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Abstract. The temperature dependence of the far-infrared reflectivity spectrum of CuCl, CuBr and
CuCl;_,Bry,, in the zinc-blende structure, is reported over a wide temperature range (10-300 K).
The analysis of the experimental data proves the activity of two polar lattice modes in both CuCl and
CuBr: the expected lattice mode labelled y and an additional lattice mode labelled 8. The present
work displays, for the first time, the activity of three lattice modes in the far-infrared reflectivity
spectrum of CuCl;_,Br,, from room temperature down to liquid helium temperature. Side-bands
due to two-phonon processes are observed in the low-frequency range of the reflectivity spectrum
of both pure and mixed crystals. The phonon anomalies observed in both pure and mixed crystals
are discussed and explained in agreement with the off-centre model.

1. Introduction

Cuprous halides have received much attention because many physical properties of these
materials are of special interest. Cu halides exhibit an ionic conductive phase at high
temperature, but at a low enough temperature they crystallize in the zinc-blende structure
which is a non-conductive phase (y phase). In this phase, a variety of anomalies are known
to exist and they are especially pronounced in the phonon spectrum of both pure and mixed
cuprous halides, whose lattice dynamical properties have been extensively studied for many
years by infrared (IR) spectroscopy [1-6], Raman spectroscopy [7-24] and neutron scattering
[25-30], from room temperature down to liquid helium temperature.

The zinc-blende structure of cuprous halides (T2, F43m) contains two atoms in the
primitive cell, therefore group theory predicts the activity of only one triply degenerate
fundamental optical mode belonging to the I'js symmetry, which is Raman and IR active.
This mode, labelled y [10], is split into a transverse (TO) and longitudinal (LO) mode in the
Raman spectrum. Early Raman measurements on CuCl indicated only the TO(y) and LO(y)
mode [7], but later Raman experiments showed four peaks [8], displaying the activity of an
additional lattice mode, observed also by IR spectroscopy [2]. This additional mode, labelled
B [10], which is obviously a polar mode, has been observed in CuCl by Raman scattering
[24], IR absorption [2-5] and reflection [2, 6] as well as neutron scattering [29, 30], from room
temperature down to liquid helium temperature (see [20] and [24] for extensive references).

However, the temperature dependence study of the Raman spectra of CuCl, CuBr and
Cul in the zinc-blende structure [22] has shown that while the two lattice modes y and § are
active at all temperatures in CuCl, the mode assigned to the 8 CuBr mode disappears below
80 K, while in Cul just the y mode is active at temperature lower than 300 K. Similar results
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were obtained by IR reflectivity spectroscopy for CuCl and Cul [2, 6], while for CuBr only
one mode was observed in the IR reflectivity and transmissivity spectra from 300 K down to
2K [2,6].

The main phonon anomaly in CuCl, i.e. the 8 and y phonon mode activity observed in
the IR [2, 3, 6] and Raman spectra [8-24], was successfully explained by using the off-centre
model proposed by Vardeny and Brafman [20, 24]. This model is a modification of a disorder
model [31] used to explain the unusually high values observed for the cation mean-square
displacement, down to quite low temperatures: about 5 K in CuCl [32] and 150 K in CuBr
[33]. The disorder model assumes that the copper may occupy one of four equivalent off-centre
sites located on the [111] direction toward the faces of the tetrahedron formed by the anions, in
addition to its ideal lattice site [31]. The off-centre model assumes also that the anharmonicity
of the Cu halides is so high as to generate the four secondary off-centre minima in the Cu*
cation potential energy, and introduces two hypotheses [20].

(a) A cation may occupy its ideal position as well as the four equivalent off-centre sites, the
relative population of the off-centre sites depends only on the potential energy difference
A of the respective well minima. To first approximation A is a function of temperature
which affects the lattice constant and through that the relative off—on population.

(b) The off-centre model is a dynamical model in which the cation may tunnel among all
five wells, and assuming that the tunnelling rate between central and off-centre sites is
much lower than among the displaced sites, one may define two different sublattices: one
with Cu™ in the ideal sites, and the other with Cu* in the tunnelling off-centre states, both
having the same Ty symmetry. The cations at off-centre sites would give rise to the f
phonon mode, while in the y phonon mode the cations in the ideal positions participate
[20,24].

Using the off-centre model, the explicit form of the cation potential in CuCl was calculated
in terms of the Cu™ displacement from its ideal site along the [111] direction ([24], section V
B). The parameters used in the fit of the cation potential, the § and y phonon frequencies and
the activation energy A at different temperatures and pressures, were chosen such as to lead to
a potential with two minima, with a potential-energy difference A between them equal to the
values calculated assuming that the relative off-on population is proportional to the ratio of the
two B, y oscillator strengths: Sg /S, , obtained from polariton dispersion measurements ([24],
figures 7(a) and 9), and with second derivatives in each minimum yielding the calculated w,,,
and w,rr phonon frequencies ([24], figure 7(a)). These calculations show that the off-centre
model may account quantitatively for the phonon anomaly in CuCl [24].

More recently, a theoretical study of the conditions for the occurrence of spontaneous
off-centre atomic displacements in pure zinc-blende semiconductors has predicted that such
instabilities will occur in the IB—VII and I[IB-VI semiconductors, e.g. CuCl and CuBr [34].
The change in total energy was calculated for CuCl, CuBr and Cul, as a function of the [111]
Cu* atomic displacement Q. The calculation leads in CuCl and CuBr to an overall minimum
at the tetrahedra site (Q = 0), separated by a low-energy barrier E;, at O, from a second
off-centre minimum at Q at an energy A above the global minimum ([34], figure 1). These
calculations give theoretical support to the hypothesis that the additional § mode observed in
CuCl could result from large cationic displacements [20, 24].

In addition to the phonon anomaly described above, a second phonon anomaly is observed
in the Raman spectra of pure and mixed Cu halides: the activity of weak low-frequency Raman
lines, which were assigned to disorder-induced first-order TA phonons [8, 12, 14,20, 21]. Such
side-bands have been observed also by IR transmissivity spectroscopy on both sides of the
intense absorption modes [3-5]. Recently, theoretical linear response calculations performed



Far-infrared spectra of CuCl, CuBr and CuCl;_,Br, crystals 3463

for the ideal zinc-blende structure of CuCl have succeeded in calculating the frequency values
of the zone centre y-mode, and those at the high-symmetry points of the Brillouin zone, in
agreement with previous Raman and neutron scattering experiments ([35], table 2).

