PHYSICAL REVIEW B

VOLUME 21,

NUMBER 6 15 MARCH 1980

Phonon-polaritons in Cu halides: Anomalies and their temperature dependence
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The polariton Raman spectra of CuCl, CuBr, and Cul crystals are studied at various temperatures of their
zinc-blende phase. Two polar modes are proven to exist in CuCl at room temperature and below; their
oscillator-strength ratio changes with temperature and follows the temperature dependence of the lattice
constant. In CuBr also two polar modes were observed at 300 and 80 K, but not at 2 K. In the latter case
their oscillator-strength ratio shows an exponential temperature dependence. The two polar modes and their
oscillator-strength temperature dependence are explained, assuming a temperature-dependent secondary
mimimum in the potential energy of the copper ion. Polariton spectra of Cul at room temperature and

below show just one polar mode and behave regularly.

I. INTRODUCTION

The aim of this report is to present the polari-
ton measurements in CuCl, CuBr, and Cul at var-
ious temperatures of interest and to offer an ex-
planation for the phenomena observed and their
temperature dependence.

Information on polaritons in Cu halides has been
previously published on CuCl at 80 K1'2and on Cul
at room temperature.3 In the first reportlon the
polaritons in CuCl a theoretical fit could not be
obtained with what seemed to be a normal polari-
ton dispersion. In the second report2on the polar-
itons in CuCl more polariton branches were ob-
served and the data were interpreted in terms of
a Fermi resonance between the TO phonon and
two peaks in the two-phonon density of states. The
Cul polariton spectra show no irregularities3and
fit well the calculated dispersion curves.3

The purpose of the present report is to give
more complete information on the polariton dis-
persion in this family of compounds and the way it
changes with temperature. Both the polariton dis-
persion and its temperature dependence will be ex-
plained by a model previously proposed to explain
many of the Cu-halide known anomalies.4’5

We are dealing with the zinc-blende phase of
CuCl, CuBr, and Cul with two atoms per primi-
tive unit cell. Group theory predicts just one po-
lar mode in this structure, and therefore two po-
lariton branches are expected theoretically, of
which only the lower one can be observed by the
near-forward Raman-scattering technique.6 How-
ever, it is well known that in CuCl two TO-like
modes appear in both its Raman4-7"8and infrared
spectra.9 11 These lines were labeled7 0 and vy.
The y line is relatively narrow and its correspond-
ing LO(y) is of about the same width, while TOO)
is much broader4*8and the inability to assign a
corresponding LO(/3) remained a puzzle for quite

A

some time.4

In previous publications,4’5a detailed review
was given of the many anomalies found in CuCl,
which were manifested in Bragg x-ray and neutron
scattering, Raman scattering, infrared absorp-
tion and reflection, and neutron inelastic scatter-
ing. It was argued at length that all these anom-
alies can be interpreted in terms of secondary
(off-center) minima in the potential energy of the
copper ion.4 A dynamical model was assumed in
which a Cu ion may populate its ideal position or
four equivalent off-center sites located on the
[111] directions toward the four faces of the tet-
rahedron formed by the anions—the quantum-me-
chanical tunneling states are formed of all five
positions. The relative Cu* population at central
and off-center sites, depends on A, the energy
difference between the corresponding potential en-
ergy minima. The magnitude of A is a function of
the lattice parameter which is temperature and
pressure dependent.

According to this model,4 two polar modes can
exist: one in which Cu* at ideal sites participate
(y) and the other in which Cu* at off-center sites
participate (/3). Both modes, 0 and y, exhibit the
same FBsymmetry. The larger width of the 3
line is explained by a shorter correlation length
of this mode. W.ithin this interpretation the LO(/3)
line is to be found between TO(/3) and TO(y). In
fact, all four lines [TO(/3,y), LO(/3,y)] were
clearly reported at 2 K in Fig. 1 of Ref. 4. Po-
lariton measurements are important to establish
the nature of the /3line: measure its dispersion,
determine its oscillator strength, and also find
out whether the line assigned as LO(0) shows any
dispersion at all. Other than that not much has
been expected of the polariton measurements of
CuCl at different temperatures.

