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Effects of the isotopic composition on the fundamental gap of CuCl
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We have investigated the effects of isotopic composition on the band gap of CuCl on a series of samples
made out of the stable isotopes63Cu, 65Cu, 35Cl, and 37Cl. Besides specimens containing elements with the
natural abundances, we have measured samples with monoisotopic sublattices as well as artificial mixtures of
isotopes. With nonlinear~two-photon absorption, second-harmonic generation! and linear~luminescence! op-
tical spectroscopy we find that the fundamental gap of CuClincreasesby 364~18! meV/amu whenincreasing
the Cl mass. However, itdecreasesby 76~5! meV/amu whenincreasingthe Cu mass. Using a two-oscillator
model for the lattice dynamics of CuCl we show that these rates are consistent with the anomalous increase of
the band gap with increasing temperature. These effects can be traced back to the strongp-d mixing in the
copper halides. From the temperature dependence of the band gap of CuBr we also estimate the changes of its
gap with isotopic composition.@S0163-1829~98!06024-X#
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I. INTRODUCTION

The influence of the isotopic composition of semicondu
tors on their physical properties has received consider
attention during the past decade. Results in the field h
been reviewed in several publications.1–4 Among the topics
of recent interest are the influence of the isotopic comp
tion on the lattice constant of germanium and of compou
semiconductors5,6 or the changes in the therma
conductivity.7 In certain cases isotope substitution can
used either to discern the effects of isotope-disorder-indu
phonon scattering from the anharmonic decay of phonons8 or
to tune the efficiency of anharmonic decay channels.9 The
energies and lifetimes of individual phonons in germani
as a function of isotope disorder were studied along sev
dispersion branches by means of inelastic neut
scattering.10 Changing the lattice-dynamical properties
means of isotope substitution also allows one to study
renormalization of the fundamental gap due to electr
phonon coupling and changes of the lattice constant.5,11–13

Copper chloride is among the most ionic semiconduct
that crystallize in the zinc-blende structure. Being close
phase transitions, it exhibits a number of peculiarities t
have been associated with a strongly anharmonic lattice
tential, e.g., a strongly negative linear expansion coeffic
at low temperatures14 and elastic shear constants that d
crease with increasing hydrostatic pressure.15 The anhar-
monic interaction of phonons in CuCl was also employed
explain the anomalous TO-phonon structure in its Ram
spectrum as a Fermi resonance in which the optical pho
is pushed out of a two-phonon combination band.9,16,17First-
principles calculations on structural anomalies in the cop
halides using all-electron density functional theory have p
dicted a large number of metastable off-center sites for C
570163-1829/98/57~24!/15183~8!/$15.00
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CuCl.18,19 Raman measurements on isotopically modifi
CuCl, however, showed that these off-center theories can
explain the anomalous TO-phonon spectrum.9 Other first-
principles calculations on the bulk properties and phon
frequencies do not reveal indications for off-center sites
Cu in CuCl.20

Another unusual property of CuCl is the sizable increa
of its fundamental gap with increasing temperature21–23 and
its inverted (J5 1

2 ,J5 3
2 ) valence band structure.24 Many ex-

perimental results and calculations reveal that the admix
of copperd states to chlorinep states is crucial for the struc
ture of the valence bands.

In this paper we deal with the renormalization of the Cu
band gap by the electron-phonon interaction. We useisotope
substitutionto selectively tune the phonon frequencies of t
acoustic and optic modes in our samples and measure
changes in the band gap with nonlinear spectroscopy or
minescence at 2 K. In the case of chlorine substitution
find a gapincreasewhen increasingthe mass. This~usual!
behavior has been observed so far in many elemental
compound semiconductors.5 In contrast, we find adecreas-
ing band gap whenincreasing the copper mass. Changin
the mass of one of the constituents changes the mean-sq
phonon amplitude and thereforeisotope substitutioneffec-
tively is analogous tochanging the temperatureof a com-
pound. In general, the temperature dependence of the re
malization of the band gap results from a complicat
interplay of~i! first- and second-order electron-phonon inte
actions that contribute to the energy of the conduction a
valence bands,~ii ! changes due to thermal lattice expansio
and ~iii ! changes in the phonon occupation number. In
simple model, we treat the band-gap renormalization as
ing caused by two harmonic oscillators, one at high~optic!
and one at low~acoustic! phonon frequencies, which ap
15 183 © 1998 The American Physical Society
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15 184 57A. GÖBEL et al.
proximate the lattice dynamics of CuCl. This leads to sim
expressions for the mass and temperature dependence o
band gap. Our analysis shows that the band gap of CuC
already strongly renormalized by the zero-point motion
these acoustic- and optic-phonon oscillators. The form
tends to increase the band gap while the latter decrease