In contrast to the numerous Raman scattering studies, there are only a few papers devoted
to the study of the far-IR reflectivity spectra of pure Cu halides [2, 6]. The optical constants of
CuCl, CuBr and Cul have been calculated by the Kramers—Kronig analysis of the experimental
data[2, 6], while only the TO frequencies of the 8 and y modes active in CuCl were determined
by fitting the experimental spectra by using the damped-harmonic oscillator model [3]. The
far-IR transmissivity spectra of CuCl and CuBr were also studied [2-5].

However, to the authors’ knowledge, far-IR reflectivity spectroscopy was never used to
study the CuCl,_,Br, mixed crystals, and there exists only one paper displaying the far-IR
absorption spectra of CuCl;_,Br, thin films at 2 K [18]. Nevertheless, Raman scattering was
used to investigate both the behaviour of the optical phonon modes of mixed Cu halides at low
temperature [13, 18,23] and the weak low-frequency Raman lines [21].

The aim of the present paper is to study the temperature and concentration dependence
of the far-IR reflectivity spectrum of CuCl, CuBr and their mixed crystals CuCl;_,Br,, and
to discuss the phonon anomalies observed in the phonon spectrum of the Cu halides: the
activity of an additional lattice mode, the S mode, together with that of weak low-frequency
modes, contrarily to group theory predictions. The experimental techniques are described in
section 2. Results are analysed and discussed in section 3 for CuCl and CuBr crystals, and in
section 4 for CuCl,_, Br, mixed crystals. Low-frequency modes observed in the spectrum of
both pure and mixed crystals are discussed in section 5. The conclusions are summarized in
section 6.

2. Experiment

Reagent grade powders of CuCl and CuBr were purified and then used as starting materials
for crystal preparation. Pure CuCl and CuBr crystals were grown by the Bridgman method, in
a fused quartz crucible. CuCl;_,Br, mixed crystals, with x = 0.25, 0.45, 0.50 and 0.75, were
prepared by melting the appropriate mixture of the constituent materials, and then grown in a
similar way as for the pure samples. A plane parallel plate was cut in the ingots of both pure
CuCl, CuBr and CuCl,_,Br, mixed crystals and then polished to optical quality. The size of
the samples was 10 mm in diameter and 6 mm for the thickness.

IR reflectivity spectra of both pure CuCl, CuBr and CuCl,_,Br, mixed crystals were
recorded in the frequency range 10-600 cm™', between 10 and 300 K, using a repetitive
grating spectrometer equipped with a gallium-doped germanium bolometer [36].

3. Infrared reflectivity spectra of pure CuCl and CuBr crystals

3.1. Experimental data and their analysis

The temperature dependence of the IR reflectivity spectra of pure CuCl and CuBr crystals is
displayed in figures 1(a) and 1(b). The spectra drawn in figure 1 are limited to 250 cm™!
and 200 cm™~' respectively for CuCl and CuBr, since no reflection band is observed from
these limits up to 600 cm™!. The usual slow rise in reflectivity is observed for both crystals
up to 600 cm~!. It is clearly seen, by comparison of figures 1(a) and 1(b), that the highest-
frequency reflection band in the CuBr spectra has an anomalously asymmetric profile, even at
10 K, whose asymmetry increases with temperature (figure 1(b)), while the highest-frequency
reflection band is symmetric at every temperature in the CuCl spectra (figure 1(a)).
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Figure 1. Temperature dependence of the CuCl (a) and CuBr (b) reflectivity spectrum. Full
lines represent the best simulation of the experimental data to the factorized form of the dielectric
function model. Dots represent the experimental data.

The IR reflectivity spectra of CuCl (figure 1(a)) are in good agreement with previous IR
reflectivity studies [2, 6]: two main reflection bands are observed between 100 and 200 cm ™',
in the frequency range which corresponds to the lattice mode, from room temperature down
to liquid helium temperature (figure 1(a)). While in the same frequency range, the measured
reflectivity spectra of CuBr differ from those previously published [2, 6], e.g. at 250 K we
observe clearly two reflectivity maxima at about 110 and 130 cm™', and an inflexion near
140 cm™! (figure 1(b)), which were not observed in the pioneer work of Morlot and Hadni [2],
who observed in CuBr only one reflection band, from room temperature down to liquid helium
temperature [2]. The reflectivity of both CuCl and CuBr is strongly temperature dependent
in the spectral range 100-200 cm™! (figure 1), as previously observed [2]. In addition to the
main reflection bands, several weak reflection bands are observed in the low-frequency range
below 130 cm™! for both CuCl and CuBr, which are more clearly observed at low temperature
(figure 1).

The optical mode parameters, frequency €2; and damping y; for each transversal (TO)
and longitudinal (LO) IR active phonon mode, were obtained from the simulation of the
experimental reflectivity spectra R (w) using the factorized form of the dielectric function [37].
Good fits were achieved in the whole frequency range (10-600 cm™!), at each temperature
for the two studied crystals, as shown in figure 1. The lattice mode parameters, frequency
and damping, used in the fitting procedure are listed in tables 1 and 2, at three temperatures.
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Table 1. Frequencies and dampings (in cm™!) of the IR active modes of CuCl, deduced from the
present IR reflectivity spectra.

10K 150K 250K
Qro yro SLo vLo  Sro yro QLo vLo  Qro yro Lo YLO
50 5 50.1 7.2 53 9.5 53.8 9.5 50 21 51 27
72 8.6 72.01 11.5
109.4 22 110.7 32 105 6 105.05 6
133 8.2 133.5 10.5

151.4 8.4 1653 18.5 140 25 150.9 25 122 305 1298 39 B
173.6 9 210.8 55 1762 244 212 244 1749 43 2079 40 y

Table 2. As table 1 for CuBr.

