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A. Gobel, T. Ruf, M. Cardona, and C. T. Lin
Max-Planck Institut fu Festkaperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

J. Wrzesinski, M. Steube, and K. Reimann
Institut fur Physik, Universita Dortmund, D-44221 Dortmund, Germany

J.-C. Merle and M. Joucla
Institut de Physique et Chimie des Miix, 23 rue du Loess, F-67037 Strasbourg, France
(Received 9 January 1998

We have investigated the effects of isotopic composition on the band gap of CuCl on a series of samples
made out of the stable isotop&%Cu, 5°Cu, %*Cl, and *’Cl. Besides specimens containing elements with the
natural abundances, we have measured samples with monoisotopic sublattices as well as artificial mixtures of
isotopes. With nonlineaftwo-photon absorption, second-harmonic generationd linear(luminescenceop-
tical spectroscopy we find that the fundamental gap of Gofeasesy 36418) ueV/amu whenincreasing
the Cl mass. However, decreasedy 76(5) ueV/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-<stroniging in the
copper halides. From the temperature dependence of the band gap of CuBr we also estimate the changes of its
gap with isotopic compositiodS0163-182608)06024-X]

. INTRODUCTION CuCI!®!® Raman measurements on isotopically modified
CuCl, however, showed that these off-center theories cannot
The influence of the isotopic composition of semiconduc-explain the anomalous TO-phonon spectiuther first-
tors on their physical properties has received considerablprinciples calculations on the bulk properties and phonon
attention during the past decade. Results in the field havirequencies do not reveal indications for off-center sites of
been reviewed in several publicatiohd.Among the topics Cu in CuCI?
of recent interest are the influence of the isotopic composi- Another unusual property of CuCl is the sizable increase
tion on the lattice constant of germanium and of compoundf its fundamental gap with increasing temperattiré® and
semiconductors®® or the changes in the thermal its inverted 0=3%,J=3) valence band structufé.Many ex-
conductivity! In certain cases isotope substitution can beperimental results and calculations reveal that the admixture
used either to discern the effects of isotope-disorder-inducedf copperd states to chloring states is crucial for the struc-
phonon scattering from the anharmonic decay of phdhons ture of the valence bands.
to tune the efficiency of anharmonic decay chanfélfie In this paper we deal with the renormalization of the CuCl
energies and lifetimes of individual phonons in germaniumband gap by the electron-phonon interaction. Weisst®pe
as a function of isotope disorder were studied along severaubstitutionto selectively tune the phonon frequencies of the
dispersion branches by means of inelastic neutroracoustic and optic modes in our samples and measure the
scattering® Changing the lattice-dynamical properties by changes in the band gap with nonlinear spectroscopy or lu-
means of isotope substitution also allows one to study theninescence at 2 K. In the case of chlorine substitution we
renormalization of the fundamental gap due to electronfind a gapincreasewhenincreasingthe mass. Thigusua)
phonon coupling and changes of the lattice constaht™® behavior has been observed so far in many elemental and
Copper chloride is among the most ionic semiconductorsompound semiconductotdn contrast, we find alecreas-
that crystallize in the zinc-blende structure. Being close tdang band gap wherincreasingthe copper mass. Changing
phase transitions, it exhibits a number of peculiarities thathe mass of one of the constituents changes the mean-square
have been associated with a strongly anharmonic lattice pgghonon amplitude and therefoisotope substitutioreffec-
tential, e.g., a strongly negative linear expansion coefficientively is analogous tahanging the temperaturef a com-
at low temperaturé§ and elastic shear constants that de-pound. In general, the temperature dependence of the renor-
crease with increasing hydrostatic pressdr@he anhar- malization of the band gap results from a complicated
monic interaction of phonons in CuCl was also employed tanterplay of(i) first- and second-order electron-phonon inter-
explain the anomalous TO-phonon structure in its Ramamctions that contribute to the energy of the conduction and
spectrum as a Fermi resonance in which the optical phonowmalence bandgji) changes due to thermal lattice expansion,
is pushed out of a two-phonon combination banéi*’First-  and (iii) changes in the phonon occupation number. In a
principles calculations on structural anomalies in the coppesimple model, we treat the band-gap renormalization as be-
