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The absorption edge of CuC1, CuBr, CuI, and AgI is investigated with a diamond anvil
cell as a function of pressure up to 16 C~Pa. The measurements, which reflect the various
phase transitions undergone by these materials, yield the pressure coefficients of the lowest

gaps. Particular attention is paid to the high-pressure rocksalt modifications, which are
shown to have an indirect absorption edge in contrast to the direct edge of the sphalerite
phases. This fact results from the influence of the different lattice symmetries on the
halogen-p —metal-d hybridization in the valence bands. In order to interpret the data quanti-
tatively, we have performed self-consistent local-density calculations with the linear com-
bination of muffin-tin-orbitals —atomic-sphere approximation method and non-self-

consistent Korringa-Kohn-Rostoker calculations with the standard muffin-tin potential.
The pressure coefficients so obtained agree reasonably with the experimental ones. The
gaps obtained by the self-consistent potential (with no adjustable parameter) are about 2 eV
smaller than the experimental ones, thus reflecting shortcomings of the local-density
method for excitation properties.

INTRODUCTION

The copper halides CuC1, CuBr, and CuI crystal-
lize under normal conditions in the zinc-blende
structure and thus can be considered as the last
member of the series of group IV, III-V, II-VI, and
I-VII tetrahedral semiconductors. A basic feature,
however, separates the copper halides from the oth-
er members of the mentioned family: The 3d elec-
trons of the copper hybridize very heavily with the
p-like valence electrons of the halogen, and thus the
number of valence electrons per formula unit in-

stead of 8 becomes 18. This fact considerably com-
plicates the task of calculating the energy-band
structure of these materials: The pseudopotential
method, perhaps the most successful and practical
method for obtaining the band structure of simple
semiconductors, becomes inapplicable to treat ma-
terials with valence bands involving relatively
strongly localized d electrons. A number of in-

teresting properties of these materials, such as the
negative spin-orbit splitting of the uppermost
valence band of CuC1 (Refs. 1 and 2), have their

origin in the p-d admixture just mentioned .
The I-VII compounds are the most ionic

members of the IV, III-V, II-VI, and I-VII family.
Their ionicity =0.7 in Phillips s scale is very close
to that which separates the zinc-blende from the
rocksalt phases (f= 0.71). At this value of f the
wurtzite structure also becomes possible. Conse-
quently, a number of different modifications are ex-
pected for these materials if the external pressure
and temperature conditions are varied. The isoelec-
tronic silver halides AgCl and AgBr, with a slightly
higher f, crystallize in the rocksalt structure under
normal conditions while AgI (f=0.77) crystallizes
in either rocksalt of zinc-blende modifications up to
0.7 GPa (at room temperature) and goes over to the
rocksalt structure above 0.7 GPa. The zinc-
blende —rocksalt transition has profound implica-
tions for the band structure of these materials: p
and d electrons do not hybridize in the latter at
k =0 as a result of the inversion symmetry while,
on the contrary, the hybridization is strong in zinc
blende. The nature of the lowest optical-absorption
edge is determined by this fact: It is direct in the
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zinc-blende .and wurtzite modifications and indirect
in rocksalt.

The purpose of this paper is to investigate experi-
mentally and theoretically the pressure-induced
zinc-blende ~ rocksalt transition and its effect on
the lowest absorption edge of CuC1, CuBr, CuI, and
AgI. In the copper halides the zinc-blende ~ rock-
salt transition does not occur directly upon the ap-
plication of pressure: a number of intermediate
phases of lower, noncubic symmetry are found be-
fore the materials attain the rocksalt structure at

10 GPa. The absorption edges of these materials
and their pressure dependence have also been deter-
mined experimentally. Moreover, their crystal
structures are too complicated and not too well

known for a theoretical treatment.
In order to calculate the band structure of materi-

als with relatively localized d-valence electrons it is
most convenient to use techniques which emphasize
the atomic nature of the wave functions. Among
these techniques we have chosen here non-self-

consistent Korringa-Kohn-Rostoker muffin-tin po-
tential calculations, known to yield good results for
the closely related II-VI compounds, and fully
self-consistent local-density calculations with the
linear combination of muffin-tin-orbitals —atomic-
sphere approximation (LMTO-ASA) (Ref. 6)
method. The former technique was used in its rela-
tivistic version so as to include spin-orbit interaction,
an effect of paramount interest when p-d hybridiza-
tion occurs. (The spin-orbit splitting of the top
valence band changes sign from CuC1 to CuBr.
This changes the symmetry of the top of the valence
band ). All four compounds under consideration in
their zinc-blende and rocksalt modifications were
treated with this method. Only CuCl in the same
two modifications was calculated with the semirela-
tivistic version of the LMTO-ASA technique. All
calculations were performed with the lattice con-
stant corresponding to the lowest pressure at which
they were found and with a slightly smaller (l to
2%) lattice constant so as to obtain the volume
dependence of the band structure, and thus the de-
formation potentials of the most important high-
symmetry electronic states. A comparison of the
experimentally observed pressure dependence of the
absorption edges with the calculated band structures
enables us to assign these absorption edges to defin-
ite transitions between valence and conduction
bands.