As interesting as it sounds for CuCl, it seemed
even more important to measure the polariton
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FIG. 1. Polariton spectra of CuCl at 80 K and various
external angles ipm The arrows mark the polariton
frequencies, the vertical lines at @TO(|3), ojlo (/3),
“to(y), and are drawn for reference.

dispersion in CuBr and at various temperatures.
The situation in CuBr is more confusing because
of the fewer experiments that have been performed
on this compound.i2'13 The model mentioned
aboves claims a trend from CuCl to Cul and argues
that a second polar mode does exist in CuBr as
well as in CuCl. This other mode is not resolved
iii infrared.14 It is resolved in Raman at the 80-
250 K temperature range,is but its intensity tem-
perature dependence resembles that of a differ-
ence combination of phonons rather than that of a
first-order phonon.1z This intensity temperature
dependence of the /3-phonon line in CuBr was ex-
plaineds by the change of A (and therefore the Cu*
off-center population) as a result of the variation
of the lattice parameter with temperature. The
importance of recording the polariton spectra in

CuBr is therefore first of all to determine whether
the extra mode Bis really polar, and if so, to find
out its oscillator strength. The temperature de-
pendence of the polariton dispersion is then essen-
tial for the understanding of the origin and the na-
ture of this phonon mode.

For the sake of completeness the Cul polariton
dispersion was also measured in spite of the fact
that no anomalies have been found concerning its
polar mode, at room temperature and below,i3'16
and although the room-temperature polariton
spectra have already been reported.s The experi-
mental set up is described in Sec. Il. In Sec. Il
the results and their interpretation are given for
each compound at different temperatures. A gen-
eral discussion is presented in Sec. IV and a
summary in Sec. V.

D. EXPERIMENTAL

The near-forward-scattering spectra were ex-
cited by a Kr* laser at its 6471-A line with power
of about 400 mW. The scattered light was ana-
lyzed using a triple spectrometer set for a reso-
lution of 3-5 cm~1 depending on the particular
spectrum quality. We note that the width of the
exit slit of the third monochromator was set at
about the same width as those of the double mono-
chromator. All three monochromators were op-
erated in tandem for the frequency range mea-
sured. The laser beam was focused onto the sam-
ple using a long-focal-length (130-cm) lens to
minimize the angular spread of the incident radia-
tion. The Cu-halide crystals studied were in their
zinc-blende phase, which justifies the use of a
concentric annulus in order to restrict the opening
angle of the collected scattered light.e The scat-
tering angle ip (measured outside the crystal) was
determined by the annulus radius and by its dis-
tance from the sample. Measurements were taken
at angles in the range 0.4°  « 4.5° with
A scattering geometry in which ei is perpendicular
to es was preferred in each case in order to reduce
ghost intensity. Immersion and cold-finger-type
cryostats were used for measurements at 2 and
80 K, respectively.

The samples were kindly provided to us by
I. P. Kaminow of Bell Telephone Laboratories.
These were oriented single crystals with typical
dimensions of a few mm and were extra-fine pol-
ished.

11l. RESULTS AND INTERPRETATION
A Cuprous chloride
(i) CucCl8oK

Near-forward Raman-scattering spectra at 80 K
are shown in Fig. 1 for various scattering angles
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tp. Straight lines are drawn for reference at the
frequencies 149 cm"1, 161 cm"1, 173 cm"1, and
210 cm*1, corresponding to the frequencies of
TOO), LOO), TO(y), and LO(y) phonons, respec-
tively.a The longitudinal modes LOO) and LO(y)
are dispersionless and the peaks at axo00) and
wxo(y) are due to back-reflected scattering.e The
small arrows mark the o and y polariton lines,
the only lines whose frequencies change with tp.
The relative intensity of the y polariton becomes
smaller at smaller angles, but its width does not
change significantly with tp. The relative intensity
and the width of the j polariton, on the other hand,
enhances considerably at smaller .

The polariton wave vector q is calculated from
the relationi=s

q2=(dk/du)2wt,(.g2+k ikstp2 (1)

(in units of energy), where sfe/lsw= |n(A) -Xsan/sX|E
and «(X) is taken from the data of Ref. 17, k, and
icsare the photon wave vectors of the incident and
scattered radiation, respectively. The measured
values of the polariton dispersion <p{q), are pre-
sented in Fig. 2. The measured frequencies of
LOO) and LO(y) are also indicated in this figure in
order to demonstrate their dispersionless nature.
The polariton dispersion is calculated from

cq= wl«(w)J1/2. ()
/ CuCl {8OK}
220t
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FIG. 2. Polariton dispersion in CuCl at 80 K. The
full lines are the calculated best fit (see text) to the
experimental data crosses.