10K 150 K 250 K
Qro yro  SLo vo SQto  vro SrLo vLo Q1o yro Lo YLO
48.2 5 49.5 7 46 8 46.15 10 449 11.1 454 13
56.4 3.8 56.7 6 74 16 74.5 18 72.6 13 73.3 15
88 4.8 88.1 3.5

108.2 73 108.9 9.5 107 17.5 107.4 22.5 108 16.7 109.6 212
124 4.5 1245 5.1

136.6 4.6 1504 28 134 17 143.6 25 1303 22 1369 28 B
151 23 1682 135 151 365 1679 21 151 409 169 293 vy

Table 3. TO and LO frequencies (in cm~") determined by the Kramers—Kronig analysis of the TR
reflectivity spectrum and by the direct observation of thin-film transmission spectra at normal and
the oblique incidence at 2 K, for CuCl and CuBr, from Namba et al [6].

Reflection analysis ~ Transmission

TO LO TO LO
CuCl 1733  209.5 1735 209.7

166.5 165

155.7 156

CuBr 136 167 136 166

However, as pointed out above, the reflectivity profile of the main reflection band of the
CuBr reflectivity spectra (110170 cm™') is highly asymmetric, especially when temperature
increases up to 250 K (figure 1(b)). Therefore two oscillators were used to fit the reflectivity
spectra of CuBr above 130 cm~! (table 2), in order to take into account the inflexion observed
near 140 cm™! in the experimental reflectivity curves (figure 1(b)). Then the agreement between
the calculated curves and the experimental data is excellent since it is within the experimental
errors (figure 1(b)). In tables 3 and 4 are listed the TO and LO lattice mode frequencies
obtained from previous IR and Raman spectroscopic studies, for comparison with the present
work [6,22].

The temperature dependence of the TO and LO optical mode frequencies, deduced from
the fitting procedure, is displayed in figures 2(a) and 2(b) for CuCl and CuBr respectively,
from 300 down to 10 K. The oscillator strengths of the IR active modes, calculated from their
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Table 4. Frequencies (in cm™!) of the 8 and y modes obtained from the polariton Raman spectra
of CuCl and CuBr [22]. The frequency of the LO(f) mode in CuBr was calculated from the second
zero of e(w) [22].

CuCl CuBr

T(K) TO(B) LOMB) TO) LOy) TOEB) LOB) TO) LOy)

2 155 166.5 174 208 140 169
80 149 161 173 210 121 (122.5) 138 169
300 123 139 162 202 114 (119) 124 163
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Figure 2. Temperature dependence of the TO (@) and LO (M) frequencies of CuCl (a) and
CuBr (b).

TO and LO optical mode frequencies [37], are reported in tables 5 and 6 at 10 and 250 K. The
temperature dependence of the TO oscillator strength of the two highest-frequency modes is
displayed in figures 3(a) and 3(b), for CuCl and CuBr respectively.

3.2. Discussion

The analysis of the present IR reflectivity spectra of pure CuCl and CuBr crystals proves the
activity of two polar lattice modes in the 100-250 cm™! frequency range, at every temperature
between 300 and 10 K, in both crystals: the expected lattice mode labelled y together with



Table 5. Frequencies, dampings (in cm™!) and TO oscillator strengths (A¢) of the IR active modes in CuCl;_,Br, mixed crystals, together
with those of pure CuCl and CuBr, as functions of concentration x at 10 K.

x =0 (CuCl) x =025 x =045

Qro  vro SfLo vLo Aeg Qro yro QLo Yo Ae Qro yro SLo vio Ae

50 5 50.1 72 0028 58 77 593 83 0395 53 59 547 10 0.542
72 86 7201 115 0.002 77 38 775 44 0112 76 2 763 23  0.066
1094 22 110.7 32 0.195 108 6.5 1083 6.5 0.065 108 5 108.6 52 0.128
133 82 1335 10.5 0.088 130 8.8 131 7.8 0331 127 6.1 1273 52 0.091

1415 54 151 104 226 1395 8 150.7 14 2.304 osc. 1

B 151.4 84 1653 185 2.08 151 13 161 124 0.001 1524 227 1644 10 0.181 osc. 2
Y 173.6 9 210.8 5.5 0.687 177 56 205 13.8 0.697 181 9.7 2034 27.5 0.5150sc.3
x=0.5 x =0.75 x =1 (CuBr)
Qro  yvro SLo vLo Ae Qro vyro SRLo vio Ae Qro yro SLo Vo Aeg

482 5 49.1 55 0318 482 5 495 7 0.448

583 5 596 11 03% 565 4 56.8 6.5 0.08 564 38 567 6 0.096

74 28 74 32 0001 785 4 79 44 0.116 88 48 881 35 0.061

108.6 59 109 69 0.095 1068 89 110 11.5 0687 1082 7.3 1089 95 0.142
1249 93 1257 11.1 0246 1197 10.7 1205 21.7 0.156 124 45 1245 51 0.134

osc. 1 139 54 150.8 121 2468 1353 45 1509 10 1.999 1366 4.6 1504 28 1.937 B
osc.2 1522 184 1655 9.2 0.156 151 10 164.6 139 0.005 151 23 168.2 135 0.198 y
osc.3 183 9 2035 25 0.477 187 12.7 191 25.8 0.093

216 17.7 2183 148 0.054

SIS0 g ~1]HN) puv 4gn) 1ON) Jo v.4302ds paiviful-1v.]