EXPERIMENTS

Optical-absorption data were taken at high pres-
sures up to 16 GPa for copper halides and to 8.5

GPa for AgI in a gasketed diamond anvil cell. '

The procedure used has been described elsewhere.
Because of reactivity of our samples with the stand-
ard transmission fluids (methanol-ethanol mixtures)
we omitted the fluid, filing the cell almost com-
pletely with the sample material. We found from
the shape of the R

&
and R 2 lines of ruby imbedded

in our sample that the pressure distribution was
quite hydrostatic: No sign of broadening of the R

&

and R 2 lines was observed up to 10 Gpa. We have
also used NaCl as a pressure transmitting medium,
but this did not result in any improvement of the
pressure distribution in the cell.

The first-order phase transitions in all these com-
pounds can be observed visually with a low-power
microscope. ' " In some cases they are sluggish
and in others abrupt. The coexistence of both
phases is indicated by the shaded area in the figures
to follow.

For the determination of the absorption coeffi-
cients from transmittance datg we used the sample
thickness measured after pressure release. They
were found to be 30 to 40 pm. We have used these
values to calculate the absorption coefficients while
being aware of the fact that the samples are some-
what thicker in the low-pressure range. A slight
overestimate of the absorption coefficients in the
low-pressure runs may then result.

Figure 1 is reproduced for completeness from

33

3.0

29
0 5 10

PRESSURE (GPa)
15

FIG. 1. Pressure dependence of the absorption edge of
CuCl. The discontinuities at 5.0 and 9.0 GPa correspond
to the phase transitions: zinc blende ~ tetragonal ~
rocksalt.
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Ref. 9. It displays the variation with pressure of
the lowest direct gap of CuCl. Two phase transi-
tions are apparent as discussed in Ref. 9.

In Figs. 2, 3, and 4 we show the absorption spec-
tra obtained in the region of stability of the zinc-
blende, rhombohedral, tetragonal and rocksalt-type
phase for Cuar and of the rocksalt phase for AgI.
(Absorption data for AgI in the zinc-blende and wurt-
zite modification have appeared in Ref. 2.)

As mentioned in the previous section the absorp-
tion coefficients in the low-absorption region may be
somewhat overestimated as a result of errors in the
sample thickness. The bending over of the curves at
high absorption coefficients is produced by scattered
light or light leakage in the sample and cell. The
maximum absorption coefficient in the zinc-blende
phases, at the exciton knee, should be -10 cm
for all the compounds under consideration. As in
the case of CuCl no error in the pressure coeffi-
cients of gaps should result because of the cutting of
the absorption curve somewhat below (0.08 eV) the
exciton knee.

In all samples measured the lowest absorption
edge of the zinc-blende modifications is sharp, as
corresponds to a direct edge. This edge remains as
sharp in the tetragonal modification of CuCl (Ref.
9) and CuBr (Fig. 4). The rocksalt modifications
are definitely broader in all materials measured (see,
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FIG. 3. Absorption coefficient of CuI for four crystal-
lographic phases: zinc blende at 1.05 GPa (triangles),
rhombohedral at 3.6 GPa (crosses), tetragonal at 7.2 GPa
(circles), and rocksalt at 15 GPa (squares).
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FIG. 2. Absorption coefficient of CuBr for three crys-
tallographic phases: zinc blende at 1.1 GPa (triangles),
tetragonal at 6.3 GPa (circles), and rocksalt at 9.8 GPa
(squares).
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Cu Br

in particular, Fig. 2). As discussed in Ref. 9, we
believe that this large width is evidence for an in-

direct lowest gap in all rocksalt modifications of the

Ag and Cu halides. The edges of the rhombohedral
and tetragonal phases of CuI (Fig. 3) also seem to
be indirect. We lack, however, the theoretical
underpinning for a firm assignment. In particular,
we cannot discard the possibility of the broadening
of the edge due to dichroism in optimlly anisotropic
modifications.