HALIDES:

ANOMALIES AND. 2587

When damping is excluded
cu>)=€()+£ s/ (I “ welwj) » 3)
i

where Sj and are the strength and frequency of
the jth polar mode. Usually, St is determined
from infrared data, but in the case of CuCl, the
different infrared measurementso~11 yielded dif-
ferent Syvalues. Instead, we prefered to use a
single-parameter fit. The mode LO(y) is far from
the rest of the lines and therefore the condition
€(a)LAy))= o holds, especially at low temperatures;
this can also be derived from the infrared spec-
tra.o' 11 With this condition and using e(°°)= 3.61
from Ref. 1, S¢Sr is chosen as a parameter with
which the data is best fitted and S, and Sy are ob-
tained individually from Eq. (3). The best fit to
the experimental results is obtained with Sg/Sr
=1.44£0.3, and SB=1.4+0.2, Sr=1.0+0.1; this is
shown in Fig. 2. e0=e, +Sg+Sr=6.1+0.1 is de-
rived from the polariton measurements and is in
excellent agreement with the value of e0=6.1 0.1
measured at 80 K.s Moreover, the second zero of
c(t>) is now calculated to be at wloO) =159 £1 cm=
compared with uloO)=161+2 cm= as read from
the polariton spectra. With this value the (Lyd-
dane-Sachs-Teller) LST relation which is written
as

e<A«.= [wL00)w LO(y)/wT0(")a)TO(y)]2 (4)

is perfectly obeyed.

There is also an alternative way to calculate the
dispersion curves without fitting the SASr ratio
but rather determining it from the reduced Raman
intensity ratio of the /3and y TO lines at large
scattering angles.

For polar modes the reduced Raman-scattering
intensity can be written asis

11 =A(w)e"(oj), (5)

where IR is the measured Raman intensity, A(w)
is the Raman matrix element, wis the Bose Ein-
stein factor, and e"(w) is the imaginary part of
the dielectric function. For velocity damped har-
monic oscillatorsis
e"(w) = [(“] " €2H<5 )2« (6)
Assuming A(u(P))aA{w(y)), the reduced intensity
ratios of 3and y modes yields Sf/Sy=1.8, which
is within the range of values obtained by fitting
the polariton data. This result shows that the as-
sumption i4(io0))~.A(td(y)) can be used to a fair
approximation. Of course one should not ignore
the inaccuracy in measuring the intensities of the
TOO) and TO(y) lines, especially because of the
third line, LOO), lying in between. Another ver-
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ification of the present conclusion of two oscil-
lators contributing to e(0)) of CuCl at 80 K comes
from the polariton relative intensity measure-
ments.

For cubic crystals, the frequency-dependent
Raman intensity J(w), without damping, is written
as?2

I (<--£{1_3/7r)y" t7)

where a* is the jth mode atomic displacement ten-
sor, b is the electro-optic tensor element, and C
is a normalization factor. At the jth frequency
I(u>) ~ |al12, thus the individual relative jalizval-
ues can be derived from the reduced Raman-scat-
tering intensities at large ip. Using also the in-
tensity of a longitudinal mode [JLQ(y) in the case
of CuCl], two sets of equations for the relative b
parameter can be obtained.e’19 For CuCl with XL
=6471 A, 7To(0)//toM =1-8>and/LQy)//TAy)
=2.3 and the two solutions calculated have oppo-
site signs of b/as. In general, for frequencies
lower than aiTO, when b/a> o the polariton inten-
sity enhances, 19,20 and when b/a<o the polariton
intensity decreases when pdecreases. The right
sign of b/a only can be chosen experimentally.

The relative intensities of the 0 and y polaritons
were measured in each spectrum and the Bre-
flected back scattering intensity was used for the
calibration of the polariton intensity at the differ-
entangles.2i The experimental results are pre-
sented in Fig. 3; naturally the errors involved in
these values are quite substantial, but neverthe-
less, the fit to the calculated I{u>) with b/a<o is
remarkably good. The solution using b/a>0 has
no similarity whatsoever to the experimental re-
sults and is not shown.