LIYE



Table 6. As table 5 for 250 K.

x =0 (CuCl) x =0.25 x =045
Qro  vro SLo vLo Acg Qro  yro SLo vio Aeg Qro  yro SLo vio Aeg
50 21 51 27 0.24 58 23.5 62 29.5 0.882 48.1 8.4 489 10 0.238
70 13.9 71.8 154 0.355
95 14.2 95 15 0.001 99 17.2 994 18 0.068
B 122 30.5 129.8 39 0.87 124 35 1312 14 1.314 125.1 33.1 133.6 21.1 1.4060sc.1
1325 15 142.6 49 0.125 1384 245 153.6 48.5 0.3960sc.2
Y 1749 43 207.9 40 1.332 1855 41 205 385 0.591 1963 38.3 2067 38 0.291 osc. 3
x =0.5 x =0.75 x = 1 (CuBr)
Qro  vro QLo Yo Aeg Qro vro QLo YLo Ae Qro  yro SLo vio Aeg
554 238 586 285 0.734 49.6 8.5 50.6 10.2 0.277 449 11.1 454 13 0.146
639 14.6 64.7 17 0.158 72.6 13 733 15 0.132
99.3 172 1002 18 0.143 106 119 1064 13 0.069 108 16.7 109.6 21.2 0.254
osc.1 126 35 136 20 1.389 128 31 136 27 1.151 1303 22 136.9 28 0.82
osc.2 139 19 152 50 0.196 1475 37 166 36 0.729 151 40.9 169 29.3  0.727
osc.3 1952 314 203.6 323 0.225 1993 324 2072 376 0.192

8917¢

y4g o pup 2ouH g



Far-infrared spectra of CuCl, CuBr and CuCl;_,Br, crystals 3469

Ae Ae
23 T T T T T T - T T T T T T
= ameyY
"
a b
40
- »
2 A =r -4 -
A 20 'y 0
4 A R0 N o 10
A ° 10 :;o T} 300 A o 100 200 1K) 300
A AA
A
1.5 A R - a
.
4 o ¢ o ¢ A
*
ot a
R
3 a N
1} . RE i
* ¢ L A
¢ Al A
AL A A .
00“':
A
. . .
. *
0.5 - - i
PR
PO 24
1 1 ] 1 i 1 Ad i 1 ] ! ! ]
0 100 200 T(K) 300 O 100 200 T({K) 300

Figure 3. Temperature dependence of the oscillator strength (Ag) of the S (A) and y (¢) mode
of CuCl (a) and CuBr (b). Inset: temperature dependence of the activation energy A (see text
section 3.2); the line serves as a guide to the eye.

an additional lattice mode labelled 8, which are strongly affected by temperature variation
(figures 1-3, tables 1 and 2).

For CuCl the present results are in good agreement not only with the previous far-IR
spectroscopic measurements [1-6] (tables 1 and 3), but also with previous Raman studies [10—
12,14-17,20,22,24]: the frequencies of the y and 8 modes reported in table 4 are in good
agreement with those of table 1, and the values of the oscillator strength of the Raman y CuCl
mode S, ([22], table I) are in agreement with the values of Ag, cucr) listed in tables 5 and 6.
For CuBr, comparison of the results reported in table 2 with those reported in tables 3 and 4
shows that the TO frequency (TOg) and the LO frequency of the y mode (LO,, ), respectively
136.6 and 168.2 cm™! at 10 K, agree very well with the TO and LO frequencies of the lattice
mode observed in CuBr at 2 K by both IR reflectivity and absorption spectroscopy (table 3),
as well as with those of the highest frequency mode observed in Raman spectroscopy and
assigned to the y mode in [22] (table 4). Our results seem to be in contradiction with these
spectroscopic studies. Nevertheless, we were able to obtain a good fit to our experimental
IR reflectivity spectra of CuBr below 100 K, by using only one lattice mode whose TO and
LO frequencies are 136.6 and 169.1 cm™! respectively at 10 K, in agreement with the values
reported at 2 K from both IR reflectivity measurements (table 3) and Raman spectroscopy
(table 4, mode labelled y). The difference between the LOg and TO,, frequencies is very weak
at 10 K, about 0.6 cm™!, it remains lower than 4 cm~! below 110 K and then increases with
temperature up to 14 cm™~! at 250 K (table 2, figure 2(b)), together with the asymmetry of the
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main reflection band (figure 1(b)). At temperatures higher than 100 K, it is no longer possible
to fit the experimental asymmetric reflectivity spectra of CuBr with only one mode: two modes
are needed (table 2).

The discrepancy between our results for CuBr (table 2) and those obtained from Raman
spectroscopy (table 4) can be explained by a too weak Raman intensity of the two Raman lines
corresponding to the IR LOg and TO, modes (table 2), which prevents their observation in the
Raman spectrum, and, therefore, only the most intense Raman lines are observed [22]. The
phonon—polariton spectra of CuBr display the activity of only one polar mode labelled y in
[22], whose TO(y) and LO(y) frequencies are reported in table 4. At 250 K the oscillator
strength §,, ([22], table II) corresponds to the sum of the oscillator strength of the 8 and y CuBr
modes, Agg and Ag,, calculated in the present work at the same temperature, and reported
in table 6. In addition, the LO frequency corresponding to the TO line assigned to the TO(S8)
mode in [22] was never observed between 2 and 300 K, but it was calculated from the second
zero of e(w) ([22], section III b). This mode cannot be the additional 8 mode of CuBr, as
proposed in [22]. To support this explanation, it is to be noted that in CuCl the four Raman
lines corresponding to the two polar 8 and y modes were clearly reported only at 2 K [20, 22],
while at 300 and 80 K only three Raman lines are observed: TO(B), TO(y) and LO(y) [20],
and it was necessary to use the polariton measurements to prove the existence of the two polar
B and y modes in CuCl at 300 K and below ([22], section III B). Moreover, in CuCl at 2 K,
the Raman intensity of both LO(8) and TO(y) lines [20, 24], which correspond respectively
to the LOg and TO,, frequencies of the IR active f and y modes, not observed in the CuBr
Raman spectra [22], is lower than the intensity of the two other lines TO(8) and LO(y) of
CuCl [20, 22, 24].

Nevertheless, the characteristic features observed in the present analysis of the CuCl
and CuBr IR reflectivity spectra (figures 1-3) agree very well with those observed in
the Raman study of CuCl crystal [24], and verify the hypotheses of the off-centre model
[20,24].

(i) The strong increase of the lattice mode damping (tables 1 and 2), corresponding to
the strong decrease of the reflectivity level in the 100-200 cm™' frequency range, with
increasing temperature (figure 1), reveals the high degree of anharmonicity of both CuCl
and CuBr crystals, as observed experimentally by structural investigations [31-33].