In Figs. 1, 5, 6, and 7 we have plotted the energy

gaps as a function of pressure for all the phases ob-
served at room temperatures and under pressure in
the cuprous halides as well as that of AgI in the
NaC1 modification. In the cases identified as direct

gaps we defined the gap as the point of maximum
absorption before straight light provokes an ap-
parent saturation of the absorption edge
(a -2.5 X 10 cm '), one to two orders of magni-

tude lower in absorption coefficient than the exciton
knee. Comparison with published absorption
curves at room temperature and pressure [see Table
I (a)] indicates that the gap so defined lies 80 to 100
meV below the exciton energy. We believe this
small shift to lower absorption regions should not
significantly afFect the pressure coefficients obtained
here.

In the case of rocksalt phaes we have estimated

3.10—

NDE PHASE

DRAL

290

AL PHASE

T PHASE
CE OF

ASES

2,70

wV V u VVVVXo

the indirect gap by plotting the square root of the
absorption coeAicient versus energy and'extrapolat-
ing the resulting line to zero absorption (see Fig. 8
for AgI). The direct and indirect energy gaps deter-
mined in this manner are presented in Table I and
are compared with other experimental values. The
rocksalt modification of CuI may have two indirect
edges as illustrated in Figs. 6 and 9.

2.50
0 5 10 15 20

PRESSURE {GPa}
FIG ~. 6. Pressure dependence of the absorption edge of

CuI. The discontinuities at 1.8, '4.6, and 9.0 GPa corre-
spond to the phase transitions: zinc blende —+ rhom-
bohedral ~ tetragonal ~ rocksalt. Note the existence of
two absorption edges in the rocksalt phase as discussed in
t e text.
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CuBr. The discontinuities at 5.0 and 7.5 GPa corre-
spond to the phase transitions: zinc blende ~ tetragonal~ rocksalt.
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TABLE I. {a) Energy gaps for CuCl, CuBr, CuI, and AgI, and deformation potentials in

parentheses (in eV). (b) Pressure coeAicients (meV/GPa) for the experimental energy gaps of
(a), and observation pressure in GPa. Values without superscript are from this work. (NE
stands for nonexistent. )

Zinc blende
(direct)

Rhombohedral
(direct)

Tetragonal
(direct)

Rocksalt
(indirect)

CUC1

(a) Energy gaps and deformation potentials

3.17'( —1)' NE 2.9'( —1.65)'
3.268 ( —0 4)'"

3.0( —5.0)'

CuBr

CuI

AgI

CUC1

CuBr

2.91(—0.39)'
3.016b( —0.2)'

2.95( —0.65)'
3.04 ( —1.0)'

2.82
291

17.8 at 0'
18.0 at 0
9Q 70

10.0 at 0
4.0'

—10. at 1"

3.09(0.6)

NE

(b) Pressure coeAicients

NE

NE

2.49( —0.45)

2.91(+0.61)

21.0 at 5'

7.4 at 6
~ Qd

2.53(2.98)

2.58(0)
2.70( 1.41)

2.26(2.96)"

43.0 at 11'
0.0

—37.1 at 11

CuI

AgI

19.2 at 0
29Q 41 Q"

—14.8 at 3
—79.0

NE

—11.0 at 6
—61.0

—19.3 at 11
—22.0d

—61.0 at 0.5
—65.Qg

'Reference 9.
Reference 2.

'J. B. Antony, A. D. Brothers, and D. W. Lynch, Phys. Rev. B 5, 3189 {1974).
A. L. Edwards and H. G. Drickamer, Phys. Rev. 122, 1149 (1961).

'Using compressibility data of Ref. 12.
B. Batlogg and J. P. Remeika, Phys. Rev. Lett. 45, 1126 (1980).
Reference 15.

"Using compressibility data of T. A. Fjeldly and R. G. Hanson, Phys. Rev. B 10, 3569 (1974).

In the noncubic phases the gaps have been de-

fined in the same way as for the zinc-blende struc-
ture. The energy gap shifts to higher energies with

pressure (blue shift) for cuprous halides in the zinc-
blende phase and in the tetrahedral phase of CuC1
and CuBr. In all other phases it shows a red shift
with increasing pressure. The rates at which the

gaps shift with pressure are listed in Table I (b).
From these pressure rates we have calculated the

deformation potentials using the values of the bulk
modulus given by Hanson et al. ' for copper
halides and the value given by Hinze' for AgI.
For the high-pressure stable modifications of CuBr

and CuI, we have estimated the bulk modulus by
scaling the ambient pressure values with the relative
change observed for CuC1. ' This scaling works
well in the case of AgI. In fact, by scaling the data
of Ref. 12 for the zinc-blende phase of AgI we ob-
tain B 50 GPa for the NaCl phase, very close to
the measured value 8=55 Gpa (see Table I). This
test supports the validity of the scaling procedure.

