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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 th is re p o rt is  to p re se n t the p o la ri­
ton m easu rem en ts  in CuCl, C uB r, and Cul a t v a r ­
ious te m p era tu re s  of in te re s t and to offer an  ex­
planation fo r the phenom ena observed  and th e ir  
te m p era tu re  dependence.

Inform ation on po laritons in Cu halides has been 
prev iously  published on CuCl a t 80 K1’2 and on Cul 
a t room  te m p e ra tu re .3 In the f i r s t  re p o rt1 on the 
po laritons in CuCl a th e o re tic a l f it could not be 
obtained with w hat seem ed to be a norm al p o la ri­
ton d isp ers io n . In the second re p o r t2 on the p o la r­
itons in CuCl m ore po lariton  b ranches w ere  ob­
se rv e d  and the data w ere  in te rp re ted  in te rm s  of 
a  F e rm i resonance between the TO phonon and 
two peaks in the two-phonon density of s ta te s . The 
Cul po lariton  sp e c tra  show no ir re g u la r i t ie s 3 and 
fit w ell the calcu lated  d isp e rs io n  cu rv e s .3

The purpose of the p re se n t rep o r t is  to give 
m ore com plete inform ation on the po lariton  d is ­
p ersio n  in th is fam ily of compounds and the way it 
changes with tem p era tu re . Both the po lariton  d is ­
p ers io n  and its  te m p era tu re  dependence w ill be ex ­
plained by a m odel prev iously  proposed to explain 
many of the C u-halide known anom alies.4’5

We a re  dealing with the zinc-b lende phase of 
CuCl, C uB r, and Cul w ith two atom s p e r  p r im i­
tive un it ce ll. Group theory  p red ic ts  ju s t one po­
la r  mode in th is  s tru c tu re , and th e re fo re  two po­
la rito n  b ranches a re  expected th eo re tica lly , of 
which only the low er one can be observed  by the 
n ea r-fo rw a rd  R am an -sca tte rin g  technique.6 How­
ev e r, it is w ell known that in CuCl two T O -like 
m odes appear in both its  Raman4-7*8 and in fra red  
sp e c tra .9' 11 T hese lines w ere  labeled7 0 and y.
The y line is re la tiv e ly  narrow  and its  co rresp o n d ­
ing LO(y) is of about the sam e w idth, while TOO) 
is much b ro ad e r4*8 and the inability to a ss ig n  a 
corresponding  LO(/3) rem ained  a puzzle fo r quite

som e tim e.4
In prev ious publications,4’5 a detailed  review  

was given of the many anom alies found in CuCl, 
which w ere  m anifested  in B ragg x - ra y  and neutron 
sc a tte r in g , Ram an sc a tte r in g , in fra red  ab so rp ­
tion and reflec tion , and neu tron  in e las tic  s c a t te r ­
ing. It was argued a t length that a ll these  anom ­
a lies  can be in te rp re ted  in te rm s  of secondary 
(off-cen ter) m inim a in the potential energy of the 
copper ion.4 A dynam ical m odel w as assum ed in 
which a Cu ion may populate its  ideal position o r 
four equivalent o ff-cen te r s ite s  located on the 
[111] d irec tio n s tow ard the four faces of the te t ­
rahedron  form ed by the an ions—the q uan tum -m e­
chanical tunneling s ta te s  a re  form ed of a ll five 
positions. The re la tiv e  Cu* population a t cen tra l 
and o ff-cen ter s i te s ,  depends on A, the energy 
d iffe rence between the corresponding  potential e n ­
ergy  m inim a. The m agnitude of A is  a  function of 
the la ttic e  p a ra m e te r  which is te m p era tu re  and 
p re s su re  dependent.

A ccording to th is  m odel,4 two po la r m odes can 
ex ist: one in which Cu* a t ideal s ite s  p a rtic ip a te  
(y) and the o ther in which Cu* a t o ff-cen te r s ite s  
p artic ip a te  (/3). Both m odes, 0 and y , exhibit the 
sam e r15 sym m etry . The la rg e r  width of the /3 
line is explained by a sh o r te r  c o rre la tio n  length 
of th is mode. W ithin th is in te rp re ta tio n  the LO(/3) 
line is to be found between TO(/3) and TO(y). In 
fac t, a l l  four lines [TO(/3,y), LO(/3,y)] w ere 
c lea rly  rep o rted  a t 2 K in Fig. 1 of Ref. 4. P o ­
la rito n  m e asu rem en ts  a re  im portan t to es tab lish  
the natu re  of the /3 line: m easu re  its  d isp e rs io n , 
d e term in e  its  o sc illa to r  s tren g th , and a lso  find 
out w hether the line assigned  as  LO(0) shows any 
d isp e rs io n  a t a ll. O ther than that not much has 
been expected of the po lariton  m e asu rem en ts  of 
CuCl a t d iffe ren t te m p era tu re s .