halides using all-electron density functional theory have preing caused by two harmonic oscillators, one at hightic)
dicted a large number of metastable off-center sites for Cu imnd one at low(acousti¢ phonon frequencies, which ap-
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proximate the lattice dynamics of CuCl. This leads to simple (a) o o
expressions for the mass and temperature dependence of the = atom zinc-blende %F;'e'};’é{?gn

band gap. Our analysis shows that the band gap of CuCl is
already strongly renormalized by the zero-point motion of
these acoustic- and optic-phonon oscillators. The former
tends to increase the band gap while the latter decreases it. 346V
The paper is organized as follows: In Sec. Il we discuss [ | Er_
the relevant properties of the CuCl band structure. Section IlI
presents the experimental details, while the data are pre-
sented in Sec. IV. Section V briefly outlines the influence of
the electron-phonon interaction on the gap renormalization
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Il. ELECTRONIC BAND STRUCTURE OF CuCl R @
In tetrahedrally coordinated compound semiconductors 1.6eV

the upper valence bands and the lower conduction bands S L@ @
mainly stem from thes?p® hybridization of the uppermost NB L

~~~~~~~~ . I (2
atomic states of the constituent atoms. Copper chloride is a ~ 28

prominent exception. The energies of the atomic cogber  FIG. 1. Schematic derivation of the conduction and valence
levels and of the atomic chloring levels are very similar.  pands at thd™ point in CuCl (after Ref. 29. (a) Atomic levels of
As a result, the coppet levels hybridize with the chlorine  copper and chloring(b) partial lifting of the degeneracy of thet
levels and strongly affect the energies and the structure of thevels and hybridization in the cubic crystal field, afoyl spin-orbit
valence bands. A number of articfés®®and review&*®on  splitting. The matrix elemen¥ 4 is responsible for the level split-
the electronic band structure of CuCl exist in the literatureting between hybridizeg andd stategRef. 11, which is indicated
Therefore, we briefly summarize the details pertinent to ouby the thick vertical arrow.
work only. For a more general and instructive discussion of
the role of cationd states in 1I-VI compounds we refer to the atomicp orbitals increases with the atomic weight, the
Ref. 31. regular zinc-blende splitting scheme is recovered in the case
It was realized very earf{f that the spin-orbit splitting in  of CuBr and Cul.
CuCl is reversed as compared to all other direct gap zinc- In the following we are interested in thoses Excitons
blende semiconductors, i.e., the uppermost valence band énly that derive from the Coulomb interaction between the
twofold degenerate having’; symmetry, while the next electrons in the lowest conduction bahig(2) and the holes
lower, fourfold degenerate valence band exhibigssymme-  in the highest valence bardd;(2). They are usually labeled
try. This is due to the-d mixing of the atomic orbitals and Z,.2* The short-range exchange interaction leads to a split-
is illustrated in Fig. 1. The relevant atomic states of coppeting of theZ; exciton into ortho- and paraexcitons haviig
and chlorine are shown in colum@. When subjected to a (threefold degenerateand I'; (nondegenerajesymmetry,
crystal field of T, symmetry, the orbital coppef levels split  respectively’® Optical transitions to orthoexcitons are one-
into two I's and one twofold degeneratgé; levels. The photon allowed, while to first order the paraexciton is one-
former hybridize with the chlorin@ levels having the same photon forbidden. The long-range exchange interaction splits
symmetry resulting in two threefold degenerdie levels thel's states into transverse and longitudinal orthoexcitons.
[Fig. 1(b)]. This hybridization raises the top of the valence The former exhibit a dispersion due to the formation of ex-
band relative to the aniofCl) p level, which in the absence citon polaritons when interacting with the light field. The
of the cationd orbital would determine the valence band exciton-polariton dispersions related to tAe excitons are
maximum. As a result, the band gap in the copper halides ishown schematically in Fig. 2. LE1 labels the longitudinal
much smaller than expected from the extrapolation of theexciton,I', the paraexciton, and TP1 and TP2 are the trans-
band gaps in the series Ge, GaAs, ZnSe, andX Cu verse orthoexciton-polariton branches. The light line is rep-
(X=CIl,Br,l). Another indication for the important role of the resented by the long-dashed line. A more detailed discussion
Cu d levels is the fact that, although the levels of the can be found in Ref. 33.