We have not seen any optical evidence for a
metal-insulator transition in CuC1 up to a pressure
of 15 GPa but we observed darkening of the sample
when exposed to laser radiation (5.14.5 nm) while

carrying out pressure experiments on the zinc-
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40-

wards, possibly an indication of an incipient
transformation into the CsI phase, which, according
to Drickamer, ' should occur at 9.7 GPa.
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FIG. 8. Square root of the absorption coefficient for

AgI in the rocksalt phase at 1.7, 2.7, and 5 GPa. Linear
extrapolation to zero absorption yields the indirect ab-
sorption edge.
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FIG. 9. Square root of the absorption coefficient for
CuI in the rocksalt phase. At 10.7 GPa two linear re-
gimes can be discriminated which yield two indirect ab-
sorption edges as displayed in Fig. 6.

blende phase as reported by Chu et al. '" We ob-
served a similar phenomenon for CuBr: The sam-

ple appeared to fill with dark brown filaments upon
laser illumination. . In some samples the filaments
were preserved in all pressure-induced phases. The
filaments, however, disappeared after a period of
about ten days, and only at the point where the
ruby chip was placed, a sma11 dark spot remainded.

We have not observed such darkening in CuI.
The AgI sample becomes reddish immediately after
transforming into the rocksalt phase as corresponds
to the low indirect gap of this phase. The reddish
tinge disappears as the pressure is released.

In Fig. 7 we show the shift of the "indirect" ab-

sorption edge of AgI with pressure in the rocksalt
phase. The shift is linear up to 6 Gpa. At higher
pressures the gap versus pressure curve bends up-

Since a quantitative ab initio theory of electronic
excitations in extended systems does not yet exist,
we employed two independent approximate band-
structure approaches to this problem:

(I) Non-self-consistent relativistic calculations
using the usual superposition potential and full
Slater exchange for all studied materials.

(2) Self-consistent, semirelativistic local-density-
functional' calculations for a few model substances.

Both approaches have their weaknesses as regards
excitation energies. The success of the simple
ad hoc potentials with a "proper" choice of atomic
configurations has been well documented although it
has never been fully'understood. The local-density-
functional theory is well founded for the ground
state and adequate to investigate, e.g., structural sta-
bility and cohesive properties, but the one-particle
energies may not be strictly interpreted as excitation
energies. From previous work on insulators and
semiconductors (see Ref. 17 and references therein)
we know that energy gaps, as defined by these one-
particle energies, are systematically underestimated
by as much as 2 eV for, e.g., diamond. On the oth-
er hand, the only proper way to calculate deforma-
tion potentials is a self-consistent treatment, which
includes the response of the electronic system to the
change of atomic volume and its eQect on the crys-
tal potential. Nevertheless, considerable success has
been also obtained in calculating deformation poten-
tials with non-self-consistent techniques through a
"judicious" choice of the dependence of the poten-
tial on pressure. '

The non-self-consistent calculations were per-
formed with the relativistic KKR method, where,
particularly, in the open sphalerite structure the in-
terstitial (flat potential) region was rather large, since
touching muAin-tin spheres filled only 34% of the
unit cell. The potential was constructed from a su-
perposition of ionic charge densities, and the intersti-
tial potential constant was determined by the proper
average. For the self-consistent calculations we used
the linear-muffin-tin-orbital (LMTO) method in the
atomic-sphere approximation (ASA). In order to
improve the space filling and the representation of
the potential we introduced additional interstitial
spheres in the octahedral (tetrahedral) sites of the
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ZnS (NaC1) structure, which results in a consider-

ably improved space filling of 68% (like in the bcc
structure}. Details of this method, as well as an ac-
count of the cohesive properties of CuCl will be
given in a forthcoming publication. ' Glotzel,
Segall, and Anderson' have recently tested the ac-
curacy of this device for the elemental semiconduc-
tors Si, Ge, and diamond. They were able to ac-
count for the cohesive properties of these systems
and also obtained detailed agreement with the best
self-consistent state-of-the-art band calculations.
This yves us some confidence, that the major part
of the non-muAin-tin effect is provided by the intro-
duction of interstitial spheres. Part of the discrepan-
cies in the calculated deformation potentials with