(i) The TO and LO frequencies of the extra § mode are more sensitive to the increase of
temperature than those of the y mode: they decrease by about 30 cm™! for CuCl and
15 cm~! for CuBr when temperature increases from 10 up to 300 K, while those of the y
mode are nearly temperature independent (figure 2). The temperature variation of the g
and y mode frequencies of CuCl, displayed in figure 2(a), is in good agreement with that
of the w,rr and w,, frequencies, respectively, calculated from the theoretical expression
for the cation potential using the experimental results of the polariton measurements ([24],
figure 7(a)).

(iii) The temperature dependence of the oscillator strengths of the 8 and y modes (Agg and
Ag,,) is similar for CuCl and CuBr: Ag,, increases while Aeg decreases with temperature
(figure 3). For CuCl, the values of Ag, (figure 3(a)) agree very well with the oscillator
strengths of the y mode (S,,) obtained from the polariton measurements ([22], table I; [24],
figure 6(b)), while we observe a constant decrease of Agg with increasing temperature
(figure 3(a)), in contrast to the Raman study which indicates for Sg a decrease from 2 up to
100 K and then an increase with temperature above 100 K ([24], figure 6(b), [22], table I).
For CuBr, the values Agg and Ag, do not correspond to the values Sg and S, obtained
from polariton measurements, and reported in table II of [22] (see above).
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(iv) The temperature dependence of the oscillator strength of the 8 and y modes being known

(figure 3), we have calculated the potential energy difference A by using the relation [24]

Nogr A

N, _4exp( kT) 1)
assuming that the relative off—on population N,ss/N,, is proportional to the ratio of the
two oscillator strengths Asg/Ae, . The values obtained for A are shown in the inset of
figures 3(a) and 3(b), for CuCl and CuBr respectively. For CuCl these values agree very
well in the temperature region 10-100 K, with both the experimental values obtained
by Livescu and Brafman from their polariton measurements ([24], figure 6(a)), and the

calculated ones from the theoretical expression for the cation potential ([24], figure 7(a)):

A increases with temperature (figure 3(a)), according to the off-centre model [20]. One

of the arguments in the model, to explain the existence of a second oscillator at very low

temperature, is based on the negative thermal expansion coefficient of CuCl below 100 K

[38], which means that the interatomic distances decrease when the temperature is raised.

The off-centre Cu* potential well deepens at low temperatures [20], and consequently

the off-centre Cu* population increases with decreasing temperature. This is manifested

by the constant decrease of the term A /kT, from 1 at 110 K to about 0.3 at 10 K,

reflected in the increase of Aeg as seen in figure 3(a), in agreement with the results of

[24]. Above 100 K, A keeps increasing with temperature (figure 3(a)), despite the positive

thermal expansion coefficient [38], but in agreement with the decrease of Agg observed in

figure 3(a). It is to be noted that Vardeny and Brafman [22] consider the fit they obtained
at 300 K may be misleading, regarding the very broad lines of CuCl at this temperature

([22], section IV, figure 4), and therefore the value of the oscillator strengths deduced from

the fit are more reliable at low temperature (< 100 K) than at higher temperature. We can

trust the values of Aeg we have obtained and reported as a function of the temperature in
figure 3(a), since they are deduced from the fit of the far-IR reflectivity spectrum of CuCl,
displaying two well separated reflection bands at all temperatures (figure 1(a)). Above

130 K, these values seem more reliable than those obtained from the polariton dispersion

calculation [22]. The increase of A above 130 K can be explained by considering that the

increase of the temperature affects not only the lattice parameter, but also the vibrational
amplitudes of Cu* [32] and introduces anharmonicity in the CuCl lattice. Therefore, we
can conclude, from the analysis of the experimental far-IR reflectivity spectra of CuCl,
that the off-centre Cu* population keeps decreasing with increasing temperature above

130 K. The ratio Agg/Ae,, related to A through relation (1), which decreases from about

three at 10 K to about 0.6 at 300 K, can be regarded as a measure of the ratio between the

off-centre population and that of the centre, respectively.

The results displayed in figure 3(b) for CuBr are similar to those obtained for CuCl
(figure 3(a)), and confirm the explanation given above. The only difference between the two
crystals, that A increases with temperature from a zero value at 110 K (figure 3(b)), while for
CuCl A begins to increase from zero above 10 K (figure 3(a)), can be related to the cation
mean-square displacement, which has an anomalously high value down to 150 K in CuBr [33]
and 5 K in CuCl [32].

4. Infrared reflectivity spectra of CuCl;_,Br, mixed crystals

4.1. Experimental data and their analysis

The concentration dependence of the far-IR reflectivity spectra of CuCl; _,Br, mixed crystalsis
displayedin figure 4 for 10 K;; their temperature dependence is displayed in figure 5. The spectra
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Figure 4. Experimental IR reflectivity spectra of CuCl;_,Br, mixed crystals at 10 K.

drawn in figure 5 are limited at 300 cm™!, since any reflection band is observed from this limit
up to 600 cm~', as in pure CuCl and CuBr crystals (section 3.1). Inspection of figures 4 and
5 shows that the far-IR reflectivity spectrum of CuCl,_,Br, mixed crystals can be divided
into two parts, as observed in pure compounds (section 3, figure 1): the low-frequency range
below 130 cm™! in which weak reflection bands are observed, and the high-frequency range
above 130 cm~! in which two main reflection bands appear in each spectrum for 0 < x < 1
(figure 4). The reflectivity of all the studied mixed Cu halide crystals is strongly temperature
dependent in the frequency range 100-200 cm™! (figure 5), as observed in the case of pure
compounds.
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Figure 5. Temperature dependence of CuCl;_,Br, mixed crystal reflectivity spectra. Full lines
represent the best simulation of the experimental data to the factorized form of the dielectric function
model. Dots represent the experimental data: (a) for x = 0.25; (b) for x = 0.5; (c) for x = 0.75.