isoelectronic anions ClI, Br, and | differ by about 2 eV, the Recent measurements have found a band gap of
band gaps of the copper halides differ by less than 0.3 eV3.3990(5) eV at 2 K and an effective Rydberg constant,
i.e., the anion levels have only a small influence on the ban®* of 130.6-2.9 meV for thes series of theZ; exciton
gap3! Taking the spin-orbit interaction into account resultswithin a simple hydrogenlike modeh& 2) 34 The 1s exci-
in a splitting of thep-d mixedI'5 states into levels df ; and  ton of Z3 has a binding energy of 197 meV and therefore
I'g symmetry{Fig. 1(c)]. The order of the uppermost valence deviates strongly from the hydrogenlike model. The exciton
states in CuCl is reversed, i.e., the states are higher in binding energy depends on the appropriate dielectric con-
energy than thd'y states sincel states contribute to the stante and the reduced effective magg(R* ~ ue 2). Both
spin-orbit splitting with opposite sign as compared go u and e depend on the size of the direct gap. As will be
orbitals?*3132Due to the fact that the spin-orbit splitting of shown below, the temperature and isotope-mass dependence
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FIG. 2. Schematic sketch of ti; exciton dispersion in CuCl. =
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of the CuCl band gap is small compared to its size. Hence we g
expect the temperature and isotope-mass dependence of the E |
Z3(n=1) exciton binding energy to be very small. In fact, N A | e
throughout the following analysis we assuf& to be con- 3.2075 3.2080 3.2085
stant and therefore identify the mass and temperature- Energy [eV ]
dependent renormalization of tixg exciton-polariton ener- o ‘ o
gies with the renormalization of the band gap itself. FIG. 3. Two-photon absorption in the region of the longitudinal
exciton(LE1) in isotopically modified CuCl measured at 2 K.
Ill. EXPERIMENT

sion lin€! at 3179 meV as a function of two equienergetic
A. Samples photons, while their sum energy was scanned across the LE1

resonancé® The intensity of second-harmonic generation

Natural copper and chlorine have two stable isotopes eac . ; X
(relative abundances®Cu, 69.2%: 55Cu, 30.8%: Cl, &HG) was monitored in order to determine the TP2 energy

75.8%; and¥’Cl, 24.29. The elements used to grow our close tok=0.%" Luminescence spectra were excited using
samples were isotopically pur®9.9% except for the en- ~0-3 mW of the 3638"8(3-_408'9\3 line of an Ar-ion laser.
riched 3’Cl, which contained about 11% o¥Cl. as deter- The scattered light was d|spe_rsed_by a Spex 1404 _double
mined by mass spectroscopy. In order to avoid trivial effectdnonochromator {=0.85 m). Using single-photon counting,
caused by varying chemical impurities and crystal quality wdhe spectra were recorded in backsc_attermg geometry from a
investigated samples from independent sources and coht11] surface.. The spectra were calibrated against a nearby
firmed that the Raman spectra for identical isotopic compoti€-plasma line. In all measurements the samples were
sitions coincid€. The samples are usually platelets of up to¢0o0led to 1.8-2 K by immersion in superfluid helium and
10 mn? surface area and a thickness of less than 0.1 mrrSPecial care was taken to keep the sample heating at a mini-

Using x-ray diffraction we determined the surfaces to haveg"ym-

the [111] orientation. Most samples were grown by heating

Cu metal with the desired isotopic composition in flowing IV. RESULTS

HCI gas. For the samples made from isotopically pure HCI, ) )

purification of the initial reaction products was achieved by e have investigated a batch of samples that covers a

two successive sublimations under vacuum and a zone melfide range of average copper and chlorine masses. We have

ing process. Then a transport method in a closed tube Coﬁpeasured nonlinear absorption spectra of t.he longitudinal ex-

taining H, was used to grow platelets. Further details of theCiton (LE1) and second-harmonic generation spectra of the

sample growth have been described elsewhrere. transverse polaritofifP2) as well as the linear Iuml_nescence
spectra of CuCl at low temperaturésK). For chlorine sub-

stitution we find the “regular” effect of anincreasinggap
when increasingthe isotope masses of the compound. The
We have measured different components of the CiCl TPA spectra of the LE1 excitons displayed in Figo)3show
exciton in the exciton-polariton regime. Nonlinear spectros-a shift of 357ueV/amu induced by the replacement BCI
copy is established as a precise method to investigate theby *’Cl in samples containing natural Cu. In contrast, LE1
photon-exciton  coupled states in  wide-band-gapdecreasedy 80 ueV/amu wherincreasingthe copper mass
semiconductord® Two-photon absorption(TPA) can be from ®3Cu to ®°Cu in samples that contain natural [Hig.
