
PHYSICAL REVIEW B VOLUME 49, NUMBER 16 15 APRIL 1994-II

Two-photon absorption in CuC1 and CuBr under hydrostatic pressure
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Two-photon absorption is used to measure the shift of the longitudinal Z3 and Zi, 2 excitons and
the 2P exciton in CuCl under hydrostatic pressure. Hydrostatic deformation potentials for excitons
and band states are determined with high accuracy. In CuBr the shift of the longitudinal Zi, 2

exciton is measured, showing a pronounced superlinear pressure dependence. In the high-pressure
phase (above 4 GPa) the pressure dependence of luminescence is observed up to 9 GPa in both
coxIlp ounds.

I. INTRODUCTION

Optical experiments in the pressure range above 1 Gpa
are usually performed with a diamond anvil cell. Be-
cause of the small sample sizes required in these cells,
most experiments employ linear optical methods (e.g. ,
absorption, reHection, luminescence) for the determina-
tion of the pressure dependence of electronic states. We
introduce here two-photon absorption (TPA) under hy-
drostatic pressure for the measurement of excitons in
CuCl and CuBr.

In two-photon absorption2 4 the transition &om the
initial state to the Gnal state occurs with the simulta-
neous absorption of two photons. The energy for this
transition is thus equal to the sum of both photon ener-
gies. In systems with inversion symmetry one- and two-
photon transitions are mutually exclusive; one-photon
transitions are allowed between states with different par-
ity and two-photon transitions between states with the
same parity. In systems without inversion symmetry
there may exist transitions which are both one- and two-
photon allowed. This is the case for CuCl and CuBr,
which crystallize at ambient pressure in the zinc-blende
structure (point group Td). Here all one-photon tran-
sitions are also two-photon allowed, but there exist ad-
ditional two-photon transitions which are forbidden in
one-photon absorption. Longitudinal excitons, e.g. , are
only accessible by two-photon transitions.

The copper halides, especially CuC1, are prototype ma-
terials for nonlinear optical experiments. Recently they
have found renewed interest because of the possibility of
producing microcrystals. The electronic band structure
of copper halides is characterized by a strong p-d hy-
bridization. The uppermost valence band (I's symmetry,
following the notation of Ref. 7) is composed of atomic
Cu d and Cl, Br p states:

lence band is predominantly d-like in all copper halides,
and the d-like character increases in the sequence CuI,
CuBr, CuC1.

Spin-orbit interaction splits the I's valence band (band
gap Eo) into a fourfold (I's symmetry, orbital momentum

j = z, band gap Es) and a twofold (I'r symmetry, j = z,
band gap Er) band. Because of their different degenera-
cies the band gaps Es and Ep are given by

1Zs =Zo
Ey ——Eo+ 3A, .

(2a)

(2b)

The spin-orbit splitting 6, can be calculated &om the
atomic spin-orbit splittings Ag and 6~,8'

b„, =a b,„+p 6g.

TABLE I. p-like contribution to the valence band n and
spin-orbit splitting 4, for copper halides at ambient pressure
(data taken from Ref. 25).

In almost all zinc-blende semiconductors, e.g. , in CuBr,
is positive, i.e., the I's valence band has the highest

energy. Since A~ and Ag have opposite sign (6„)0,
b,d ( 0), we find in the copper halides with their strong
d-like contributions a partial compensation of the spin-
orbit splitting. In the case of CuC1 this even leads to a
negative 4, . Therefore in CuCl the uppermost valence
band is twofold with I'r symmetry.

The band states are not directly accessible to exper-
iments. The reasons for this are (i) the Coulomb in-
teraction between electron and hole, which leads to the
formation of excitons, and (ii) the interaction of the po-
larization of these dipole-allowed excitons with the inter-
nal electric field, resulting in longitudinal excitons and
transverse polaritons.

vB) = ~lp)+Pld)

where a denotes the contribution of p-like and P the con-
tribution of d-like atomic orbitals. The parameters o. and
P are subject to the normalization condition cr2+P2 = 1.
Values for a are given in Table I. The uppermost va-

CuCl
CuBr
CuI

0.24
0.36
0.50

+80
(mev)