The paper is organized as follows: In Sec. II we discu
the relevant properties of the CuCl band structure. Section
presents the experimental details, while the data are
sented in Sec. IV. Section V briefly outlines the influence
the electron-phonon interaction on the gap renormaliza
by temperature and isotope mass and discusses the resu
terms of a simple two-oscillator model. The conclusions
drawn in Sec. VI.

II. ELECTRONIC BAND STRUCTURE OF CuCl

In tetrahedrally coordinated compound semiconduct
the upper valence bands and the lower conduction ba
mainly stem from thes2p6 hybridization of the uppermos
atomic states of the constituent atoms. Copper chloride
prominent exception. The energies of the atomic copped
levels and of the atomic chlorinep levels are very similar.
As a result, the copperd levels hybridize with the chlorinep
levels and strongly affect the energies and the structure o
valence bands. A number of articles24–28and reviews29,30 on
the electronic band structure of CuCl exist in the literatu
Therefore, we briefly summarize the details pertinent to
work only. For a more general and instructive discussion
the role of cationd states in II-VI compounds we refer t
Ref. 31.

It was realized very early24 that the spin-orbit splitting in
CuCl is reversed as compared to all other direct gap z
blende semiconductors, i.e., the uppermost valence ban
twofold degenerate havingG7 symmetry, while the next
lower, fourfold degenerate valence band exhibitsG8 symme-
try. This is due to thep-d mixing of the atomic orbitals and
is illustrated in Fig. 1. The relevant atomic states of cop
and chlorine are shown in column~a!. When subjected to a
crystal field of Td symmetry, the orbital copperd levels split
into two G5 and one twofold degenerateG3 levels. The
former hybridize with the chlorinep levels having the same
symmetry resulting in two threefold degenerateG5 levels
@Fig. 1~b!#. This hybridization raises the top of the valen
band relative to the anion~Cl! p level, which in the absence
of the cationd orbital would determine the valence ban
maximum. As a result, the band gap in the copper halide
much smaller than expected from the extrapolation of
band gaps in the series Ge, GaAs, ZnSe, and CX
(X5Cl,Br,I!. Another indication for the important role of th
Cu d levels is the fact that, although thep levels of the
isoelectronic anions Cl, Br, and I differ by about 2 eV, t
band gaps of the copper halides differ by less than 0.3
i.e., the anion levels have only a small influence on the b
gap.31 Taking the spin-orbit interaction into account resu
in a splitting of thep-d mixedG5 states into levels ofG7 and
G8 symmetry@Fig. 1~c!#. The order of the uppermost valenc
states in CuCl is reversed, i.e., theG7 states are higher in
energy than theG8 states sinced states contribute to the
spin-orbit splitting with opposite sign as compared top
orbitals.24,31,32Due to the fact that the spin-orbit splitting o
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the atomicp orbitals increases with the atomic weight, th
regular zinc-blende splitting scheme is recovered in the c
of CuBr and CuI.

In the following we are interested in those 1s excitons
only that derive from the Coulomb interaction between t
electrons in the lowest conduction bandG6(2) and the holes
in the highest valence bandG7(2). They are usually labeled
Z3.24 The short-range exchange interaction leads to a s
ting of theZ3 exciton into ortho- and paraexcitons havingG5
~threefold degenerate! and G2 ~nondegenerate! symmetry,
respectively.33 Optical transitions to orthoexcitons are on
photon allowed, while to first order the paraexciton is on
photon forbidden. The long-range exchange interaction sp
the G5 states into transverse and longitudinal orthoexcito
The former exhibit a dispersion due to the formation of e
citon polaritons when interacting with the light field. Th
exciton-polariton dispersions related to theZ3 excitons are
shown schematically in Fig. 2. LE1 labels the longitudin
exciton,G2 the paraexciton, and TP1 and TP2 are the tra
verse orthoexciton-polariton branches. The light line is re
resented by the long-dashed line. A more detailed discus
can be found in Ref. 33.