the non-self-consistent (KKR} method and the self-

consistent LMTO method, to be discussed below,
inight be attributed to the poor space filling in the
former method. We restricted the calculations to
the initial zinc-blende structure and the high-

pressure rocksalt structure, common to the Cu
halides and AgI for obvious reasons (the other
structures are too complicated). Table II repro-
duces the lattice constants used in the calculations.
KKR calculations of the zinc-blende phases have
recently been published by one of the authors
and are not reproduced here. The KKR band
structures along the high-symmetry directions for
the rocksalt modifications of CuC1, CuBr, CuI, and
AgI are shown in Figs. 10(a)—10(d). Because of
the large computational effort required we only per-
formed self-consistent calculations (with the LMTO
method) for CuC1 in both phases and the rocksalt
phase of AgC1. The results are displayed in Figs.
12—14. Of the valence bands we show only those
composed of the halogen-p and metal-d orbitals; the
much lower s bands of the halogen ions are omitted
as they are not relevant to the present discussion. ,

The effect of halogen-p —metal-d hybridization on
the electronic structure of CuC1 is illustrated in Fig.
11, which shows the self-consistent energy bands
with (solid) and without (dashed) p-d hybridization
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structure calculations for the Ag and Cu halides.
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FIG. 10. Relativistic band structures of the Cu and

Ag halides in the rocksalt phase, obtained from a stand-
ard muffin-tin potential with the KKR method. (a)
CuC1, (b) CuBr, (c) CuI, and (d) AgI.
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ZINC SLENDE

CUCl

ROCKSALT

0.0 0.0

(3)

X
LLJ

(15)

-0.5

I

for both phases at their respective lattice constant.
The p and d valence bands hybridize strongly
throughout the Brillouin zone except at the I point
(k =0), where the p-d interaction is forbidden as a
result of the inversion symmetry of the rocksalt
structure (right panel of Fig. 11). Hence the d
bands, unmixed at k =0, begin to mix as k in-

creases along any direction. As a result, a strong
repulsion between the p and d bands takes place
off k =0, with the effect that the top of the
valence band does not occur at I . High valence-
band maxima occur at L and in the middle of the X
directions. The conduction bands are largely unaf-

fected by this mixing with nearly degenerate lowest
minima at the I and X points. Consequently, the
lowest absorption edge must become indirect either
from L or X to I or X.

This state of affairs is completely different to that
which. prevails in the zinc-blende modifications of
these compounds (for CuCI see left panel of Fig.
11). In this modification the inversion symmetry is
absent and p-d mixing is allowed even at I . The
top of the valence band thus remains at the I point
as in all conventional tetrahedral semiconductors
(e.g. , Ge, GaAs, ZnSe); the lowest absorption edge
of these materials remains direct, in spite of errone-
ous statements to the contrary in the literature
(in Ref. 22 an indirect gap of about 0.3 eV is postu-
lated to explain anomalies in the lattice dynamics of
CuC1. In Ref. 23 a direct gap of 0.8 eV is obtained
in calculations and experiments. Such a gap would

3

X

FIG. 11. Semirelativistic band structures of CuCl in

the zinc-blende phase (left panel) and the rocksalt phase
(right panel) obtained from a self-consistent 1ocal-density
potential with the LMTO-ASA method. Dashed lines
indicate results without halogen-p and metal-d hybridiza-
tion.
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FIG. 12. Semirelativistic band structure of CuC1 in
the zinc-blende phase obtained from a self-consistent
local-density potential with the LMTO-ASA niethod.
Band structures are displayed for the observed lattice
constant (see Table II) and a 2%%uo -reduced lattice con-
stant. The area between corresponding bands is shaded
{left open) if the deformation potential D =—dE/d ln V is
positive (negative).

make the sample black in the visible, and thus could
not be correct).

Before we proceed to the comparison with experi-
ment, we want to discuss the self-consistent band
results. In Figs. 12 to 14 we display the band struc-
ture of CuCl in both phases and of AgC1 in the
rocksalt phase, along with the band structures for a
slightly reduced constant (by 2, 1.2, and 2%,
respectively) aligned at the twofold degenerate d lev-

el I &2. The regions, where the band energies drop
with respect to I ~2 under compression, are shaded
(deformation potential D:dEld—ln V& 0) and those
with a negative deformation potential are left open.
By inspection of Fig. 13 we find, e.g., that for the
L—+I transition D ~ 0, and for the L—+X transition
D &0.