The highest-frequency reflection band observed in figure 4, above 175 cm™, is clearly
due to CuCl: its intensity decreases with x increasing from zero and it disappears for x = 1.
The second strongest reflection band is observed in each spectrum for 0 < x < 1 in the
frequency range 130-170 cm~! (figure 4), where both pure CuCl and CuBr crystals display
a characteristic reflection band (figure 1) (tables 1 and 2), and therefore it arises from the
contribution of the two constituents. Inspection of figure 5 shows an inflexion near 130 cm™!
in the high-frequency part of this reflection band, giving it an asymmetric profile.

The experimental reflectivity spectra of CuCl;_,Br, mixed crystals (10-600 cm~') have
been fitted to the factorized form of the dielectric function model (section 3.1). Good fits were
achieved for each spectrum in the whole frequency range, as shown in figure 5, by using three
oscillators labelled 1, 2 and 3 (tables 5 and 6) in the spectral range 130-250 cm™~! in which the
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Figure 5. (Continued)

two main reflection bands are observed: oscillators 1 and 2 were used to fit the asymmetric
reflection band (130-170 cm™!) and oscillator 3 for the highest-frequency reflection band
(170230 cm™!). The optical mode parameters, frequency and damping, deduced from the
fitting procedure at 10 and 250 K, together with the oscillator strength of the IR active modes,
are listed respectively in tables 5 and 6. The concentration dependence of the TO and LO
optical mode frequencies is displayed in figure 6. Their temperature dependence is displayed
in figure 7, which shows that the TO and LO frequencies of oscillators 1 and 2 are more sensitive
to the increase of temperature for low than for high concentrations. For x < 0.5, the TO and LO
frequencies of both oscillators 1 and 2 decrease strongly with increasing temperature (figure 7),
as do those of the CuCl 8 mode (figure 2(a)) (tables 5 and 6). For x > 0.5, the frequencies
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Figure 5. (Continued)

of oscillator 2 are nearly temperature independent, while those of oscillator 1 decrease with
increasing temperature (figure 7(c)), with approximately the temperature frequency shift of
those of the CuBr 8 mode (figure 2(b)) (tables 5 and 6). A similar result was observed for the
TO(1) Raman line ([23], figure 3).

4.2. Discussion

The main result which arises from the analysis of the far-IR reflectivity spectra of CuCl;_,Br,
mixed crystals is that three polar lattice modes are active in each mixed crystal (0 < x < 1),
at all temperatures (tables 5 and 6). However, at first sight, the far-IR reflectivity spectra of
CuCl;_,Br, at 10 K (figures 4 and 5) in which two reflection bands are observed between 120
and 240 cm~! for 0 < x < 1, seem in agreement with previous far-IR absorption [13, 18]
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Figure 6. Concentration dependence of the TO (@) and LO (M) frequencies of the CuCl;_,Br,
mixed crystals: (a) at 10 K; (b) at 150 K; (c) at 250 K. The lines serve as guides to the eye.

and Raman spectra of CuCl;_,Br, at 2 K [13, 18, 23], which display the activity of two polar
modes in the same spectral range ([13], figure 1, [18], figure 2, and [23], figure 1).

From their far-IR absorption and Raman spectra at 4 K, Murahashi et al concluded that
CuCl;_,Br, shows a two-mode behaviour [13, 18]. They observed that the intensity of the
highest-frequency mode, which emerges from the y mode of CuCl, drops to zero with x — 1.
But, in contrast to the behaviour expected for a two-mode phonon branch in a solid solution,
the intensity of the lowest-frequency mode, which emerges from the CuBr mode, does not
drop to zero with x — 0 [13,18,23].

The analysis of the present far-IR reflectivity spectra displays that the results reported
in figure 6 are in agreement with previous far-IR and Raman spectra [13, 18, 23] only for the
highest-frequency mode (oscillator 3), which is gradually reduced in intensity and disappears at
high Br concentration (figure 6, tables 5 and 6) as observed previously [13, 18, 23]. This lattice
mode, whose frequencies are well separated from those of oscillator 2, at every temperature
(figure 7) for each studied concentration (figure 6), emerges from the ¥ mode of CuCl and
represents the contribution of the y CuCl mode in the mixed CuCl, _, Br, crystals. Its oscillator



Far-infrared spectra of CuCl, CuBr and CuCl;_,Br, crystals 3477

-1

cm
250 T T T I !
— T = 150K ]
— = | -
\-_ - Lo
200 |— - e e 105 _
— _/- 4 —_ e TO3 p—
®
LO
L 2 e
»
— "‘/—— -
g— 10,
— .
ofF = _ A
15 =% 1—1 =
- —o . P Lo, . T
» i To, N
|— —|\ —
- L] \ -
3 1 ] =8 ]
100 — —
_ '] —3 ] | ] .
L __.\ —
sofp YUm—ur —
§-- 4
0 L 1 ! ]
[0} 0.25 0.5 X 0.75 1
CuCl CuBr

(b)

Figure 6. (Continued)

strength decreases with decreasing Cl concentration and drops to zero with x — 1, at all
temperatures (table 5 and 6). Our analysis, which proves the activity of two other polar lattice
modes (oscillators 1 and 2) in the 130-170 cm™! frequency range, excludes the possibility of a
pure two-mode behaviour in the mixed CuCl;_,Br, crystals, as proposed previously [13, 18].

The origin of the two lowest-frequency lattice modes (oscillators 1 and 2) is not as obvious
as that of oscillator 3. However, we can obtain some indication on the origin of these modes
from the analysis of the far-IR reflectivity spectra of these crystals.

(i) Figure 6 shows clearly that for high Br concentration, the lattice modes corresponding
to oscillators 1 and 2 originate respectively from the 8 and y modes of CuBr, at every
temperature. For x = 0.75, the TO and LO frequencies of oscillators 1 and 2 have
respectively the same temperature dependence (figure 7(c)) as those of the 8 and y
modes of CuBr (figure 2(b)), as well as for their oscillator strength Ag; and Ae;, which
respectively decreases and increases with increasing temperature, with Ag; > Aggcypr)
and Asy; < Agycupr at each temperature, except at 250 K where Aey ~ Agy cusr)
(tables 5 and 6). Therefore, for high Br concentration (x > 0.75) the contribution of CuBr
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Figure 6. (Continued)

is significant: oscillators 1 and 2 represent respectively the contribution of the 8 and y
CuBr modes. The presence of CuCl in the crystal lattice is manifested by the activity
of oscillator 3 and the modification of the oscillator strengths of the three lattice modes
(tables 5 and 6).