Recent measurements have found a band gap
3.3990(5) eV at 2 K and an effective Rydberg consta
R* of 130.662.9 meV for thes series of theZ3 exciton
within a simple hydrogenlike model (n>2).34 The 1s exci-
ton of Z3 has a binding energy of 197 meV and therefo
deviates strongly from the hydrogenlike model. The excit
binding energy depends on the appropriate dielectric c
stante and the reduced effective massm (R* ;me22). Both
m and e depend on the size of the direct gap. As will b
shown below, the temperature and isotope-mass depend

FIG. 1. Schematic derivation of the conduction and valen
bands at theG point in CuCl ~after Ref. 29!. ~a! Atomic levels of
copper and chlorine,~b! partial lifting of the degeneracy of thed
levels and hybridization in the cubic crystal field, and~c! spin-orbit
splitting. The matrix elementVpd is responsible for the level split
ting between hybridizedp andd states~Ref. 11!, which is indicated
by the thick vertical arrow.
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of the CuCl band gap is small compared to its size. Hence
expect the temperature and isotope-mass dependence o
Z3(n51) exciton binding energy to be very small. In fac
throughout the following analysis we assumeR* to be con-
stant and therefore identify the mass and temperat
dependent renormalization of theZ3 exciton-polariton ener-
gies with the renormalization of the band gap itself.

III. EXPERIMENT

A. Samples

Natural copper and chlorine have two stable isotopes e
~relative abundances:63Cu, 69.2%; 65Cu, 30.8%; 35Cl,
75.8%; and37Cl, 24.2%!. The elements used to grow ou
samples were isotopically pure~99.9%! except for the en-
riched 37Cl, which contained about 11% of35Cl, as deter-
mined by mass spectroscopy. In order to avoid trivial effe
caused by varying chemical impurities and crystal quality
investigated samples from independent sources and
firmed that the Raman spectra for identical isotopic com
sitions coincide.9 The samples are usually platelets of up
10 mm2 surface area and a thickness of less than 0.1 m
Using x-ray diffraction we determined the surfaces to ha
the @111# orientation. Most samples were grown by heati
Cu metal with the desired isotopic composition in flowin
HCl gas. For the samples made from isotopically pure H
purification of the initial reaction products was achieved
two successive sublimations under vacuum and a zone m
ing process. Then a transport method in a closed tube
taining H2 was used to grow platelets. Further details of t
sample growth have been described elsewhere.35

B. Optical spectroscopy

We have measured different components of the CuClZ3
exciton in the exciton-polariton regime. Nonlinear spectr
copy is established as a precise method to investigate t
photon-exciton coupled states in wide-band-g
semiconductors.33 Two-photon absorption~TPA! can be
used to determine the energies of the lowest longitudinas
exciton~LE1! around 3208 meV~see Fig. 2! and the middle
transverse polariton branch~TP2! around 3216.5 meV. LE1
is almost dispersionless and therefore best suited for the
termination of isotope effects. In our case the TPA from L
was detected by monitoring the intensity of the ‘‘n2’’ emis-

FIG. 2. Schematic sketch of theZ3 exciton dispersion in CuCl.
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sion line21 at 3179 meV as a function of two equienerge
photons, while their sum energy was scanned across the
resonance.36 The intensity of second-harmonic generati
~SHG! was monitored in order to determine the TP2 ene
close tokW50W .37 Luminescence spectra were excited usi
;0.3 mW of the 3638-Å~3.408-eV! line of an Ar-ion laser.
The scattered light was dispersed by a Spex 1404 do
monochromator (f 50.85 m!. Using single-photon counting
the spectra were recorded in backscattering geometry fro
@111# surface. The spectra were calibrated against a nea
He-plasma line. In all measurements the samples w
cooled to 1.822 K by immersion in superfluid helium an
special care was taken to keep the sample heating at a m
mum.

