peak Q is as-
sociated with the lower band. The two bands in the
photoelectron spectrum as well as the two bands
La and n in the Ln-emission spectrum corre-
spond well to the two separate valence bands cal-
culated by Song. Here, the small shoulder n is
probably related to the lower band, because the
mixing of the d state to the lower band is about
20Pp, according to the calculations by Song~ and Ko-
no~&~i e

The structure p' or p" in the Kp-emission spec-
trum does not correspond well to the main peak in
the photoelectron spectrum, to the Ln peak, or to
the upper valence band. However, the two struc-
tures p' and p" correspond well to two satellites
p, and P5 on the high-energy side of the Kp&-emis-
sion band of Cl ion in alkali chlorides LiCl,
NaCl, e KCl, 7 and RbCl. ' Moreover, they can be
fairly well assigned in terms of two satellite
groups ( P 'D, P--SP, S- iP} and (~S-~P,
S-3P) arising from double ionization of Cl ion.

TABLE I. Wavelength and photon energy values of the
characteristic points of the KP-emission and K-absorp-
tion spectra of chlorine in CuC1.

Notation

Pg
P'
gl
A
B
C
D

Wavelength (xu)

4395. 6
4393. 0
4389. 2
4378. 5
4375. 4
4373. 0
4367. 3
4359. 0

Photon energy (eV).

2814.7
2816.4
2818.8
2825. 7
2827. 7
2829. 3
2833. 0
2838. 4

The assignment is shown in Fig. 2. Therefore, the
structure p' or p" probably relates to the satellite
groups Howe. ver, the intensity ratio of p& to p"
(0. 45) is much larger than the ratio (0. 18}of p& to
P.„for LiCl. This discrepancy seems to suggest
that the structure p" consists of a superposition of
the satellite band and the emission band related to
the p-type state in the upper valence band, because
the mixing of the p state to the upper band is 10-
20%, according to the calculations by Song' and
Kono et al. It should be noted that the intensity
relation between the two bands P, and P" in the KP-
emission spectrum is reversed, as compared with
the relation between the two bands a and La in the
La-emission spectrum. From these experimental
results, it can be concluded that the upper valence
band arises primarily from the 3d state of copper
and the lower band predominantly from the 3p state
of chlorine.

Let us next compare the Cl K-absorption and the
Cu L»z-absorption spectra with the theoretical con-
duction band. The shoulder A and the peak B in the

Lzzz absorption correspond well to the lowest band
(derived from the 4s state of copper) and the next
lowest band (derived from the 4s state of chlorine),
respectively, and the peak C corresponds well to
the d-type state K~ (derived from the 3d state of
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chlorine). On the other hand, the structures A,
B, and C in the K-absorption spectrum correspond
to the p-type states L„ I'», and W, (derived from

~
y y ~ r l ~ ~ f ~

$
~ ~ ~ ~

/
~ ~ ~ ~ $

~ ~ I I
y

~ ~

A CL K ABSORPTION
8

~ [c

& -2

Pi
X
LU .]
z

VALENC E BAND

PHOTOELECTRON (Mg Ka )
KONO ET AL.(f972)

I ~ ~ ~ ~ I I ~ s s ~

10 5 0
BINDING ENERGY (eV)rr rrr I~ QQ

I
I

0 '
I

w)
ca+2 gp D I &g

Pi

, WiP884%~
7C X%%%

I
~l ml

I I a I I a

t I I
CS ~ + h) Cj t4

Lg

BO

r r
~eh

rr AC/I ~

l4 l ~ re rrr ra~rr

xml

r
~

r

Lh
I ~ s I

cr m o&

Cu
EM

RPT!ON

tA 0 5
ENERGY (eV)

CL KQ EMISSION

81

10 N

A
a".. I lX

O
I—
CL
!X

IXl

CL K ABSORPTION

-5 0 5 10 15
ENERGY (eV)

FIG. 2. Comparisons of the Cl KP-emission and K-
absorption spectra of CuC1, the Cu Ln-emission and Lrrr-
absorption spectra from Bonnelle (Ref. 3), the x-ray
photoelectron spectrum from Kono et al. (Ref. 6), and
the energy-band structure of Song (Ref. 7). The struc-
tures P

' and P " in the Cl KP-emission spectrum are as,-
signed in terms of the transition arrays for the Cl" ion
calculated by Deslattes (Bef. 19). The transitions marked
with longer vertical lines are expected to have greater
intensity than the others.
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FIG. 3. Comparison of the C1K-absorption spectrum
of CuC1 and the Cu K-absorption spectrum obtained by
Beeman et aL (Hef. 8).
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The Kp-emission and K-absorption spectra of
chlorine in CuCl have been shown and discussed in
relation to the energy-band structure. Results are
evaluated by comparing the Cl K spectra with the
Cu L; spectra, with the x-ray photoelectron spec-
trum, and with the theoretical band structure. It
is confirmed that the upper valence band arises
primarily from the 3d state of copper and the lower
band predominantly from the Sp state of chlorine.
The low-energy part of the conduction band arises
from the 4s state of copper. The p-type states in
the conduction band are located at several eV above
the bottom. The Cl K-absorption spectrum is com-
pared with the Cu E-absorption spectrum and a
good correspondence is found in the positions of
the maxima.

the 4p states of copper and chlorine) located at sev-
eral ev above the bottom I'&. From these com-
parisons, we can conclude that the low-energy part
of the conduction band arises from the 4s state of
copper. The p-type states in the conduction band
are located at several eV above the bottom.