When the Br concentration decreases below 0.75, for a given temperature the strength
of both oscillators 1 and 2 increases with decreasing x, up to a maximum value observed
for 0.4 < x < 0.5, and then decreases for x < 0.4, with both As; > Asggcusr
and Ag; > Aéggcucr), Aer keeping a value lower than Aey,c,p) (tables 5 and 6),
at all temperatures. At the same time, we observe an important variation of the TO
and LO frequencies of the two modes with temperature (figure 7, section 4.1), until
for x = 0.25 the frequencies of the two modes (figure 7(a)) behave with temperature
as those of the 8 mode of CuCl (figure 3). These results seem to indicate that the
B CuCl mode is incorporated with either the § or the y CuBr mode to give rise to
oscillator 1 or 2, since its TO and LO frequencies change with temperature and coincide
accidentally with those of the 8 or ¥y CuBr mode as seen in figure 6 and tables 1 and
2. Therefore, for 0.4 < x < 0.5 both contributions of CuCl and CuBr are important;
oscillators 1 and 2 have their strongest oscillator strength in this concentration range,
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Figure 7. Temperature dependence of the TO (@) and LO (M) frequencies of the CuCl;_,Br,
mixed crystals: (a) for x = 0.25; (b) for x = 0.5; (c) for x = 0.75.

at every temperature (tables 5 and 6), while for high CI concentration (x < 0.4) the
contribution of CuCl is significant: Ag; > Aeggcucr), Aer has its lowest and Aegs
its highest value; oscillator 3 represents the contribution of the y CuCl mode at all
temperatures.

(i1) Let us consider the concentration dependence of the frequencies of the three lattice modes
at a given temperature (figure 6). At 250 K, the frequencies LO; and TO, are distinct for
x > 0.25; the value of their difference increases with x, from 4 cm™! for x = 0.45 up to
11.5 cm™! for x = 0.75 (figure 6(c)). The frequencies of the 8 CuCl mode have neigh-
bouring values to those of the § CuBr mode, and are well separated from those of the y
CuBr mode (table 6, figure 6(c)). Therefore, the 8 mode of CuCl and that of CuBr are very
close in energy, and can be incorporated to give rise to a lattice mode: oscillator 1, active



3480 B Wyncke and F Bréhat

-1

cm
I 1 T i T 1
220 =
CuCL 50Br 5o
. . u " ] L03
200 — —
. [ T03
L o -
Iy *
180 [~ -
|
L 3
160 |- . .
]
_: . [ ] LO2 _
n
*
a
TO
140}~ ! . 2
] - LO
*
— . e |
: o 1O,
-
120 |- d L -
- ] .
[} |
L ]
100. L} -
L —
80 — -1
[J [ ] » -
60 Iy s s 3 n -
1 | ! I ? !
0 100 200 T (K) 300

(d)

Figure 7. (Continued)

in the mixed crystal for 0 < x < 1 (figure 6(c)). The oscillator strength of this mode is
nearly constant (Ae; & 1.3) for 0 < x < 1, and higher than for each of the two pure com-
pounds (Agg ~ 0.85) (table 6). The two other lattice modes (oscillators 3 and 2) represent
respectively the contribution of the y mode of CuCl and that of CuBr. They behave with
the concentration x as expected: Agj decreases while Aeg; increases with increasing x.
When the temperature decreases below 250 K, the LO; and TO, frequencies become
nearer and the value of their difference decreases, until at 10 K it is very weak (< 2 cm™ )
at all concentrations (figures 6(a) and 6(b)); at the same time the § CuCl mode frequencies
increase until at 10 K they have neighbouring values to those of both the 8 and y mode
of CuBr (table 5 and figure 6(a)). It is therefore difficult to assign which of the two CuBr
modes is incorporated with the § CuCl mode. If one considers that at 10 K the oscillator
strength of oscillator 1 is stronger than that of both CuCl and CuBr 8 modes (table 5), as
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Figure 7. (Continued)

observed at every temperature, and that for a given concentration Ae; decreases with in-
creasing temperature as observed for Aggcucry and Aeg(cupr), it seems probable that the
B CuCl mode is incorporated with the § CuBr mode, to give rise to the lowest-frequency
lattice mode (oscillator 1).

The present analysis can be compared with that of Livescu et al [23], which shows that
three oscillators are needed to fit the experimental polariton dispersion curves of CuCl;_,Br,
at 11 K, while the Raman spectra at 2 K display only two pairs of TO-LO lines for0 < x < 1
[23]. In their analysis, the highest-frequency oscillator (labelled 2) represents the TO(y) CuCl
mode contribution as oscillator 3 in the present analysis, the two other oscillators (labelled
1 and d) represent the contribution of the TO(8) CuCl and TO CuBr modes observed in the
Raman spectra ([23], figures 1 and 2). These two oscillators correspond to oscillators 1 and
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2 we have assigned to the interaction of the 8 CuCl mode with the 8 CuBr mode, which
depends on both concentration and temperature. These two analyses show that the peculiar
behaviour of phonons in CuCl;_,Br, crystals results from their structure, which is composed
of tetrahedra built with C1™ and Br™ ions, allowing the activity of both the 8 and y modes of
each pure compound in the mixed crystal lattice.

5. Two-phonon optical modes in CuCl, CuBr and CuCl;_,Br, crystals

Several weak reflection bands are observed below 130 cm ™!, in the low-frequency range of

the IR reflectivity spectrum of pure CuCl and CuBr crystals (figure 1), as well as in those of
the CuCl,;_,Br, mixed crystals (figures 4 and 5), between 10 and 250 K, while no reflection
band is observed in the present IR reflectivity study between 200 and 600 cm™!, neither in pure
or in mixed crystals (sections 3.1 and 4.1, figures 1, 4 and 5). The optical mode parameter
values of the low-frequency IR active modes are reported in tables 1 and 2 for CuCl and CuBr
respectively, and for mixed crystals in tables 5 and 6. The temperature dependence of the
TO and LO frequencies of these modes is displayed in figures 2 and 7 respectively for pure
and mixed crystals, and the concentration dependence of the TO and LO frequencies of the
modes active in the mixed crystals is displayed in figure 6. Figures 1, 4 and 5 show that the
low-frequency modes are more easily observed at low temperature, since their damping is
strongly reduced, as for the y and B lattice modes (tables 5 and 6).