used to determine the energies of the lowest longitudisal 1 3(a)]. In Fig. 4 we show results on TP2 obtained from the
exciton(LE1) around 3208 meV(see Fig. 2and the middle same samples using SHG. Again foncreasing chlorine
transverse polariton brandfiP2 around 3216.5 meV. LE1 mass the gamcreasedy 323 peV/amu while itdecreases
is almost dispersionless and therefore best suited for the déy 86 weV/amu forincreasingcopper masses. In Fig. 5 we
termination of isotope effects. In our case the TPA from LE1show the linear luminescence for natural CuCl and’Cl A
was detected by monitoring the intensity of the,” emis-  He-emission line(pl.) was used to calibrate the spectra.

B. Optical spectroscopy
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FIG. 4. Second-harmonic generation in the region of the trans- FIG. 6. Changes in the band gap of CuCl with isotopic compo-

) o > . sition measured for copper and chlorine substitution@rand (b)
\Z/elise polariton(TP2) in isotopically modified CuCl measured at the transverse polariton TP2 afw] and(d) the longitudinal exciton

LEL.

Three peaks can be identified as related to the TP2, TP1, al . _
I'5 (v, line in Ref. 21 excitons. Despite their considerable '?_‘?51 and TP2-36418), we obfain JEq/iMc,=—76(5)

widths and/or ill-defined line shapes, we can extract averagé‘e\;/art?u anaEO/(?'r\]/l 9'_364(18%”¢V/§mli' foCr tg? chgnlge
changes in the band gap, i.e., mcreaseof 40050 ueV/ In the band gap with isotope substitution in CuCl at '
amu forincreasingchlorine mass. Note, however, that the

shifts with Cu substitution are too small to be reliably mea- V. DISCUSSION

sured with this technique. Nevertheless, they have been The mean-square amplitude of a phonon at one of the

clearly observed using nonlinear spectroscopy. o G ;
. . atoms participating in the vibration depends on its frequency,
_We have summarized the energies of LEl and TPZ Ob'Ehe atomic masses, its eigenvector, and the temperature. Iso-
tained from CuCl samples of various isotopic compositions

I .~ tope substitution as well as changes in the temperature result
in Fig. 6, where the error bars represent an average of mdg& P 9 P

; . n slightly different vibrational amplitudes and phonon fre-
.pende.nt measurements on sgmplgs of nom_lnally ?qu'vale%encies. This leads to changes in the band gap via the
isotopic composition. The straight lines are linear fits to the

) . lectron-phonon interaction.
data. Assuming that the mass dependence is the same f%r P

A. Mass and temperature dependence of the fundamental gap

pl. 1 A method to calculate the temperature dependence of
r TP1 semiconductor band gaps based on local empirical pseudo-
2 potentials and lattice-dynamical models was developed in a
series of article® and subsequently extended to a calculation
of the dependence on the isotope ntaSsHere we only
] summarize the main ideas and results. The dependence of the
TP2 band gap on the isotopic composition at constant temperature

comprises two contributiors?
- cu’’cl = . £
0 J J
(8M0> - (3’M0) +(<9|v|0) ’ @
| ®hT «/ gp K/ TE
Cucl i.e., a contribution of the electron-phonon interacti&®) at
209 5,204 5208 5208 constant volume and a second term that arises from changes

in the lattice constant. The latter takes anharmonic correc-
tions to the crystal volume at low temperatures into account,

FIG. 5. Linear luminescence spectra of thg paraexciton and Which depend on the isotope masses through the zero-point
transverse polaritons in CuCl at 2 K excited by the 3638408  vibrational amplitudes. It is labeled TE since its origin is
eV) Ar laser line; pl. denotes a He-plasma line. analogous to that of the thermal expansion of the lattice.