—81
+150
+640
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The spin-orbit-split I'8 and I'7 valence bands give rise
to two exciton series, the so-called Zq 2 and Z3 excitons.
Linear optical experiments can only probe transverse po-
laritons. These show a very pronounced dependence of
energy on wave vector, which makes the analysis diK-
cult. Absorption measurements have also another dis-
advantage, namely the very high absorption in the exci-
ton resonances. Thus, one has to use either thin films
(thickness 100 nm), which lead in high-pressure exper-
iments to very nonhydrostatic pressure conditions, ' or
one can with bulk samples measure only the low-energy
tail of the exciton absorption. In contrast to linear
optical experiments, TPA allows the selective excitation
of longitudinal excitons whose energies are wave vector
independent. With TPA it is also possible to excite 2P
excitons, thus allowing the determination of the pressure
dependence of the exciton binding energy. Because of
these advantages we use TPA for the study of exciton
states in CuCl and CuBr under pressure.

The observation of excitonic spectra in the zinc-blende
phase is limited by a pressure-induced phase transition
into a tetragonal structure, which occurs both in CuCl
and in CuBr at about 4 GPa. In this phase we could
measure the pressure dependence of the luminescence up
to a pressure of 9 GPa.

II. EXPERIMENT

The classical methods's xs for the measurement of TPA
is to detect a change in the intensity of the transmit-
ted light of the first beam during the presence of the
second (high-intensity) beaxn. This method is, however,
not sensitive enough to detect TPA in our thin (about
30 pm thick) samples. In contrast, samples in the afore-
mentioned experiments were several millimeters thick.
Therefore in our case TPA is detected by monitoring
the Bee-exciton luminescence &om the lower polariton
branch 7 as a function of two-photon energy, which is
equal to the sum of the two photon energies. Since we

use two photons from the same laser, the two-photon en-

ergy is equal to twice the laser photon energy.
The experimental setup for these measurements con-

sists of an exciting laser, a cryostat with the sample in-

side a diamond anvil cell for pressure generation, and the
detection system. Since nonresonant (the photon ener-

gies are far from resonances, as in our experiments) two-

photon absorption in these compounds is a very weak
effect, high excitation intensities of about 10 MW/cm2
must be used. They are generated by a Nd:YAG-laser-
pumped tunable dye laser (where YAG is yttriuxn alu-
minum garnet) with a pulse width of 5 ns and a repetition
rate of 10 Hz.

The samples were undoped single crystals, cleaved to
dimensions of about 100xlOOx30 p,m . For the high-
pressure experiments they are placed into a gasketed di-
amond anvil cell ' together with ruby powder for pres-
sure determination. ' To ensure the best possible hy-
drostatic conditions at low temperatures helium is used
as pressure medium. For loading, the cell is immersed
into superfluid helium. For our measurements, the cell

III. RESULTS AND DISCUSSION

A. Zinc-blende phase

f. CuCl

In CuC1 we have determined the pressure dependences
of the longitudinal Zs and Zi z excitons (the 1S exci-
tons) and of the 2P exciton of the Zs exciton series in
the stability range of the zinc-blende phase (0—4 GPa).
Figure 1 shows spectra of the Z3 exciton at diferent pres-
sures I'. One finds a blueshift of the exciton with pres-
sure. Additionally, a broadening of the exciton line is
observed. This broadening is probably due to residual
uniaxial stress. Prom measurements by Frohlich et al.
we can estimate this uniaxial stress to be less than 1%% of
the hydrostatic pressure. A plot of the energies of the Z3
exciton versus pressure is given in Fig. 2 together with
the energies of Zq 2 and 2P excitons. For all resonances
in CuCl a linear shift to higher energies with pressure is
observed; Table II lists the measured energies and pres-

C4
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C0
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C4

I
I

CuC1 Z'3 exciton
zinc-blende phase P

T = 6 K P = 1.71 GPa
P = 0.89 GPa

P =0GPa

I

3.21 3.22

Energy (eV)

t

3.23 3.24

FIG. 1. Two-photon-absorption spectra of the longitudinal
Z3 exciton in CuCl for different pressures at a temperature of
6 K. The energy here and in Figs. 2 and 3 is twice the photon
energy of the exciting laser.

is placed in a flow cryostat and cooled down to a tem-
perature T of 6 K. In order to minimize uniaxial stress,
which would result in a splitting and/or broadening of
the exciton lines, pressure changes are always made at
room temperature.