The conduction-band minima of the NaC1 phases
at X and I are rather close in CuC1, whereas in
AgC1 (Fig. 14) the Xi state is considerably higher in
energy. The I

&
state is a pure s state, whereas the

X& state has a 20% admixture of halogen-d charac-
ter and is essentially the bottom of the nonmetal-d
band. Therefore, the Xi state is shifted to lower en-
ergies proportional to the width of the nonmetal-d
band, which increases either with increasing atomic
number (CI~Br—+I) or under compression. For
the Cu compounds this shift is demonstrated in
Figs. 10(a), 10(b), and 10(c), where the correspond-
ing relativistic level X6 moves down with respect to
I6.

A number of band-structure calculations for



PRESSURE DEPENDENCE OF THE OPTICAL PROPERTIES AND. . . 3081

z a Z 5 E~ S

0.0

0.0

2 3~

25' 2

1

C9
lL
UJX
hl

-0

0.5

4'

r x e L r v x

FIG. 13. Semirelativistic band structure of CuC1 in

the rocksalt phase obtained from a self-consistent local-
density potential with the LMTO-ASA method. Band
structures are displayed for the observed lattice constant
(see Table II) and for a 1.2% reduced lattice constant.
The area between corresponding bands is shaded (left

open) if the deformation potential is positive (negative).

I X W L r K X

FIG. 14. Semirelativistic band structure of AgC1 in the

rocksalt phase, obtained from a self-consistent local-

density potential with the LMTO-ASA method. Band
structures are displayed for the observed lattice constant

(see Table II) and a 2% reduced lattice constant. The
area between corresponding bands is shaded (left open) if
the deformation potential is positive (negative).

zinc-blende CuC1 have recently been reported which

employ different techniques: LCAO (Ref. 24) and
Hartree-Pock (Ref. 25), KKR (Refs. 21 and 26)
and LMTO (Ref. 27), and different potential
prescriptions. In Tables III (a) and III (b) we com-
pare the lowest direct energy gap and corresponding
deformation potential, as obtained from these calcu-
lations, with our present KKR and LMTO results.
The KKR calculation of Overhof, ' using the stand-
ard potential, agrees well with the very similar cal-
culation of Doran and Woolley; and our self-
consistent local-density LMTO calculation supports
the very small gap of 0.8 eV found by Freeman and
co-workers with a similar technique. The gap of
2.0 eV found by Zunger and Cohen seems some-

what large for a self-consistent local-density calcula-
tion and has been criticized by Kleinman and Med-
nick, who attribute this fact to the use of an in-

complete LCAO basis set.
In Tables IV (a) and IV (b) we display our

theoretical results for the lowest direct and indirect
energy gaps and deformation potentials or the Cu
and Ag halides in the rocksalt modification along
with literature data. Previous calculations for the
silver halides have been adjusted to agree with

one experimentally observed energy gap and, there-
fore, may not be directly compared with our essen-

tially parameter-free approach.
The gap between the rather localized 3d or 4d

valence band and the broad s-like conduction band
in these compounds is very sensitive to the approxi-

TABLE III. Comparison of calculated lowest direct energy gap and deformation potentials
for zinc-blende CuCl (in eV).

This work
KKR LMTO

References
c d

Gap 3.21
Deformation potential —0.3

0,5
—1.8

3.09
—2.2

2.0 2.33 0.8 3.1
—2.2

3.44
+ 0.3

'A. Zunger and M; L. Cohen, Phys. Rev. B 20, 1189 (1979).
L. Kleinman and K. Mednick, Phys. Rev. B 20, 2487 (1979).

'Kong-Sop Song, J. Phys. Chem. Solids 28, 2003 (1967).
A. J. Freeman, C. S. Wang, T. Jarlborg, M. Weinert, F. Wagner, . and C. W. Chu, Intern. J.

Quantum Chem. , Symp. 13, 445 (1979).
'N. J. Doran and A. M. Woolley, J. Phys. C 12, L321 (1979). -

'E. Calabrese and K. B. Fowler, Phys. Status Solidi B 57, 135 (1973).
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TABLE IV. (a) Comparison of calculated energy gaps for the rocksalt phases of the Cu
and Ag halides (in eV). (b) Comparison of calculated deformation potentials for the gaps of
(a) (in eV). Values without Superscript are from this work, standard potential KKR calcula-
tion.