IV. RESULTS

We have investigated a batch of samples that cove
wide range of average copper and chlorine masses. We
measured nonlinear absorption spectra of the longitudinal
citon ~LE1! and second-harmonic generation spectra of
transverse polariton~TP2! as well as the linear luminescenc
spectra of CuCl at low temperatures~2 K!. For chlorine sub-
stitution we find the ‘‘regular’’ effect5 of an increasinggap
when increasingthe isotope masses of the compound. T
TPA spectra of the LE1 excitons displayed in Fig. 3~b! show
a shift of 357meV/amu induced by the replacement of35Cl
by 37Cl in samples containing natural Cu. In contrast, LE
decreasesby 80 meV/amu whenincreasingthe copper mass
from 63Cu to 65Cu in samples that contain natural Cl@Fig.
3~a!#. In Fig. 4 we show results on TP2 obtained from t
same samples using SHG. Again forincreasing chlorine
mass the gapincreasesby 323 meV/amu while itdecreases
by 86 meV/amu for increasingcopper masses. In Fig. 5 w
show the linear luminescence for natural CuCl and Cu37Cl. A
He-emission line~pl.! was used to calibrate the spectr

FIG. 3. Two-photon absorption in the region of the longitudin
exciton ~LE1! in isotopically modified CuCl measured at 2 K.
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15 186 57A. GÖBEL et al.
Three peaks can be identified as related to the TP2, TP1,
G2 (n1 line in Ref. 21! excitons. Despite their considerab
widths and/or ill-defined line shapes, we can extract aver
changes in the band gap, i.e., anincreaseof 400650 meV/
amu for increasingchlorine mass. Note, however, that th
shifts with Cu substitution are too small to be reliably me
sured with this technique. Nevertheless, they have b
clearly observed using nonlinear spectroscopy.

We have summarized the energies of LE1 and TP2
tained from CuCl samples of various isotopic compositio
in Fig. 6, where the error bars represent an average of in
pendent measurements on samples of nominally equiva
isotopic composition. The straight lines are linear fits to
data. Assuming that the mass dependence is the sam

FIG. 4. Second-harmonic generation in the region of the tra
verse polariton~TP2! in isotopically modified CuCl measured a
2 K.

FIG. 5. Linear luminescence spectra of theG2 paraexciton and
transverse polaritons in CuCl at 2 K excited by the 3638 Å~3.408
eV! Ar laser line; pl. denotes a He-plasma line.
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LE1 and TP21364~18!, we obtain ]E0 /]MCu5276(5)
meV/amu and]E0 /]MCl5364(18)meV/amu for the change
in the band gap with isotope substitution in CuCl at 2 K.

V. DISCUSSION

The mean-square amplitude of a phonon at one of
atoms participating in the vibration depends on its frequen
the atomic masses, its eigenvector, and the temperature.
tope substitution as well as changes in the temperature re
in slightly different vibrational amplitudes and phonon fr
quencies. This leads to changes in the band gap via
electron-phonon interaction.

A. Mass and temperature dependence of the fundamental gap

A method to calculate the temperature dependence
semiconductor band gaps based on local empirical pse
potentials and lattice-dynamical models was developed
series of articles38 and subsequently extended to a calculat
of the dependence on the isotope mass.5,12 Here we only
summarize the main ideas and results. The dependence o
band gap on the isotopic composition at constant tempera
comprises two contributions:5,12

S ]E0

]Mk
D

T

5S ]E0

]Mk
D

EP

1S ]E0

]Mk
D

TE

, ~1!

i.e., a contribution of the electron-phonon interaction~EP! at
constant volume and a second term that arises from cha
in the lattice constant. The latter takes anharmonic corr
tions to the crystal volume at low temperatures into accou
which depend on the isotope masses through the zero-p
vibrational amplitudes. It is labeled TE since its origin
analogous to that of the thermal expansion of the lattice.

s-
FIG. 6. Changes in the band gap of CuCl with isotopic comp

sition measured for copper and chlorine substitution on~a! and ~b!
the transverse polariton TP2 and~c! and~d! the longitudinal exciton
LE1.
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The correction to the band gap arising from the dep
dence of the lattice constant on the isotope masses ca
written as5

S ]E0

]Mk
D

TE

523BS ]E0

]p D
M
S ] ln a0

]Mk
D

p

, ~2!