CuCl (BOK)

TO(8 LO(y}

Intensity {a.u.)

TOly)

LO(B)
) | 1 i 1 1
140 160 180 200

oi (cm-")

FIG. 3. Frequency-dependent Intensity of CuCl at
80 K: calculated—full line, experimental—crosses.
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I LO(I3) was not taken as a fixed parameter in the
calculation of I(w), but its calculated intensity
agrees very well with its measured intensity at
large ip; /Lo(/3)//x0(0)=0.2 and was derived from
the excess of intensity in the fi mode (which ap-
pears as an asymmetry at the high-frequency
side of the Bpeak).2 This fact supports the pro-
cedure a posteriori, and also the assignment of
the line as LO(0). Furthermore, it may explain
the smaller ratio of JLO(/3)/ITO(y)= 0.2, compared
to lick?)/JtoM =2-3 which holds at 80 K.

In two previous reports, the polariton spectra
of CuCl at 80 Ki'2 are described. In the first one:
the TO(y) dispersion was not observed and thus
the attempt to fit the data to a single oscillator
was unsuccessful. In the second report2 the TO(y)
dispersion has indeed been measured, but the data
were interpreted in terms of a Fermi resonance
between To (y) and two peaks in the combined two-
phonon density of states, g g(w): co=141 cm’1 and
w= 162 cm"L In this model2 S1,S2«S(y) and it is
required that w2will be dispersive. w2« wiLO(o0)
and we have shown that this line is dispersion-
less. Moreover, at p=4.5° the frequency of the 3
polariton approaches 148 cm*1, which is a lot high-
er than the » frequency (141 cm"1). Also the LST
relation is not obeyed with the Fermi resonance
interpretation. The small  and Sz values do not
give the correct e0=e,+2Z/jSj value. Equivalently,
these Sxand S2yield wLQ(/) =142 cm=: and toLQ(2)
=163 cm"1, and therefore

eqLST) = [wLO(1)wLO(2)wlo (y)]2 [WTO(1)wTO(2)
xa>TQ(y)]2=5.6,

compared to €0=6.1 measuredr's at 80 K.

(i) CuCl300 K

The dispersion of the y polariton in CuCl is
small at 80 K and is expected to be considerably
larger at 300 K. On the other hand, the Raman
lines are much wider due to the large anharmon-
icity of the crystal. From Fig. 4, it is clear that
in spite of the very broad lines, it is possible to
measure the polariton dispersion in CuCl even at
300 K.

The polariton lines are marked by small arrows
and the straight lines are drawn at the frequencies
Wro(0) =123 cm"1, wLO(0) =139 cm"1, &To(y)=162
cm"1, and wlo(y)= 202 cm"1 The dispersion of
the y polariton is clearly more pronounced than
that recorded at 80 K, but the width of all the
lines, especially those of the polaritons, are by
far larger. The measured shift of the y polariton
frequency is 14 cm= compared with 7 cm+1 mea-
sured at 80 K. The experimental wp(q) values of
both the polaritons and the LO lines are shown in
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FIG. 4. Polariton spectra of CuCl at 300 K (compare
with Fig. 1).

0.78°

Fig. 5.

The LO(j3) line is placed between two wide and
intense lines [(TOO) and TO(y)] at room tempera-
ture and therefore was not noticed in the large
angle Raman scattering. Only in the thesis of
Prevot,22 a trace of LOO) seem to have been ob-
served when LO allowed geometry was used
[z(xy)z]. At near-forward-scattering geometry,
as opposed to the back-reflected part, the for-
ward scattering part of the TOO) line shifts to
lower frequencies, leaving a weaker reflected
back scattering trace. On the other hand, the
LOO) line is dispersionless and therefore its line
intensity consists of both forward scattering and
back-reflected intensities. At angles sufficiently
small (ip« 1.3°) LOO) is indeed detected and its
frequency is 139+3 cm-1 (Fig. 4).