The detection systexn consists of an f/1 8c.ollection
optics, a 1-m-focal-length spectrometer and a GaAs pho-
tomultiplier. The wavelength of the spectrometer is held
fixed at the (pressure-dependent) free-exciton lumines-
cence, which is determined for every pressure by mea-
suring the luminescence spectrum with above-band-gap
excitation. The output signal from the photomultiplier is
fed into a gated integrator and sent via an analog-digital
converter to a personal computer, which also controls the
scanning of the dye laser.
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E(P = 0)
(eV)

dE/dP
(meV/GPa)

CUC1

d E/dP
(meV/GPa )

TABLE II. Zero-pressure values and linear and quadra-
tic (only for CuBr) pressure coefficients of exciton ener-

gies and band parameters in CuCl and CuBr determined by
two-photon absorption at a temperature of 6 K.

smaller than the pressure coefficient for the Z3 exciton,
the exciton binding energy also decreases with pressure.
For a quantitative analysis of the pressure dependence of
the exciton binding energy one has to take into account
the fact that the exciton series is not hydrogenlike be-
cause of strong screening effects. In CuCl the Zs (1S)
exciton energy is not

Z3
~1,2
2P
R

Es

+80

Z1$2

3.2076+0.0003
3.289 +0.001
3.370 +0.001
Q.139 +0.001
3.405 +0.001
3.486 +0.002
3.459 +0.002

—0.081 +0.002

2.9774+0.0002

7.65 +0.1
6.3 +0.5
4.7 +0.2

—2.5 +0.2
4.1 +0.2
2.8 +0.6
3.2 +0.4
1.3 +0.5

CuBr
3.74 +0.04 0.53+0.04

Ez —E~

but instead

Ez. = Ev —1-4», (6)

where R is the exciton Rydberg energy, which is deter-
mined &om the energies of 2S and 3S excitons. Equa-
tion (6) allows one to calculate the exciton Rydberg en-

ergy R and the band gaps E7, E8, and Eo &om the mea-
sured exciton energies:

sure coefBcients.
The Zi 2 exciton has a smaller pressure coefFicient than

the Z3 exciton. With the assumption of equal exciton
binding energies the spin-orbit splitting (see Table II) is
just the energy diHerence between Zq 2 and Z3 excitons:

1
R = (E2~ —Eg, ),

Ev ——Ez, + 1.42R

E8 ——Ez, , + 1.42R,

Eo ——3'+ 3ES.

(Ya)

(7b)

(7c)

(7d)
a..= Ez, -Ez, , (4)

Thus, the absolute value of the (negative) spin-orbit split-
ting decreases with pressure.

Since the pressure coefficient for the 2P exciton is

The results are given in Table II.
For a comparison with theoretical investigations it is

convenient to transform from a pressure to a volume (V)
dependence, ' ~ which gives the hydrostatic deformation
potentials a. In first order the pressure-volume relation-
ship is given by the bulk modulus 8:

3.39— CuC1
dPB= —V

3.38
This leads to the following expression for the exciton de-
formation potential az,

3.37
dEz. dEz.

s dV
(9)

3.31

3.30
O

3.29

The expressions for the deformation potentials azy
and a2~ are analogous. Values calculated with a bulk
modulus2s'2s of B = 45.9 GPa are given in Table III.

More important than the exciton deformation poten-
tials given above are the deformation potentials ai and
a2, which describe the volume dependence of the band
structure. They are defined by

3.23

dEO

VdA,
a2 ————

3 dV

(10a)

(10b)

3.22

3.21

Pressure (OPa)

I

3

FIG. 2. Energies of longitudinal Z3 and Z&,z excitons and
of the 2P exciton in CuCl as function of pressure.

Table III shows our results for aq and a2 together with
the results of other authors. Compared to the measure-
ments of Blacha et al. and Anthony et al. we find a
much smaller deformation potential a~, in spite of similar
values for the exciton deformation potentials. The rea-
son for this is that these authors neglected the pressure
dependence of the exciton binding energy. Our measure-
ments show, however, that the pressure dependences of
the band gap and of the exciton binding energy are of
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TABLE III. Deformation potentials (in eV) for CuCI and
CuBr in the zinc-blende phase.