Energy [eV ]
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The correction to the band gap arising from the depenscribes the phonon dispersion and eigenvectors of CuCl quite
dence of the lattice constant on the isotope masses can kll, a satisfactory calculation of the CuCl band structure
written as within a local-empirical pseudopotential framework is not

available!® We note, however, that nonlocal empirical
(aEO) B 38((9E0) (aln ag
M, ap |\, M,

@) pseudopotential calculations of the CuCl band structure are
whereB is the bulk modulus, dEy/dp)\ the change of the

available® In the following we restrict ourselves to a sim-
plified model.
gap with pressure, and/ (In a;/dM,),, the relative change of
the lattice constara, when changing the mass of the atomic ] i o
speciesc. The pressure dependence of the CuCl LE1 energy The phonon dispersion of CuCl exhibits a gap between
at low temperatures dLE1/dp),,=7.65(10) meV/GPdsee the acoustic and the optic brancteDue to the relatively
Ref. 39, is an order of magnitude smaller than in GaAs, large mass difference between Cu and Cl, the acoustic-mode
ZnSe, or G€. Furthermore, the bulk modulus of CuCl €igenvectors are dominated by copper displacements while
at room temperaturd B=45.9 GPa(Refs. 14 and 1§ those of the optic modes mostly involve chlorine
is smaller than in GaAs §=76 GPa and ZnSe displ'acementg.There)‘ore, we approximate the lattice dy-
(B=65 GPa)® While the fractional change of the lattice Namics of CuCl, required for the gap renormalization, by two
constant with isotope substitution has not been directly megeffective harmonic oscillator¢Einstein models 91”9 oscil-
sured for CuCl, we estimate from the temperature deperf2or with an energy ofwc,=1 THz (33.3 cm~) repre-
dence of the lattice paramet®r (4 In ag/dMq),=—4 sents an average acoustic, purely Cu-like phonon and a sec-
X1075 1/amu and ¢ In 8y/dMgy)p=+5.4X 107 1/amu, ond oscillator with an energy abc=6 THz represents an
From these values we estimate a contribution-ef40 ueV/ ~ average optic, purely Cl-like phonon. This simplification is
amu for the substitution of°Cl by 3’Cl and~—6 ueV/amu supported by the decomposmqn of the phonon densny. of
for that of 53Cu by %°Cu as compared with the measured states of CuCl in Ref. 41 obtained from neutron scattering
values 0fJEq/9IM o= +364(18) meViamu andiEq/dM g, experiments, Wh_ere the averages for the Qu and _CI contribu-
= —76(5) weV/amu. Although this is only a rough estimate tions are approximately at those_ frequencies. Th|§ approach
of the isotope lattice expansion contribution, in view of its NS also been successfully applied to the gap shifts induced
small value compared to the measured gap renormalizatiopy temperature as well as by changes in the isotope masses
we feel justified in neglecting it. We note that in the case ofil Wurtzite CdS, a semiconductor in which both the elec-
GaAs and ZnSe the lattice expansion accounts for at most £onic structure and the lattice dynamics are difficult to de-
third of the total gap renormalizatich. scnpe in simple term& With this approximation the sum-
Hence we retain the renormalization of the band gap thaf'ation over all phonon states required to calculate the

stems from the electron-phonon interaction only. In prin-coefficientsdE(k)/dn; 5 coalesces into two contributions.
ciple, it can be calculated as follovi$ The electron energy Lacking a detailed description of the electron bamdse-
E,(k) of a bandn is given by the unrenormalized energy quired to calculat@E(k)/dn; 5 (compare Ref. § we resort
6n(|2) and a perturbation, i.e., to approximating these coefficients by effective electron-

phonon interaction parametefs,, andAg. As a result we

find for the total mass and temperature dependence of the
(3)  fundamental gap

p

B. Two-oscillator model

1
n g+

. . IE (K
En(k)ZGn(k)-i-Z (T()) at o)

la ia
The perturbation is the summation over coefficients Eo(T,M)=Eq+ AKA“ (n(wCu,T)Jr;
JE,(K)/dn; g, which are weighted by the respective Bose- @cuVlcu
Einstein occupation number of the phondgng). These co-
efficients are the sum of two contributions: a Debye-Waller +
term and the real part of the self-energy. The former term
arises from the simultaneous interaction of an electron wittwhereE,, Ac,, andA can be determined, e.g., from a fit
two phonons from the branghhaving the same wave vector to the experimentally determined temperature dependence of
q (second-order electron-phonon interaction taken in firstthe gap. Taking into account the proportionality @,
order perturbation theoyywhile the latter term describes the ~ (M)~ 2 we find the gap shifts due to the isotope sub-
electron-one-phonon interaction taken to second-order pestitution of either Cu or Cl at zero temperature to be
turbation theory. The unrenormalized direct band gap is
given byEy= e,(0) — €,(0). The total change of the gap as a JE(T=0M) 1  Acyci
function of the isotopic composition as well as its depen- Mceya
dence on the temperature is thus the combination of the re-
spective renormalizations of the valence and the conduction |, Fig. 7 we reproduce the experimental data for the tem-

bands, i.e.Eo(T,M)=E(0)—E,(0). In principle, the coef-  perature dependence of i exciton energy in the range
ficients <9En(IZ)/anJ-j| can be calculated, provided a good betweenT=0 and 350 K from Refs. 21-23. The fit of Eq.