whereB is the bulk modulus, (]E0 /]p)M the change of the
gap with pressure, and (] ln a0 /]Mk)p the relative change o
the lattice constanta0 when changing the mass of the atom
speciesk. The pressure dependence of the CuCl LE1 ene
at low temperatures, (]LE1/]p)M57.65(10) meV/GPa~see
Ref. 39!, is an order of magnitude smaller than in GaA
ZnSe, or Ge.5 Furthermore, the bulk modulus of CuC
at room temperature@B545.9 GPa ~Refs. 14 and 15!#
is smaller than in GaAs (B576 GPa! and ZnSe
(B565 GPa).5 While the fractional change of the lattic
constant with isotope substitution has not been directly m
sured for CuCl, we estimate from the temperature dep
dence of the lattice parameter40 (] ln a0 /]MCl)p.24
31025 1/amu and (] ln a0 /]MCu)p.15.431026 1/amu.
From these values we estimate a contribution of;140 meV/
amu for the substitution of35Cl by 37Cl and;26 meV/amu
for that of 63Cu by 65Cu as compared with the measur
values of]E0 /]MCl51364(18) meV/amu and]E0 /]MCu
5276(5) meV/amu. Although this is only a rough estima
of the isotope lattice expansion contribution, in view of
small value compared to the measured gap renormaliza
we feel justified in neglecting it. We note that in the case
GaAs and ZnSe the lattice expansion accounts for at mo
third of the total gap renormalization.5

Hence we retain the renormalization of the band gap
stems from the electron-phonon interaction only. In pr
ciple, it can be calculated as follows:38 The electron energy
En(kW ) of a bandn is given by the unrenormalized energ
en(kW ) and a perturbation, i.e.,

En~kW !5en~kW !1(
j ,qW

S ]En~kW !

]nj ,qW
D S nj ,qW1

1

2D . ~3!

The perturbation is the summation over coefficie
]En(kW )/]nj ,qW , which are weighted by the respective Bos
Einstein occupation number of the phonon (j ,qW ). These co-
efficients are the sum of two contributions: a Debye-Wa
term and the real part of the self-energy. The former te
arises from the simultaneous interaction of an electron w
two phonons from the branchj having the same wave vecto
qW ~second-order electron-phonon interaction taken in fi
order perturbation theory!, while the latter term describes th
electron-one-phonon interaction taken to second-order
turbation theory. The unrenormalized direct band gap
given byE05ec(0W )2ev(0W ). The total change of the gap as
function of the isotopic composition as well as its depe
dence on the temperature is thus the combination of the
spective renormalizations of the valence and the conduc
bands, i.e.,E0(T,M )5Ec(0W )2Ev(0W ). In principle, the coef-
ficients ]En(kW )/]nj ,qW can be calculated, provided a goo
pseudopotential description of the electron bands and a g
lattice-dynamical model are available.38 While there is
evidence9 that the 14-parameter shell model of Ref. 41 d
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scribes the phonon dispersion and eigenvectors of CuCl q
well, a satisfactory calculation of the CuCl band structu
within a local-empirical pseudopotential framework is n
available.11 We note, however, that nonlocal empiric
pseudopotential calculations of the CuCl band structure
available.28 In the following we restrict ourselves to a sim
plified model.

B. Two-oscillator model

The phonon dispersion of CuCl exhibits a gap betwe
the acoustic and the optic branches.41 Due to the relatively
large mass difference between Cu and Cl, the acoustic-m
eigenvectors are dominated by copper displacements w
those of the optic modes mostly involve chlorin
displacements.9 Therefore, we approximate the lattice d
namics of CuCl, required for the gap renormalization, by t
effective harmonic oscillators~Einstein models!: One oscil-
lator with an energy ofvCu51 THz (33.3 cm21) repre-
sents an average acoustic, purely Cu-like phonon and a
ond oscillator with an energy ofvCl56 THz represents an
average optic, purely Cl-like phonon. This simplification
supported by the decomposition of the phonon density
states of CuCl in Ref. 41 obtained from neutron scatter
experiments, where the averages for the Cu and Cl contr
tions are approximately at those frequencies. This appro
has also been successfully applied to the gap shifts indu
by temperature as well as by changes in the isotope ma
in wurtzite CdS, a semiconductor in which both the ele
tronic structure and the lattice dynamics are difficult to d
scribe in simple terms.42 With this approximation the sum
mation over all phonon states required to calculate
coefficients]En(kW )/]nj ,qW coalesces into two contributions
Lacking a detailed description of the electron bandsn re-
quired to calculate]En(kW )/]nj ,qW ~compare Ref. 5!, we resort
to approximating these coefficients by effective electro
phonon interaction parametersACu andACl . As a result we
find for the total mass and temperature dependence of
fundamental gap