Reference

Hence it follows that

do,'

=(6+2) x IO GPa '.
CuCl

—0.351+0.005
—0.445+0.05
—0.4
—1.00 +0.09
—0.31 +0.02

—0.29 +0.02
—0.355+0.05
—0.4

—0.22 +0.01

This work
11b
31'
13'
11'

This work
11b
31'

This work

Thus, the p-like contribution increases &om o. = 0.24
at zero pressure to a = 0.264 at 4 GPa. Although this
change in p-d mixing is quite small, it is nevertheless
important, because it partly compensates the pressure-
induced increase of Cu-8 —halogen-p interaction, thus
leading to a small deformation potential a~. This result is
supported by tight-binding band structure calculations, 2"

which take into account the p-d admixture in a straight-
forward way.

—0.15 +0.02
—0.39 +0.04
—0.4

0.021+0.008
0.03 +0.02
0.037+0.01

CuBr
—0.170+0.002
—0.30 +0.05
—0.2 +0.2
—0.39 +0.04
—0.18 +0.03
—0.26 +0.08

Two-photon absorption, T = 6 K.
Absorption, thin films, T = 100 K.

'Absorption, thin films, T = 90 K.
Absorption, bulk samples, T = 300 K.

'Luminescence, T = 100 K.
Absorption, thin films, T = 200 K.
Re6ection under uniaxial stress, T = 1.8 K.

This work
11"
31'

This work
11
gf

This work
11b
31'
14
11'
36~

2. CuBv

In CuBr we have measured the Z» 2 exciton in the zinc-
blende phase &om 0 to 4 GPa. The observation of the
Zs exciton was not possible because ttus resonance is de-
generate with continuum states of the Z~ 2 exciton series.
Therefore it is not possible for us to determine in CuBr
the pressure dependences of the spin-orbit splitting and
of the p-d hybridization.

In contrast to the case of CuC1, the Zq 2 exciton in
CuBr shows a superlinear shift with pressure (see Fig. 3).
The results of a quadratic fit are listed in Table II, and
the exciton deformation potential az, , is given in Ta-
ble III. For the calculation of az, , we have used a bulk
modulus ' B = 45.5 GPa. The quadratic pressure de-
pendence may be due to k-linear terms, '3 which would
result in a mixing of Zq 2 and Z3 excitons. Since this

3.000

similar size.
Because of the strong p-d hybridization the deforma-

tion potentials of CuC1 are very small compared to other
I-VII compounds. As an example, the hydrostatic defor-
mation potential 2 aq of KI, which has a pure p-like va-

lence band, is aq ———2.2 eV, compared to a~ ———0.15 eV
in CuCl.

Prom the pressure-induced change of spin-orbit split-
ting we are able to estimate the change of p-d hybridiza-
tion with pressure by using Eq. (3). We take from
literature the parameters

2.995

2.990

2.985

= 0.24 (at zero pressure), 2.980

A„= 0.095 eV,

Ag ———0.137 eV.

The derivative of Eq. (3) with respect to pressure yields
with a +P = I:

297S '

0

Pressure (GPa)

dA, do. 2

(I2)
FIG. 3. Energy of the longitudinal Z&,2 exciton in CuBr as

function of pressure.
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mixing is due to oK-diagonal terms in the Hamiltonian,
a linear change with pressure of matrix elements leads to
a quadratic pressure shift for the energies.

B. Tetragonal phase

Both CuCl and CuBr exhibit at about 4 GPa a
structural phase transition &om the cubic zinc-blende
structure to a tetragonal structure, probably the PbO
structure. At even higher pressures another phase
transition to the rocksalt structure takes place. We
did not observe this rocksalt phase for pressures up to
9 GPa in contrast to Ves et at. , who observed the rock-
salt phase for CuBr already at a pressure of 7.7 GPa. The
reason for this difference in transition pressure is proba-
bly the large amount of uniaxial stress in the experiment
of Ves et al. (they did not use any pressure medium),
which tends to decrease transition pressures.

We have measured luminescence spectra for both sub-
stances in the tetragonal phase in the pressure range 4—
9 GPa. For CuCl we have used two-photon excitation
by the second harmonic (wavelength 532 nm, photon en-
ergy 2.32 eV), for CuBr one-photon excitation by the
third harmonic of a Nd: YAG laser (wavelength 355 nm,
photon energy 3.49 eV). To find out whether the type
of excitation (one- or two-photon excitation) makes any
diHerence in the luminescence spectra, we have in CuCl
measured also some spectra with one-photon excitation.
We find that the spectra are independent of the type of
excitation.

