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Résumé. — Le spectre de réflexion de CuBr est mesuré sur des cristaux clivés dans une grande plage spectrale
et a différentes températures comprises entre 6 et 300 K. La séparation spin-orbite (SO), la largeur de la raie
excitonique Z, , ainsi que la variation du gap fondamental E , sont étudiées en fonction de la température. La sépa-
ration (SO) est indépendante de la température, la demi-largeur de Z, , croit linéairement avec 72, tandis que E,
a un coefficient de température positif.

Abstract. — The reflection spectrum of CuBr has been measured on cleaved crystals, in a wide spectral range
at various temperatures between 6 and 300 K. The spin-orbit splitting (SO), the half-width of the Z,, exciton
line and the fundamental energy gap E, are studied as a function of temperature. The (SO) separation is found
to be independent of the temperature ; the half-width of Z,, increases linearly with 72 whereas E, has a positive

temperature coefficient.

The physical properties of the cuprous halides
differ from those of other isoelectronic zinc blende
compounds. This is due to the contribution of the
3dCu™ orbitals in the valence band (VB). If a repre-
sents the percentage of the npX~™ orbitals at the
maximum of the (VB), the spin-orbit splitting Ago
can be expressed as :

dso = %[“Anpr -1 -9 A3dCu+] 1

where A4, x- and Aj4c,+ are the atomic spin-orbit
splittings [1]. From experimental values of A,
this relation indicates that the contribution of p
like wave functions to the (VB) increases from CuCl
to Cul.

On the other hand, for a given crystal, we can
also expect that the overlap of the p and d wave
functions changes as the interatomic distance is
varied through changes in temperature.

In CuCl, the splitting of the Z,, and Z; excitons,
originating respectively from I's and I'; of the spin-
orbit split valence band maximum has been found
to be temperature independent by Kaifu et al. [2].
In the present work, we study the temperature depen-
dence, in CuBr, of :

(*) Associé au C.N.R.S. n° 232.

(i) the splitting of the Z,, and Z; exciton lines,

(ii) the half-width of the Z,, line,

and (iii) the temperature coefficient of the energy
gap.

In this study, we measure the excitonic reflection
spectrum of CuBr between 6 K and 300 K. The
Kramers-Kronig (K.K.) inversion of these curves
gives the spectral position and the shape of the Z,,
exciton line. We first consider if the spin-orbit splitting
is modulated by thermal expansion or dynamic
hybridization. Second, the temperature dependence
of E, is presented and compared with the recent
theoretical calculation of the Debye-Waller factor [3].

1. Experimental. — The reflection spectra were
measured on (110) cleaved faces of single crystals.
The samples are cooled by immersion in gaseous
helium. Variations in temperature are obtained by
heating the helium gas and by controlling the helium
gas flow. The temperature can be stabilized to within
1 K for T < 150 K, and to within 2 K for T > 150 K.
The experimental points are digitized, and the reflec-
tion coefficient and the K.K. integral are calculated
by a minicomputer. At all temperatures, the reflection
coefficient is normalized to a theoretical value deter-
mined by the Fresnel relation at 5460 A (2.27 eV)
for which the refractive index is measured on a CuBr
prism at room temperature.
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We assume that the absorption coefficient is

cm™t
. s . . eV
negligible at this wavelength, and that the refractive 254001
index does not change with temperature.
. -3.14
2. Results and discussion. — The reflection spectra 25300
(Fig. 1) have been measured in the spectral range
from 2 eV to 6.5 V. For clarity, we present the spectra 38
measured in the excitonic range at four different 25200
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Fig. 1. — Reflection spectra of CuBr at four different tempera-
tures. The spectra have been measured between 2 and 6.5 eV. For
clarity, only a limited spectral range is shown.

temperatures. The corresponding absorption curves,
obtained by Kramers-Krénig analysis, are shown
in figure 2 for the same temperatures. The position
of the maxima of the absorption coefficient (K__ )

k

0

Fig. 2. — Absorption spectra of CuBr at different temperatures
calculated by the Kramers-Kroénig relation.

for Z,, and Z, are plotted in figure 3, as a function
of temperature. The variation of the K, position
with temperature can be approximated for both
Z,, and Z; with parabolic curves obtained by a
least squares fit (neglecting the 6 K data point).

The half-width of the Z,, exciton line is plotted
in figure 4 versus T2. This plot is limited to tempe-
ratures below 230 K. At higher temperatures the
determination of the width is uncertain, because of
the difficulty in choosing K,,,, and the uncertainty

Fig. 3. — The position of the Z,, and Z, excitonic lines as a
function of temperature. The plus signs are the peak positions
(K_,) derived from the experimental data through the Kramers-

Kronig inversion. The full lines are parabolic curves obtained by
a least squares fit.
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Fig. 4. — The half-width of the Z,, line plotted versus T*.

concerning the absorption continuum background.
We consider only the Z,, line, because Z; is super-
posed on higher order exciton or satellite lines [4],
and its half-width varies in a more complicated way.