At 300 K, the lines of CuCl are broad and it may
seem oversimplified to calculate the polariton dis-
persion using an undamped e(w) function. Never-
theless, from the work of Rimai et al.2Z3 it turns
out that the undamped oscillator can be considered
as a reasonable approximation unless the width of
the line is comparable to its frequency. How-
ever, when an attempt is made to calculate the
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FIG. 5. Polariton dispersion in CuCl at 300 K. The
full lines are the calculated best fit (see text) to the ex-
perimental data crosses.

dispersion curves following the procedure used
for the 80 K case, two difficulties arise. From
infrared dataii’14 at 300 K it is obvious that

and *n addition the LOiy) line is
very wide. For these reasons, in order to fit the
data toLO(y) was allowed to vary in accordance
with the experimental frequency uncertainty:
olQ(y) =200 +5 cm"1, this in addition to the pa-
rameter Ss/Sr. It should also be noted that be-
cause of the broad lines, the inaccuracy in the
data points is rather large (Fig. 4). The best fit
shown in Fig. 5was obtained with Sg/Sy=2.5+0.5,
Ss=2.8+0.4, Sy=1.1£0.1. With these values eo
=€, +Sa+Sr=7.5+ 0.5 is obtained, which fits fairly
well the measuredr's €0=7.9+£0.5 at 300 K. The
second zero of «(w) comes out at 142+2 cm
compared with 139 +2 cm'1 which is the observed
LOO) frequency. Clearly, the second zero and
the LOO) frequency do not have to coincide; the
same arguments given above for LO(y) hold at
least as well for LO(/3).

B. Cuprous bromide

It was generally acceptedi2'13'15 that there is
nothing anomalous about the Raman spectra of
CuBr, although it was known that the wide line
observed at room temperature consists of two
lines.13 These lines are unresolved in infrared,is
and therefore their individual oscillator strengths
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are unknown. Moreover, the intensity tempera-
ture dependence of one of the lines is higher than
that of a first-order phonon line, and therefore
this line (j3) was considered to be a difference
combination,i2,13,15 especially because it vanishesis
at 2 K.

It was our assertions that the anomalies found
in CuCl are not unique and that there is a trend
in the Cu halides anomalous properties, increas-
ing from Cul to CuCl. We find that the polariton
data of CuBr is of special importance as far as
the mode of Cu* at off-center sites is concerned.
The Cu* off-center population in CuBr is highly
sensitive to temperature variation unlike CuCl.4
The individual oscillator strengths of $ and y at
various temperatures can be deduced from the
polaritons dispersion and thus shed more light on
the mechanism involved.

CuBr
2K

2.6°

1.9°

INTENSITY

1.5

1.13°

1.0°

0.92°

0.76°

0.58°

) S R DR S TR AR TR NS T |
80 100 120 140 160 180

FREQUENCY (cm-i)

FIG. 6. Polariton spectra of CuBr at 2 K for several
external scattering angles . The polariton lines are
marked by arrows, the vertical lines at &TQ(Y) and
t»>Lo(v) are drawn for reference.

(i) CuBr2K

The near-forward Raman spectra at 2 K for sev-
eral external scattering angles are shown in Fig.
6. The straight lines are drawn at wT0(y) = 140
cm=1 and wLO(y)= 169 cm*1 Only a single polari-
ton mode is observed; its width increases and its
relative intensity decreases for decreasing tp
The rest of the lines in the spectra are the back-
reflected TO and the dispersionless LO mode.

The polariton wave vectors were calculated us-
ing Eq. (1) and the values of w(X) and \n- As«/8X|E
taken from Refs. 12 and 17. It is worthwhile to
mention that at 6471 A the value of |« - Xen/sX\L
is quite small and theoretically the full branch of
the lower polariton is measurable. This can be
seen in Fig. 7 where the experimental wp(q) data
are shown.

The theoretical curve was calculated using a
single oscillator with a strength

s=K 0/<40-i)e. . ®

Taking:2 €,= 4.06, wLQy)= 169 cm"1, WjQly)=140
cm*1, one gets S=1.86. With this value the theo-
retical curve matches perfectly the experimental
results. This means that at 2 K, just one mode
contributes to e(w), they mode.