Figure 4 shows two luminescence spectra for CuCl in
the tetragonal phase at diHerent pressures. We assign the
peak at the high-energy side of the luminescence spec-
trum to the band gap. The tail at the low-energy side
is due to defects, which are generated by the structural
phase transition. For CuCl the band gap shifts linearly
with pressure as shown in Fig. 5. The pressure coeK-
cient is listed in Table IV and compared with earlier ab-

TABLE IV. Pressure dependence of the band gap in the
tetragonal phases of CuCl and CuBr.

E(6 GPa)
(eV)

2.948 +0.003
2.97
2.9'

2.5242+0.0008

2.95b

2.49

dE/dP
(meV/GPa)
CuCl

14.7+0.3
14
21.0'

CuBr
QR

6.4+0.2
—17'

7.4

P ( 6.3 Qpa
P ) 6.3 Qpa

This work, luminescence, T = 6 K.
Ref. 11, absorption, thin 6lms, T = 100 K.

'Ref. 13, absorption, bulk samples, T = 300 K.
Ref. 14, absorption, bulk samples, T = 300 K.

3.00
I

'
I

2.99

sorption experiments. The pressure coefficient for CuC1
is in good agreement with absorption measurements on
thin films. The zero-pressure energy of the lumines-
cence is Stokes-shifted by about 50 meV compared to
the lowest absorption peak. Hence it is a reasonable as-
sumption to assign the observed luminescence to a direct
band gap. Absorption measurements on bulk samples at
room temperature, is which measure the low-energy tail
(Urbach tail) of the band gap, yield a larger pressure co-
efficient (21.0 vs 14.7 meV/GPa) than our measurements.

In contrast to CuC1 the luminescence peak of the high-
pressure phase of CuBr (see Fig. 6) does not show a
simple linear pressure dependence. Up to a pressure of

I I I I I I I I I I I I I I
I

I I I I
I

I I I I 2.98

2.97

2.96

2.95

2.94

I I I I I I I I I I I I I I I I I I I I

2.93

2.80 2.85 2.90 2.95 3.00 3.05

Energy (eV)

FIG. 4. Luminescence spectra of tetragonal CuCl for dif-
ferent pressures at a temperature of 6 K, using two-photon
excitation with a photon energy of 2.32 eV. The energy here
and in Figs. 5 and 6 is the photon energy of the emitted pho-
ton.

2.92
I I I I I I I I I

4 5 6 7 8 9 10
Pressure (GPa}

FIG. 6. Band gap (luminescence peak) of tetragonal CuCl
as function of pressure.
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2.545 I ~ i ~ I ~
I

2.535—

2.530—

2.540—
tetragonal ph

T =6K

volume.
If one compares our results for the band gap in the

tetragonal phase of CuBr above 6.3 GPa with results
of other authors, we find reasonable agreement with ab-
sorption measurements on bulk samples, but not with
absorption measurements on thin films. In thin films
the absorption line has a higher energy than the lumi-
nescence we observed (2.95 vs 2.5242 eV) and also the
pressure coefficient is completely different (even in sign).
A possible explanation for this difference is that CuBr in
this phase has an indirect gap at 2.52 eV and a direct
gap at 2.95 eV. Both bulk absorption and. luminescence
would then detect the indirect gap while thin-film ab-
sorption only shows the direct gap.

IV. CONCLUSION

520 I I I I I I I l I I I

4 5 6 7 8 9
Pressure (GPa)

FIG. 6. Band gap (luminescence peak) of tetragonal CuBr
as function of pressure.

6.3 GPa the energy stays constant at (2.5242+0.0008) eV.
At higher pressures the luminescence line shifts linearly;
the pressure coefBcient is listed in Table IV. This behav-
ior may be connected with pressure-induced changes in
the crystal structure. Either a second phase transition
may occur at 6.3 GPa or up to this pressure the internal
structural parameter (i.e. , the positions of the atoms in
the unit cell) changes and so compensates the band-gap
increase due to the pressure-induced decrease in crystal

We have used two-photon-absorption spectroscopy un-
der pressure to determine accurately exciton energies in
zinc-blende CuCl and CuBr. Using these data we can cal-
culate hydrostatic deformation potentials and the change
of p-d admixture in the valence band of CuCl. In CuCl,
we have also determined the pressure dependence of the
exciton binding energy. By comparison of our lumines-
cence data with absorption measurements we propose a
direct gap for the tetragonal phase of CuCl and an indi-
rect gap for the tetragonal phase of CuBr.
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