pseudopotential description of the electron bands and a godd) to these data is shown as the solid line. We obtain an
lattice-dynamical model are availabfe.While there is unrenormalized gap enerdg,=3236 meV, which is indi-

evidencé that the 14-parameter shell model of Ref. 41 de-cated by the solid horizontal line. It is instructive to examine
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1
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A L D (see Fig. ® and fitting the measured temperature dependence
3340 N J/ 7] (see Fig. 7 with Eq. (4) allows us to determine the frequen-

C 7/ ] cies of the two oscillators. We find values dEg
3320 |- /s - =3221.2 meV, wc,=1.05 THz, andwc=4.0 THz. Al-

[ 7 acoustic 1 though the frequency of the chlorinelike oscillator is only
3300 [ // ] two-thirds of our original assumption, overall we conclude

[ Y ] that the two-oscillator model gives a consistent description
3080 [ / b of the distinctive changes in the CuCl band gap with isotope

- / . substitution and its exceptional temperature dependence.

[ /s ] Note that the importance of the copperlike vibrations for
3260 n 7 the anomalous gap shifts of CuCl can be understood in a

local empirical pseudopotential approdéhwhen shifting
remoted-like (coppej plane waves to a lower energy, so that
they are close to the chlorine atompclevels, and allowing

3240

Energy [ meV ]

3220 ® Ref. [22] . for p-d mixing, it has been found that the resulting level
o Ref. [21] ] splitting in the valence banttompare Fig. Lis to a large
3200 o Ref. [23] 3 extent determined by a Cu atomic pseudopotential. Introduc-
- ] ing a Debye-Waller factor to “weaken” this pseudopotential
3180 ~. h with increasing temperature results in a decreasing hybrid-
~o optic - ization energy. This lowers the top of the valence band and
~ ] therefore the band gap increases with increasing temperature.
3160 N -] For Cl substitution, however, the-d mixing is almost unaf-
N fected. Along these lines gap shifts ef85 ueV/amu for
3140 L L )y increasing Cu masses ar®70 ueV/amu for an increase in
0 100 200 300 the chlorine mass have been predicte@his is in qualita-

Temperature [ K ] tive agreement with the experiment.