Previous low-temperature IR absorption spectra of pure CuCl and CuBr crystals, between 2
and 80 K [3, 5], have shown that on both sides of the intense absorption peaks in the reststrahlen
region about 1073 times weaker side-bands are observed. These structures were interpreted as
van Hove signatures in the two-phonon density of states [5]. The activity of such additional
weak modes has been also observed by Raman spectroscopy on both CuCl1[10, 12,19, 20] and
CuBr [16, 19, 20], as well as on CuCl;_,Br, mixed crystals [21].

From tables 1, 2, 5 and 6, it can be seen that the lowest-frequency modes have a very weak
TO-LO splitting, and therefore an oscillator strength weaker than the two highest-frequency 8
and y lattice modes (tables 5 and 6). The low-frequency modes observed in the present work
can be assigned to two-phonon processes, in both pure and mixed compounds. Such processes
are allowed by selection rules [39] and therefore may be observed in the far-IR spectrum of
polar semiconductors as Cu halides [3, 5, 21]. The lowest-frequency mode, whose frequencies
slightly shift with the concentration from CuCl to CuBr at 10 K (figure 6(a)), can be assigned
to zone boundary TA phonons, in agreement with both Raman [21] and neutron scattering
measurements [29] as well as with calculated values for CuCl: TA(X) = 47.7 cm~! and
TA(L) = 35 cm™~! [35]. The second-lowest-frequency mode, whose frequencies increase by
about 16 cm™' with concentration, from CuCl to CuBr, can be assigned to a 2TA combination,
in agreement with Raman experiments [21] as well as with calculated values for CuCl [35],
but in contrast to the Raman study [21], we did not observe the splitting of these two modes at
low temperature. Besides these modes, two modes are IR active between 100 and 130 cm™!
(tables 1, 2, 5 and 6) which were not observed in the Raman spectra [21], but in the CuCl and
CuBrIR absorption spectra [5]. These modes can be assigned to LA(L) and LA(X), respectively
the lowest- and the highest-frequency mode, in agreement with both the experimental neutron
diffraction study of CuCl at 4 K [29] and the theoretical calculation of the frequency values at
the high-symmetry points of the Brillouin zone for CuCl [35].

The intensity of the low-frequency modes is a function of the concentration x and has
its highest value around an equal mixture of the two compounds (table 5). Such behaviour
was observed for the low-frequency Raman lines, labelled d and «, active in the CuCl;_,Br,
mixed crystals [21]. We have observed in section 4.2 that the two lattice modes (oscillators 1
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and 2) active in the CuCl;_,Br, mixed crystals have their strongest oscillator strength in the
concentrationrange 0.4 < x < 0.5, atevery temperature (tables 5 and 6). These results suggest
that a structure with a higher statistical order exists around an equal mixture of CuCl and CuBr
than for 0 < x < 0.4and 0.5 < x < 1, for the CuCl;_,Br, mixed crystals. Such a result was
observed for x = 0.25 and x = 0.75 in the case of lead halide mixed crystals PbCl,Bry(j—_y),
i.e. when the anion sites are half-filled by each type of anion [40]. A detailed structural study
of the arrangement of the C1~ and Br™ anions building up the tetrahedra in CuCl,_,Br,, as a
function of concentration and temperature, is highly desirable to give experimental support to
the interpretation of the spectroscopic results.

6. Conclusion

In the present work we have reinvestigated the temperature dependence of the far-infrared
reflectivity spectrum of CuCl and CuBr crystals, and achieved the far-infrared reflectivity
spectroscopic study of CuCl;_,Br, mixed crystals as a function of the concentration and
temperature. We have presented and discussed here the optical-phonon anomalies of CuCl and
CuBr crystals, and the peculiar behaviour of the optical-phonon spectrum in their mixed crystals
CuCl;_,Br,. The IR reflectivity spectra were recorded with a high precision, allowing the
observation of a weak inflexion in the asymmetric reflection band in the CuBr and CuCl,_, Br,
reflectivity spectrum.

The analysis of the experimental data, using the factorized form of the dielectric function,
proves the activity of two lattice modes, not only in CuCl but also in CuBr. These modes
were assigned using the off-centre model to the expected y mode and to the additional 8 mode
[20,24], in agreement with previous Raman spectroscopic studies on CuCl [20,22,24]. We
have calculated their TO and LO frequencies and their oscillator strength for both crystals, and
observed that these parameters have the same temperature dependence, in CuCl as well as in
CuBr. The activity of the additional 8 mode in CuBr, established in the present work, gives
experimental support to both the off-centre model and to theoretical calculation expecting an
off-centre position for Cu* in the CuBr crystal [34]. Therefore the off-centre model is able to
explain the phonon anomaly not only in CuCl, as shown from the Raman study [20, 24], but
also in CuBr.

The analysis of the far-IR reflectivity spectra of CuCl,_,Br, solid solutions as a function
of concentration and temperature proves the activity of three lattice modes in each CuCl;_,Br,
mixed crystal. We have calculated their TO and LO frequencies together with their oscillator
strength. The concentration dependence of these parameters is not that characteristic of a two-
mode behaviour. The anomalies observed in the spectrum are explained by the activity of the
additional 8 mode of both CuCl and CuBr in their mixed crystals, whose interaction gives rise
to the lowest-frequency lattice mode, which depends on both temperature and concentration.
Such a study using far-IR reflectivity spectroscopy was never done in the past, only Raman
spectroscopy has been used [13, 18,21, 23].

Low-frequency modes, much weaker than the 8 and y lattice modes, were observed below
130 cm~!, in the far-IR reflectivity spectrum of both pure and mixed crystals. These modes,
due to two-phonon processes, are assigned to a combination of zone boundary phonons.
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