E0~T,M !5E01
ACu

vCuMCu
S n~vCu,T!1

1

2D
1

ACl

vClMCl
S n~vCl ,T!1

1

2D , ~4!

whereE0 , ACu, andACl can be determined, e.g., from a fi
to the experimentally determined temperature dependenc
the gap. Taking into account the proportionality ofvCu/Cl
;(MCu/Cl)

21/2, we find the gap shifts due to the isotope su
stitution of either Cu or Cl at zero temperature to be

]E0~T50,M !

]MCu/Cl
52

1

4

ACu/Cl

vCu/ClMCu/Cl
2

. ~5!

In Fig. 7 we reproduce the experimental data for the te
perature dependence of theZ3 exciton energy in the range
betweenT50 and 350 K from Refs. 21–23. The fit of Eq
~4! to these data is shown as the solid line. We obtain
unrenormalized gap energyE053236 meV, which is indi-
cated by the solid horizontal line. It is instructive to exami
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the gap renormalization induced by the zero-point mot
within the two-oscillator model: While the optic, chlorinelik
vibrationreducesthe gap by 38.8 meV the acoustic, coppe
like vibration increasesthe gap by 8.7 meV. Taking th
temperature dependence into account we find that the
frequency acoustic, copperlike vibrations are apprecia
populated already at low temperatures and raise the band
~dashed line in Fig. 7!. For the high-frequency optic, chlo
rinelike vibrations we find that its negative contribution
almost constant up to about 70 K. Above 70 K the chlorin
like modes become substantially populated and their occu
tion results in an increasingly negative contribution. Tak
together, this causes the band gap to increase strongly b
70 K ~with increasing temperature! and to continue to in-
crease, albeit with a significantly reduced slope, above 70
The kink in the temperature dependence is clearly visible
Fig. 7.

From the fit of Eq.~5! to the data in Fig. 7 we find
]E0 /]MCu5269(7) meV/amu and]E0 /]MCl51546(55)
meV/amu for the mass dependence of the fundamental ga
zero temperature.43 This is in reasonable agreement with o
experimental data of276(5) meV/amu and1364(18)meV/
amu for copper and chlorine substitution, respectively, a
with the predictions of Ref. 11. Note that the coefficien
determined by means of isotope substitution are much m
precise than those inferred from the temperature depende

We can also explore a different approach: Taking
measured zero-temperature mass dependence of the ban

FIG. 7. Temperature dependence of the energy of theZ3 exciton
of CuCl. The solid line is the fit of a two-oscillator model, th
dashed and the dash-dotted line show the individual contribut
of the acoustic-frequency~Cu! and optic-frequency~Cl! oscillators.
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~see Fig. 6! and fitting the measured temperature depende
~see Fig. 7! with Eq. ~4! allows us to determine the frequen
cies of the two oscillators. We find values ofE0

53221.2 meV, vCu51.05 THz, andvCl54.0 THz. Al-
though the frequency of the chlorinelike oscillator is on
two-thirds of our original assumption, overall we conclu
that the two-oscillator model gives a consistent descript
of the distinctive changes in the CuCl band gap with isoto
substitution and its exceptional temperature dependence

Note that the importance of the copperlike vibrations
the anomalous gap shifts of CuCl can be understood i
local empirical pseudopotential approach.11 When shifting
remoted-like ~copper! plane waves to a lower energy, so th
they are close to the chlorine atomicp levels, and allowing
for p-d mixing, it has been found that the resulting lev
splitting in the valence band~compare Fig. 1! is to a large
extent determined by a Cu atomic pseudopotential. Introd
ing a Debye-Waller factor to ‘‘weaken’’ this pseudopotent
with increasing temperature results in a decreasing hyb
ization energy. This lowers the top of the valence band a
therefore the band gap increases with increasing tempera
For Cl substitution, however, thep-d mixing is almost unaf-
fected. Along these lines gap shifts of285 meV/amu for
increasing Cu masses and1970meV/amu for an increase in
the chlorine mass have been predicted.11 This is in qualita-
tive agreement with the experiment.