The frequency-dependent intensity 7(u>) was cal-
culated using Eq. (7) for a single oscillator and
/LO/1T0=2 at 6471 Aand large tp. The two possi-
ble solutions of J(w) are shown in Fig. s: /Mui)—

180
CuBr (2K)
Lo
160 |-
140
- 120 -
E
o -
3
100 -
80 -
so -
1 [ 1 L ) L
40 200 400 600 800

cq (cm-')

FIG. 7. Polariton dispersion in CuBr at 2 K: full
line—theoretical curve, crosses—experimental values.
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FIG. 8. Experimental I(co) values of CuBr at 2 Kcom-
pared with the calculated It(o) (b/a <0) and /2(w) (b/a
>0), see text.

based on b/a<0 and /2(w)—based on b/a> 0. The
comparison with the experimental results obvious-
ly proves that b/a<0 in CuBr just as in CuCl.

(ii) CuBr 80K

In CuBr spectra at 80 K the two modes /3and y
are well resolved as is demonstrated in Fig. 9:
wto (0)=121 cm-1 and WIQ(y)=138 cm'l, wlo(y)
=169 cm"1l Definitely two polariton modes Band
y are observed. The frequency of the y polariton
reaches almost c¢3), its relative intensity de-
creases while it narrows at small ip. On the other
hand, the intensity and width of the Bpolariton in-
crease when ipdecreases. This is the first ex-
perimental evidence of the existence of the fi-y
anomaly in CuBr, i.e., both lines are infrared
active and thus belong to the same representation
rb

The experimental up{g) data are shown in Fig.
10. For the theoretical dispersion curves, a
best-fit procedure was carried out exactly the
way it was done for CuCl for 80 K: the ratio SASr
was taken as a fitting parameter with the con-
straint that e(wlo(y))=0. The excellent fit shown
in Fig. 10 was obtained with the ratio Sg/Sr=i-.
The ratio between the reduced Raman intensities
of o and y is around the same value; this ratio is
hard to estimate because of the low intensity of
the B mode at this temperature. The individual
oscillator strengths Se=0.3 £0.2 and Sr=1.85
+0.05 are then calculated. Using these values eo
=e, +SB+Sr=6.2+0.15 and fits very well the mea-
sured value of c0=6.2 at 80 K.z.2 The second zero
of e(@>) comes out at 122.5£0.5 cm1 and it is very
close to oto(f3) (121 cm"1); this might be the rea-
son that no LO-TO splitting of the 3mode could
be detected. The calculated polariton dispersion
curves based on the single oscillator y (138, 169
cm"l) are also shown in Fig. 10, in order to
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FIG. 9. Polariton spectra of CuBr at 80 K for sev-
eral angles ipm The arrows mark the polariton lines.

The vertical lines at u(j3), ¢jTO(y), and oLO(y) are
drawn for reference.

demonstrate their disagreement with the polariton
measured data.

The dispersion of the y polariton decreases at
small wave vectors (Fig. 10) and this explains its
narrowing at small ip (Fig. 9). The behavior dif-
fers from that characteristic of a lower polariton
branch, which broadens at smaller wave vectors.s
This fact supports our conclusion: y is not the
lower polariton branch in this case. Two modes
contribute to e(ojy of CuBr at 80 K so that the y
polariton can shift down to a frequency as low as
wLO(0) (see Fig. 10).

The fit obtained between the experimental and
calculated /(to) shown in Fig. 11 further supports
this conclusion. I(w) was calculated using Eq. (7)
and IroWB)/ITOy) =%, 1"0(y)//TOy)=2. The re-
sults obtained at 2 K prescribe the solution for
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180 CuBr (BOK)

LO(y)

160 i~

2(!')0 I 4(130 6(I)0
cq (cm-1)
FIG. 10. Polariton dispersion in CuBr at 80 K. The
full lines are the calculated best fit (see text) to the ex-
perimental data crosses. The dashed line is the cal-
culated polariton dispersion based on a single oscilla-

tor (y).

L Il L

1
800

which b/a<0. The fit to the calculated 1{w) based
on the two oscillators p and y is excellent, taking
into account the large experimental uncertainties.
On the other hand, 1(u) based on a single oscil-
lator (y), which is also shown in Fig. 11, clearly
disagrees with the experimental results. It is
worthwhile to mention that the calculated J(wLo(/3))
is negligibly small and this also explains the in-
ability to detect this line even at small scattering
angles, where it is more likely to be detected.