FIG. 7. Temperature dependence of the energy oZthexciton
of CuCl. The solid line is the fit of a two-oscillator model, the
dashed and the dash-dotted line show the individual contributions As another application of the two-oscillator model we
of the acoustic-frequendiCu) and optic-frequencyCl) oscillators.  have taken the temperature dependence ofztheand Z,

excitons in CuBr from Ref. 44 and analyzed these data in the
the gap renormalization induced by the zero-point motionmanner outlined above. While the structure of the valence
within the two-oscillator model: While the optic, chlorinelike band usually found in zinc-blende materials is also found in
vibrationreduceshe gap by 38.8 meV the acoustic, copper-CuBr, i.e., the highest valence band is fourfold degenerate
like vibration increasesthe gap by 8.7 meV. Taking the (I's) and the spin-orbit split-off twofold degenerate band
temperature dependence into account we find that the lowd';) is lower in energy, its band gap behaves unusually in
frequency acoustic, copperlike vibrations are appreciablghat it increases with increasing temperature also. Using two
populated already at low temperatures and raise the band gagcillators with fixed frequenciesoc,=1 THz and wg,
(dashed line in Fig. ) For the high-frequency optic, chlo- =4.5 THz for the acoustic, copperlike oscillators and the
rinelike vibrations we find that its negative contribution is optic, brominelike oscillators, respectivéfywe have fitted
almost constant up to about 70 K. Above 70 K the chlorine-Eq. (4) to the temperature dependences of the exciton
like modes become substantially populated and their occupanergies. The results are shown in Fig. 8. From these fits
tion results in an increasingly negative contribution. Takenand Eq.(5) we obtaindEy/dM = —38(4) peV/amu and
together, this causes the band gap to increase strongly bela%it, /Mg, = +78(8) ueV/amu for the mass dependence of
70 K (with increasing temperatureand to continue to in- the Z, , exciton energy an@dEq/JdM¢c,=—29(3) ueV/amu
crease, albeit with a significantly reduced slope, above 70 KanddEy/dMg,= +45(5) neV/amu for the mass dependence
The kink in the temperature dependence is clearly visible irof the Z; exciton energy, where the errors reflect the variance
Fig. 7. corresponding to the fit. While the effect of Cu substitution is

From the fit of Eqg.(5) to the data in Fig. 7 we find about the same as in CuCl, the gap change due to Br replace-
JEq/IM = —69(7) neViamu anddEqy/dM = +546(55) ment is reduced by an order of magnitude as compared to
peViamu for the mass dependence of the fundamental gap @uCl. This is most likely due to the relatively small effect of
zero temperatur® This is in reasonable agreement with our changing the much larger Br mass by 1 amu. However, these
experimental data of 76(5) ueV/amu and+ 364(18) ueV/  values are only rough estimates since at low temperatures,
amu for copper and chlorine substitution, respectively, and.e., in the important range that determines the copperlike
with the predictions of Ref. 11. Note that the coefficientsoscillator, only a limited number of experimental data points
determined by means of isotope substitution are much morare available. Furthermore, the distinction between an acous-
precise than those inferred from the temperature dependendé, copperlike and an optic, brominelike mode is question-

We can also explore a different approach: Taking theable since copper and bromine have rather similar masses.
measured zero-temperature mass dependence of the band dégvertheless, these fits support, at least qualtitatively, the

C. Isotope effects in CuBr
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spondingly, increases with increasing temperature, the actual
sign of the effect cannot be predicted easily. This sign arises
from a delicate superposition of different contributions from
the valence and conduction bands, which reflect the underly-
ing lattice dynamics, the electronic structure, and the
electron-phonon interactiott® For diamond-structure and
(mosd zinc-blende semiconductors one finds a continuous
net gap decrease with increasing temperature together with
the corresponding mass effei,/dM ,=0. CuCl and CuBr
are very interesting materials since they provide an exception
to this rule. Our study of the copper halides exposes the
intricate, microscopic effects that contribute to the gap renor-
malization. The different contributions of acoustic and optic
vibrations are revealed and, from the analysis of the isotope
effect on the band gap, it becomes evident that its total renor-
malization encompasses a superposition of the individual
contributions from the valence and conduction band. Studies
of the electronic structure of the copper halides are compli-
cated by the fact that their upper valence bands are mixed
halide p states and coppet states. This is responsible for
the unusual increase of the band gap with increasing tem-
perature. Furthermore, these compounds exhibit an unusual
negative mass coefficienWky/dM,<0) when changing
the copper mass, while the regular positive mass coefficient
is recovered for halide substitutioWEy/dMy=0 for
X=Cl,Br.

The effects of temperature and mass are related via the
mean-square phonon amplitude. We have fitted the tempera-
ture dependence of the direct gap of CuCl and CuBr with a

from Ref. 44.

dence of the band gap for the isotope substitution. These
estimates are in very good agreement with our experimental

notion thatp-d mixing has a strong influence on the elec- 4.1 for cuCl where we have fountEn/dM = —76(5)
tronic structure of CuBr and needs to be taken into aCCOU”}LeV/amu andl?EO/&MQ: +364(18) ,uegllamﬁufor the re-

in its calculation.

VI. SUMMARY AND CONCLUSIONS

Isotope substitution is an excellent means to change th
energies of vibrational excitations of a crystal. Therefore, it
can be employed to study the band-gap renormalization that

spective isotope mass changes. We believe that our analysis
provides a basis for crucial tests of first-principles calcula-
tions of the band structure and the electron-phonon interac-
gon in the copper halides.
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