C. Isotope effects in CuBr

As another application of the two-oscillator model w
have taken the temperature dependence of theZ1,2 and Z3
excitons in CuBr from Ref. 44 and analyzed these data in
manner outlined above. While the structure of the valen
band usually found in zinc-blende materials is also found
CuBr, i.e., the highest valence band is fourfold degene
(G8) and the spin-orbit split-off twofold degenerate ba
(G7) is lower in energy, its band gap behaves unusually
that it increases with increasing temperature also. Using
oscillators with fixed frequenciesvCu51 THz and vBr
54.5 THz for the acoustic, copperlike oscillators and t
optic, brominelike oscillators, respectively,16 we have fitted
Eq. ~4! to the temperature dependences of the exci
energies. The results are shown in Fig. 8. From these
and Eq.~5! we obtain]E0 /]MCu5238(4) meV/amu and
]E0 /]MBr5178(8) meV/amu for the mass dependence
the Z1,2 exciton energy and]E0 /]MCu5229(3) meV/amu
and]E0 /]MBr5145(5) meV/amu for the mass dependen
of the Z3 exciton energy, where the errors reflect the varian
corresponding to the fit. While the effect of Cu substitution
about the same as in CuCl, the gap change due to Br repl
ment is reduced by an order of magnitude as compare
CuCl. This is most likely due to the relatively small effect
changing the much larger Br mass by 1 amu. However, th
values are only rough estimates since at low temperatu
i.e., in the important range that determines the copper
oscillator, only a limited number of experimental data poin
are available. Furthermore, the distinction between an ac
tic, copperlike and an optic, brominelike mode is questio
able since copper and bromine have rather similar mas
Nevertheless, these fits support, at least qualtitatively,
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notion thatp-d mixing has a strong influence on the ele
tronic structure of CuBr and needs to be taken into acco
in its calculation.

VI. SUMMARY AND CONCLUSIONS

Isotope substitution is an excellent means to change
energies of vibrational excitations of a crystal. Therefore
can be employed to study the band-gap renormalization
arises from the electron-phonon interaction in a well-defin
manner. While it is clear that the magnitude of the band-g
renormalization decreases with increasing mass and, co

FIG. 8. Temperature dependence of theZ1,2 andZ3 excitons in
CuBr. The solid lines are the fit of a two-oscillator model; data
from Ref. 44.
te
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it
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p
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spondingly, increases with increasing temperature, the ac
sign of the effect cannot be predicted easily. This sign ari
from a delicate superposition of different contributions fro
the valence and conduction bands, which reflect the unde
ing lattice dynamics, the electronic structure, and
electron-phonon interaction.5,38 For diamond-structure and
~most! zinc-blende semiconductors one finds a continuo
net gap decrease with increasing temperature together
the corresponding mass effect]E0 /]Mk>0. CuCl and CuBr
are very interesting materials since they provide an excep
to this rule. Our study of the copper halides exposes
intricate, microscopic effects that contribute to the gap ren
malization. The different contributions of acoustic and op
vibrations are revealed and, from the analysis of the isot
effect on the band gap, it becomes evident that its total ren
malization encompasses a superposition of the individ
contributions from the valence and conduction band. Stud
of the electronic structure of the copper halides are com
cated by the fact that their upper valence bands are m
halide p states and copperd states. This is responsible fo
the unusual increase of the band gap with increasing t
perature. Furthermore, these compounds exhibit an unu
negative mass coefficient (]E0 /]MCu<0) when changing
the copper mass, while the regular positive mass coeffic
is recovered for halide substitution]E0 /]MX>0 for
X5Cl,Br.

The effects of temperature and mass are related via
mean-square phonon amplitude. We have fitted the temp
ture dependence of the direct gap of CuCl and CuBr wit
two-lattice-oscillator model and calculated the mass dep
dence of the band gap for the isotope substitution. Th
estimates are in very good agreement with our experime
data for CuCl, where we have found]E0 /]MCu5276(5)
meV/amu and]E0 /]MCl51364(18) meV/amu for the re-
spective isotope mass changes. We believe that our ana
provides a basis for crucial tests of first-principles calcu
tions of the band structure and the electron-phonon inte
tion in the copper halides.
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