2.1 SPLITTING OF THE EXCITON LINES Z,, AND Z,
WITH LATTICE EXPANSION. — As can be seen in figure 3,
the Z,,, Z, splitting remains practically constant
with temperature. The increase of about 0.8 meV
in the splitting, derived from the fitted-curves, when
the temperature decreases from 300 to 25 K, is within
our experimental error estimated to be on average
about 4 meV, considering each experimental point
separately. This means that the change in the mixing
ratio of p and d orbitals is negligible as the interatomic
distance decreases with thermal contraction.

This result can be checked, qualitatively, by
comparing it with the effect of hydrostatic pressure.
When the temperature is lowered from 300 to 25 K,
the decrease in volume of the unit cell characterized
by dV/V is about 7.4 x 1072 from the fractional
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decrease of the lattice parameter, givenas 2.46 x 1073,
in reference [5]. Using the known compressibility,
we can estimate the pressure, necessary to cause such
a decrease in lattice parameter at constant tempera-
ture. The bulk modulus is on average about 4 x 10° bar
[6], which leads to a pressure of about 2900 bar.
The experimental results reported in [7] show that
this pressure will induce an increase in the Z,,, Z,
splitting of about 1.4 meV. This variation is in agree-
ment with what we observe. According to equation (1)
the corresponding change in the p wave function
contribution, Aa/a, is less than 5 x 1073,

2.2 HALF-WIDTH OF Z,, AND THE DYNAMIC HYBRI-
DIZATION EFFECT. — The interatomic distance is also
modulated by thermal vibration.

The relative fall of such a modulation when the
temperature is decreased from 300 K to 5 K may
be estimated to be roughly about 4 x 1072 from the
variation in the root mean square displacement of
the Cu* ions from 0.161 A to 0.055 A and the Br~
ions from 0.189 A to 0.061 A [8].

This relative decrease is much more important
than that induced by lattice contraction. In the pre-
ceding discussion, we compared the effect of a decrease
in temperature at constant pressure to that of an
increase in hydrostatic pressure at constant tempe-
rature. In the two experiments the lattice contraction
is the same, but in the former, there is superimposed
the decrease of the lattice vibration amplitude. The
fact that the (SO) splitting remains practically cons-
tant is a preliminary indication, that dynamic hybri-
dization does not occur.

Such an hybridization should also give rise to
an anomalous broadening of the exciton lines, as is
believed to explain the temperature dependence of
electron density curves in photoemission experi-
ments [9].

Figure 4 shows that, between 25 K and 230 K,
the experimental half-width of Z,, varies linearly
with T2, according to Toyozawa’s theory for phonon-
exciton interactions [10].

Thus our observations show that there is no reason
to consider that dynamic hybridization plays a role
in the optical spectra of CuBr.

We conclude that for k£ = 0, the mixing ratio
of p and d functions, is affected neither by thermal
expansion, nor by thermal vibrations. Hence the
anomalous temperature dependence of the energy
band gap requires a different explanation.

2.3 TEMPERATURE DEPENDENCE OF THE ENERGY
BAND GAP. — The temperature dependence of an
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energy level E, at constant pressure is given as fol-
lows [11] :

OE, + OE,

72/, T \77),
where :

(512 ai ) (
P 0T/,
1

o\ . . .
(3—5 ﬁ),, is the thermal expansion coefficient,

OE,
oT

JOF
3Q|—== is the deformation potential,
0 ),

OE,\ . . .
57) 8 the electron-phonon interaction term.
v

Usually, the effect of the electron-phonon inter-
action is more important than that due to the thermal
expansion [12]. The electron-phonon interaction gives
rise to the self-energy term and to the Debye-Waller
factor [13]. The self-energy term contains intraband
and interband contributions. The intraband contri-
bution always gives rise to a negative temperature
coefficient of the forbidden energy gap, while the
interband contribution gives a positive temperature
coefficient [14]. On the other hand, the Debye-Waller
effect may give a positive or a negative temperature
coefficient depending upon the relative changes in
the positions of the minima of the conduction band
(E,) and the maxima of the valence band (E).

Recently, the Debye-Waller effects on (£, and
(E,) of CuCl and CuBr have been studied theoreti-
cally. This calculation gives 0E, /0T ~ 3.3 x 1073
and 2.8 x 1073 eV/K for CuCl and CuBr respec-
tively. Though these positive slopes are in agreement
with experimental measurements, they are unfor-
tunately ten times larger than the measured values.
Kaifu et al. [2] found 0E,/0T ~ 2 x 10~* eV/K for
CuCl and we find OE, /0T is ~ 1 x 107™* eV/K for
CuBr (Fig. 3). The disagreement between the experi-
mental and calculated values is not surprizing. In a
general review Allen and Heine have shown that there
is a possibility of cancellation of different terms in the
electron-phonon interaction [15]. To understand the
phenomenon correctly, one needs to calculate all
the different contributions. It is quite possible that
the self-energy contribution is as important as the
Debye-Waller effect, but is of opposite sign.
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