Direct
r r

Indirect
L,X—+I

Indirect
L,X~X

CUC1 5.64, 2.5'
(a) Energy gaps

L:3.97, 0.6'
X:4.0, 0.5'

L:4.59, 0.1'
X:4.62, 0.2'

CuBr 5.33 L:3.79
X:3.95

L:3.99
X:4.15

CuI 6.79 L:5.32
X:5.65

L:2.96
X:3.29.

AgC1 4.21, 5.13, 5.47'
5.17, 2 7'

L:3.19, 3.71 c 3.28b

0.5,' 3.17d

X:3.25, 0.6'

L:4.9, 6.6, 1.8'

X:4.95, 1.9'

AgBr 3.69, 4.29, 4.22' L:2.94, 2.89,b 3.23'
X:3.05

L:4.4
X:4.22

AgI 3.59 L:3.04
X:3.30

L:3.20
X:3.46

(b) Deformation potentials

CuC1 —7.3, —9' L:—4.7, —4.3'
X:—5.5, —4.5'

L:—1.0, 1.8'
X:—1.8, 1.6'

—9.7 L:5.2
X:5.1

L:—1.3
X—1.2

CuI —11.7 L:—7.9
X:—8.2

L:1.2
X:0.9

AgC1 —6.3, —4.2' —3.7' L:—2.6, 0.1' 0.1'
X:—2.3, —0.7'

L:2.5; —2.5
X:2.3,' —2.2

AgBr —6.8 L:—3.8
X:—3.9

L:—3.5
X:—3.6

AgI —7.6 L:—5.3
X:—5.8

L:—2.8
X:—3.2

'This work: self-consistent LMTO calculation.
Reference 28.

'Reference 29.
Reference 30.

mation used to describe exchange and correlation.
Calculations employing the Slater exchange (ex-
change paramer a = 1) yield lower and narrower d
bands and consequently much larger energy gaps
(Refs. 21, 2S, and 26), than local-density calcula-
tions (Ref. 27 and this work) with an approximate
effective exchange coefficient a 0.7.

DISCUSSION

In Table V we compare the calculated direct en-
ergy gaps and deformation potentials of the zinc-
blende modifications with the experimental values of
Table I. The latter were obtained from calculations
with the equilibrium lattice constant at zero pressure
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TABLE V. Comparison of experimental and calculated direct energy gaps in the zinc-

blende phase (in eV); deformation potentials in parentheses.

Expt.
Superposition

Slater exchange

Potential
Self-consistent
local density

CUCl
CuBr
CuI
AgI

3.17(—1)
2.91(—0.39)
2.95(—0.65)

2.82

3.2( —0.3)
3.1(—0.5)
3.5(—0.7)
3.3(—7.6)

0.5(—1.8)

(ao) and with a lattice constant a =0.99a0. The
muffin-tin potential Vo was taken, in all cases, to be
the average crystal potential Vo——Vo(a) in the flat
muffin-tin region. The non-self-consistent KKR
results are all close to 3 eV as are the experimental
ones, and the deformation potentials are consistently
small and negative. The local-density value for the

, gap of CuC1 (0.5 eV) is. much too small, whereas
the deformation potential agrees well with experi-
ment.

When comparing the indirect gaps of the rocksalt
modifications (Table VI) one finds again gaps that
are far too small in the self-consistent calculation.
The lowest indirect gap of CuCl is calculated to be

- 3.97 for the L~I transition with the standard po-
tential sufficiently close in view of computational
uncertainties to the measured 3 eV. The deforma-
tion potential calculated non-self-consistently for
these transitions (see Table IV) is —4.7 eV, in excel-
lent agreement with the measured value [—5 eV,
Table I (a)]. The local-density potential, in spite of
yielding incorrect energy gaps, gives also a reason-
able value for this deformation potential ( —4.3 eV).
We thus assign the indirect gap observed for the
NaC1 phase of CuC1 to L~I' "allowed" indirect
transitions.

We discuss next the indirect gap of the NaC1
phase of CuBr for which material only the KKR
calculations are available. The measured energy of
this gap (2.53 eV) is compatible with any of the four
nearly degenerate calculated indirect gaps listed in
Table IV. Its deformation potential, however, is

+ 2.98 eV and has the opposite sign to that mea-
sured for CuC1. We note (Table VI and Fig. 10)
that the X minimum of the conduction band drops
down with respect to the I' minimum through the
sequence CuC1 ~ CuBr ~ CuI, which results from
the lowering and broadening of the halogen d bands.