6 CuBr (BOK)

LOty}
*z

Toty)

Intensity (a.u.)

Tt i

i 1 1 t
100 120 140 160

w {em)

FIG. 11. Experimental I(w) values of CuBr at 80 K
compared with the calculated 7(oj) based on two oscilla-
tors Bandy (full line) and the calculated /(qj) based on
a single y oscillator (dashed line).

TO8) CuBr
ol 300K
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FIG. 12. Polariton spectra of CuBr at 300 K (compare
with Fig. 9).

(iii) CuBr300 K

The P mode becomes much more dispersive at
300 K, where at large ip its Raman line is more
intense than that of the y mode. In Fig. 12 the
CuBr polariton spectra at room temperature are
shown essentially to demonstrate that contrary to
the case of CuCl at 300 K, well defined polaritons
are recorded here, in spite of the large width of
the /3y peak at large ip. At room temperature
oto (/3)=114 cm-1, wIQ(y)=124 cm-1, and wlo(y)
=163 cm: (Refs. 4,12,13), but TO(/3) and TO(y)
are unresolved. Therefore only the Bpolariton
can be detected. If at 80 K, because of the small
Sg/Sr ratio, a resonance interaction between the
higher y polariton and the fi mode could be con-
sidered, it certainly can not be the case of room
temperature where the j3polariton is well ob-
served even at rather large ip, which means that
its oscillator strength is large.

In order to evaluate the /3and y oscillator
strengths, again S/Sr was chosen as a fitting pa-
rameter together with the relation €(wLQ(y))=o.
The best fit between the calculated dispersion
curves and the experimental data is shown in Fig.
13 and was obtained with Sg/Sr=2, Sgs2.5+0.4,
and Sv=1.2+0.2. These values yield eo=7.8+0.3
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FIG. 13. Polariton dispersion in CuBr at 300 K. The
full lines are the calculated best fit (see text) to the
experimental data crosses. The dashed line is the

calculated polariton dispersion based on a single os-

cillator (y).
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FIG. 14. Polariton spectra of Cul at 80 K for several
external angles ip. The polariton lines are marked by
arrows, the vertical lines at ojTO(y) and colo(y) are
drawn for reference.
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FIG. 15. Polariton dispersion of Cul at 80 K. Crosses
represent the measured values and the full lines are the
theoretical dispersion curves.

40

as compared to e0=7.9 £0.4 measured at room
temperature.i2 The second zero of c(w) is deter-
mined to be at 119+2 cm"1, which is in between
the wide lines of TOO) and TO(y) and therefore
could not be detected even at small tp- With this
value of wlo(/3) the LST relation [Eq. (4)] is per-
fectly obeyed.4

For comparison, the dispersion curve based on
a single oscillatory (124, 163 cm"l) is also
shown in Fig. 13, but clearly does not fit the ex-
perimental results. Also the LST relation based
on the single oscillator y is not obeyed.sa There
is no possibility of meaningfully measuring the
polariton intensities at 300 K.

C. Cul

The polariton spectra of Cul were recorded for
the sake of completeness only. Anomalies of the
kind found in CuCl and CuBr were not found in
Cul at T <500 K, but at high temperatures po-
lariton measurements are more complicated.

Our measurements at 300 K confirm those re-
ported by Wiener-Avnear,s except that we were
able to record a much larger shift of the polariton
frequency when excited by longer-wavelength ra-
diation.

The nearly-forward Raman-scattering spectra
at 80 K for several angles ipare shown in Fig. 14.
With e,,=4.84,13 wTO=133 cm"1, and wLO=150 cm":
one gets [Eq. (8)] S=1.27. Figure 15 shows the
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FIG. 16. Calculated (full line) and experimental
(crosses) 7(co) for Cul at 80 K.

excellent fit between the calculated polariton dis-
persion curves and the experimental results.

I(w) was calculated using 7LO// TO=0.45. Again,
only Jt((u) for which b/a< o fits the measured po-
lariton relative intensities, as is shown in Fig. 16,

IV. GENERAL DISCUSSION

As a matter of principle whenever the infrared
data can yield sufficiently accurate oscillator
strengths, the polariton dispersion curves can
readily be calculated. In that case measuring po-
lariton dispersion may be considered as a double
check only, or as a measure of the degree of the
infrared accuracy.