In Fig. 3, the Cl K-absorption spectrum obtained
in this study is compared with the Cu K-absorption
spectrum of Beeman et al. As can be seen, the
absorption curves agree well in the positions of the
maxima but there is a distinctive difference in the
relative heights. This difference is probably due
to the different transition probabilities, because
the variation in the absorption coefficient is related
to the product of the transition probability and the
density of states. Such a result has been observed
for the K-absorption spectra of both Li' and Cl
ions in LiCl.

IV. SUMMARY



CHIKARA SUGIURA

ACKNOVfI. EDGMENTS

The author wishes to thank Professor M. Ueta
for the preparation of CuCl specimens and M. Saito
for his help in the experiments.

N. Cardona, Phys. Rev. 129, 231 (1963).
T. Ishii, S. Sato, T. Natsukavra, Y. Sakisaka, and

T. Sagavra, J. Phys. Soc. Japan 32 1440 (1972).
3C. Bonnelle, J. Phys. (Paris) ~28 C3-65 (1967).
C. Sugiura, J. Phys. Soc. Japan~33 571 (1972).
S. Sato, T. Ishii, I. Nagakura, O. Aita, S. Nakai,

M. Yokota, K. Ichikama, G. Natsuoka, S. Kono, and T.
Sagawa, J. Phys. Soc. Japan 30, 459 (1971).

~S. Kono, T. Ishii, T. Saga@ra, and T. Kobayashi,
Phys. Rev. Letters 28, 1385 (1972).

K. S. Song, J. Phys. Chem. Sols 28, 2003 (1967).
W. W. Beeman, J. Forss, and J. N. Humphrey, Phys.

Rev. 67, 217 (1945).
9K. Tsutsumi, A. Hayase, and N. Sawada, J. Phys. Soc.

' Japan 12, 793 (1957).
M. Obashi and T. Nakamnra, Japan. J. Appl. Phys.

10 1437 (1971).
S. Kiyono and C. Suglura Tech. Rep. TohokLl Univ.

~29 181 (1964),
N. Ueta and T. Goto, J. Phys. Soc. Japan~20 401

(1965).
J. A. Bearden, Rev. Nod. Phys. ~29 78 (1967).
J. Valasek, Phys. Rev. 53, 274 (1938).

5C. Sugiura, J. Phys. Soc. Japan 32, 494 (1972).
C. Sugiura, Phys. Rev. B 6, 1709 (1972).

VC. Sugiura (unpublished).
8C. Sugiura, J. Chem. Phys. (tobe published).
R. D. Deslattes, Phys. Rev. 133, A399 (1964).

PHYSICAL REVIEW B VOLUME 8, NUMBER 2 15 JULY 1973

Thermodynamic Properties of the Alkali-Halide Crystals

Francis H. Ree and Albert C. Holt
Lavvrence Liverrnore Laboratory, University of California, Livermore, California 94550

(Received 22 January 1973)

The equilibrium properties of fourteen alkali halides in the NaC1 lattice structure are calculated by
using an expression for the pair potential given by Tosi and Fumi. The calculations are based on the
quasiharmonic lattice-dynamic method and the unsmeared Lennard-Jones-Devonshire cell model. The
latter provides numerical estimates of anharmonic contributions which are neglected in the former.
Comparison of the calculations with the available experimental data as well as the Monte Carlo data of
%'oodcock and Singer shows reasonable agreement for the cohesive energy, the pressure, the specific
heats, the coe6icients of thermal expansion, and the Gruneisen y's, but relatively poor agreement
in the case of the elastic constants. Our results indicate that the interionic potential for the alkali
halides has a stiffer repulsive core and a stronger attractive tail than the expression given by Tosi and
Fumi, and that the anharmonic corrections are generally small and should be described accurately by
the two lowest terms in a suitable perturbation series. Further discussion is given on the accuracy of
using an existing approximate theory for the elastic constants and on the self-consistency of making the
quantum and anharmonic corrections introduced here.

I. INTRODUCTION

The alkali-halide crystals hold a certain fascina-
tion for experimentalists and theoreticians alike.
Theoreticians like them because of their simple
crystal structure, because their binding energy is
predominantly ionic, and because of the availability
of good experimental data. Furthermore, because
the NaCl phase is stable over an extended tempera-
ture range, and the melting temperature is usually
much larger than the Debye temperature, the dis-
tinctly anharmonic temperature interval and the
distinctly quantum temperature interval are sepa-
rate, permitting one to exercise and test these as-
pects of a theoretical model individually. Exyeri-
mentalists have been attracted to alkali halides be-
cause of the availability of large, high-quality sin-
gle crystals, because of the relative ease of hand-

ling them, and because of the active theoretical in-
terest.

As a result of this interest a large amount of in-
formation has been obtained on alkali halides, in
view of which it should be possible to determine
hom mell the interionic forces in the alkali halides
can be systematically represented by means of two-
body central forces which are the sums of contri-
butions from distinct atomic interactions, such as
the Coulomb interaction, the van der %aals at-
traction, and the Born-Mayer repulsion. Fragmen-
tary answers to this question do, in fact, exist.
For example, it appears from the work of Szigetti,
Lyddane and Herzfeld, and Lyddane, Sachs, and
Teller that such a force law cannot reproduce the
phonon dispersion curves obtained from neutron
scattering data. On the other hand, it is weQ
known that such an approach does provide a very