This fact, coupled with the drastic change in the
measured deformation potential of the indirect gap

between CuC1 and CuBr, suggests that the lowest

edge changes from one involving a final state at I
to one in which the final state is at X. The two
most likely possibilities are I.~X and X~X. The
KKR calculations yield for both those gaps -4 eV
in CuBr, 3 eV in CuI, with L~X slightly lower
than X~X. The deformation potential calculated
for the L~X gap of CuCl with the LMTO method
is + 1.8 eV, and it is expected to remain nearly the
same for CuBr and CuI. This deformation potential
is sufficiently close that measured for the indirect

gap of the NaCl phase in CuBr (1.41 eV) and CuI
(2.96 eV) to make the assignment of the indirect gap
to L~X transitions. The less likely X~X possibili-

ty, however, cannot be completely discarded. In
particular, in the rocksalt phase of CuI, as we men-

tioned previously, both of the possibilities L~X and
X—+X seem to appear (see Figs. 6 and 9). The gap
is composed obviously of two components. As the
pressure is increased to 16 GPa, the two gaps seem
to become one. The lower one of these two gaps
seems to have a zero pressure coefficient (see Fig. 6).
At about 17.5 GPa both gaps should have the same
value. Comparing the calculated deformation po-
tentials listed in Table IV and following the same
argumentation as for CuBr it is logical to attribute
the one that shifts with pressure as an L-~X and
that which does not show any pressure shift as a
X~X transition.

We discuss next the rocksalt modification of AgI
which, according to Table I, has an indirect gap of
2.26 eV. For the same reason as in the copper
halides, the conduction-band minimum at X drops
throughout the sequence AgC1-AgBr-AgI. In AgC1
and AgBr, stable at room temperature in the rock-
salt modifications, the indirect gap is L~I . We
calculate for this gap in AgC1 a deformation poten-
tial of —2.6 eV (Table IV) as compared to the mea-
sured value of 0.6 eV (Ref. 31), which nevertheless

agrees better with the calculation of Fowler (+ 0.1
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TABLE VI. Comparison of experimental and calculated indirect energy gaps and deforma-
tion potentials of the Cu and Ag halides in the rocksalt phase (in eV).

Expt. Transition
Superposition

potential Self-consistent LD

3.0(—5)' L~F
X~I"
I.~g
X~X

4.0(—4.7)
4.0(—S.S)
4.6(—1.0)
4.6(—1.8)

0.6(—4.3)
0.5(—4.5)

0.1(1.8)
0.2(1.6)

CuBr 2.53(+ 3)' L~I
X~I
L~X
X~X

3.8(—5.2)
3.95(—5.1)
4.0(—1.3)
4.1(—1.2)

CUI 2.70( + 1.4)' L~I
r r
L~X
X~X

5.3(—7.9)
5.65(—8.2)

3.0(1.2)
3.3{0.2)

AgCl 3.62(0.65)
(0.51)'

L~l
r r
L~X
X~X

3.2(—2.6)
3.25(—2.3)
4.9(—2.5)

4.9S(—2.2)

0.5(0.1)
0.6(—0.1)

1.8(2.5)
1.9(2.3)

AgBr 3.05(0.68)
(0.2)'

L~I
X~I
L~X
X—+X

2.94(—3.8)
3.05(—3.9)
4.4(—3.5)

4.22( —3.6)

2.26(2.96)' L—+I
X~I
L~X
X~X

3.04{—5.3)
3.30(—5,8)
3.20{—2.8)
3.50(—3.2)

'Present work.
"A. D. Brothers and D. W. Lynch, Phys. Rev. 180, 911 (1969).
'R. B. Aust, Phys. Rev. '170, 784 (1968).

eV) (Ref. 29) and our self-consistent result (+ 0.1

eV). We thus believe our KKR calculation for the
deformation potentials of the gaps of the silver
halides to be biased towards the negative side. If
this assumption is correct, our data would be con-
sistent with an L~X gap for which we calculate a
deformation potential of —2.8 eV in AgI. This
number is to be compared with the experimental
one of + 2.96 eV.

It is interesting to point out that the indirect gaps
of the NaCl modifications are nearly the same as
the direct ones of the zinc-blende phases; the direct
gaps of the rocksalt modification are much higher.
This can be understood if one associates a shrinkage
of the gaps to the p-d mixing (and mutual repulsion

of the valence bands). This shrinkage would then
be the same regardless of whether it was produced
by the lack of inversion symmetry at I (direct gaps
of zinc-blende phases) or by the crystal field off
k =0 (indirect gaps of rocksalt phases).
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