There is a number of reports on infrared mea-
surementso 11,14 of CuCl, but these yield different
oscillator-strength values. However, they do
agree upon the basic question, namely, the exis-
tence of two oscillators of considerable strength
at all temperatures. Nevertheless, the previous

TABLE I. The oscillator strength of the 3and y modes
in CuCl and the measured (e0—e,, el =Sg +Sy at different
temperatures.

T(K) S8 sr s6/sr (e0  €»)expt
2 1.7 a 0.6 a 2.8a 2.3
80 1.4 1 1.4 2.5

300 2.8 1.1 2.5 4.3

aReference 24.

two reports:'2 on polaritons in CuCl ignored these
results. In one,: an attempt was made to fit the
polariton data by a single oscillator and in the
other altogether three oscillators were assumed:
a Fermi resonance of the TO mode with two multi-
phonon modes.2

In the present report a good fit to two oscilla-
tors was obtained and it should be looked upon as
a supporting evidence of the fact established by in-
frared data. At least at low temperature we re-
gard the oscillator-strength values determined
from polariton measurements to be more accurate
than those yielded by infrared measurements.

In Table 1 a summary is given of the CuCl oscil-
lator strength of the Mand y modes determined
from the polariton measurements at 2 (Ref. 24),
80, and 300 K. The sum of S$and Sy should be
compared with the measured values of eo-

The fit is remarkable at 2 and 80 K. The good fit
obtained at 300 K may be misleading, regarding
the very broad lines of CuCl at this temperature
(see Fig. 4). The column S~"SVof Table I is of
special importance. One of the arguments in the
models to explain the existence of a second oscil-
lator at very low T in CuCl is based on the nega-
tive thermal expansion coefficientss of CuCl below
100 K; the off-center Cu+potential well deepens
at low temperatures,s and consequently the off-
center Cu* population increases. The ratio of the
/3-y oscillator strengths can be regarded as a
measure of the ratio between the off-center popu-
lation and that of the center, respectively. It is
clear that roughly speaking this ratio follows nice-
ly the temperature changes of the lattice param-
eter, which has a minimum of about 100 K.

In order to understand the physics of CuBr, the
polariton measurements proving the existence of
two oscillators at 80 and 300 K, are absolutely
necessary. These two oscillators are very close
in energy and could not be resolved in infrared.is

In fact at 300 K these lines were hardly resolved
in Raman scattering4 and at 80 K the intensity of
the Bline is small compared to that of the y line.is
Because of its Raman intensity temperature de-
pendence, the additional Bline was believed to be
a difference bandi2'13'15 and as such was ignored

TABLE Il. The oscillator strength of the ji and y modes
in CuBr and the measured (£0- £,icp, Sg+Sf at different
temperatures.

T(K) s6 or SBISy
2 0 1.9 0
80 03 1.9 0.18
300 25 12 2.0
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altogether. The proof that both fi and y are polar
modes comes solely from the polariton measure-
ments, which in addition yield information about
their oscillator strengths. This information is
summarized in Table Il where their relative
strengths are given at different temperatures.
Assuming that A itself does not change much with
temperature in CuBr, A can be calculated with the
help of Sg/Sr at 80 and 300 K given in Table Il, and
assuming an exponential behavipr of this ratio
with temperature, this calculation yields A of the
order of 200 K, which does seem reasonable owing
to the fact that Sr does not change significantly be-
tween 2 and 80 K. It is therefore concluded that at
very low temperatures Cu* are at the ideal posi-
tions and the off-center-to-center population ratio
increases rapidly with temperature.

Our polariton-dispersion measurements of CuCl,
CuBr and Cul show that in CuCl two oscillators
exist at all temperatures, in CuBr the second os-
cillator disappears at very low temperatures,
while in Cul just one oscillator is observed at
temperatures lower than 300 K. This trend in the
Cu-halide crystals is one of the basic features of
our model.4

V. SUMMARY

The polariton spectra of CuCl, CuBr, and Cul at
various temperatures were presented and dis-
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cussed. The measured ep(g) values were fitted
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at all temperatures, two oscillators in CuBr at
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