As in te res tin g  a s  it sounds fo r C uC l, it seem ed 
even m ore  im portan t to m e asu re  the po la riton
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FIG. 1. Polariton spectra of CuCl at 80 K and various 

external angles ip ■ The arrows mark the polariton 
frequencies, the vertical lines at a)TO(|3), ojlo (/3), 
“ t o ( Y ) ,  and are drawn for reference.

dispersion in CuBr and at various tem peratures. 
The situation in CuBr is m ore confusing because 
of the fewer experim ents that have been perform ed 
on this compound. 1 2 ’ 1 .3 The model mentioned 
above4 claim s 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 in frared . 14 It is resolved in Raman at the 80­
250 K tem perature  range , 15 but its  intensity tem ­
pera tu re  dependence resem bles that of a d iffer­
ence combination of phonons ra th e r than that of a 
f irs t-o rd e r  phonon. 13  This intensity tem perature 
dependence of the /3-phonon line in CuBr was ex­
plained4 by the change of A (and therefore the Cu* 
off-center population) as a resu lt of the variation 
of the lattice param eter with tem perature. The 
im portance of recording the polariton spectra  in

CuBr is therefore f ir s t  of a ll to determ ine whether 
the extra mode /3 is really  polar, and if so, to find 
out its oscilla to r strength. The tem perature de­
pendence of the polariton dispersion is then essen­
tia l for the understanding of the origin and the na­
ture of this phonon mode.

For the sake of com pleteness the Cul polariton 
d ispersion was also  m easured in spite of the fact 
that no anom alies have been found concerning its 
polar mode, a t room tem perature and below , 1 3 ’ 16 

and although the room -tem perature polariton 
spectra  have already been reported . 3 The experi­
mental se t up is described in Sec. II. In Sec. Ill 
the re su lts  and th e ir in terpretation  a re  given for 
each compound a t different tem peratures. A gen­
e ra l discussion is presented in Sec. IV and a 
sum m ary in Sec. V.

D. EXPERIMENTAL

The near-fo rw ard-scattering  spectra  w ere ex­
cited by a Kr* la se r  a t its 6471-A line with power 
of about 400 mW. The scattered  light was ana­
lyzed using a trip le  spectrom eter se t for a re so ­
lution of 3 -5  cm" 1  depending on the particu lar 
spectrum  quality. We note that the width of the 
exit s lit of the third monochromator was se t at 
about the sam e width as those of the double mono­
chrom ator. All three m onochromators w ere op­
erated  in tandem fo r the frequency range m ea­
sured. The la se r  beam was focused onto the sam ­
ple using a  long-focal-length (130-cm) lens to 
minimize the angular spread of the incident rad ia­
tion. The Cu-halide c rysta ls  studied were in their 
zinc-blende phase, which ju stifies the use of a 
concentric annulus in o rder to re s tr ic t  the opening 
angle of the collected scattered  light. 6 The sca t­
tering angle ip (m easured outside the crystal) was 
determ ined by the annulus radius and by its d is­
tance from  the sample. M easurem ents w ere taken 
at angles in the range 0.4° « 4.5° with 
A scattering geom etry in which e i is perpendicular 
to es was p refe rred  in each case in order to reduce 
ghost intensity. Im m ersion and cold-finger-type 
cryostats w ere used for m easurem ents at 2  and 
80 K, respectively.

The sam ples w ere kindly provided to us by 
I. P . Kaminow of Bell Telephone Laboratories. 
These w ere oriented single c ry sta ls  with typical 
dimensions of a few mm and w ere extra-fine pol­
ished.

III. RESULTS AND INTERPRETATION 
A. Cuprous chloride

(i) CuCl 80 K

N ear-forw ard Ram an-scattering spectra  at 80 K 
a re  shown in Fig. 1 for various scattering  angles
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tp. Straight lines a re  drawn for reference at the 
frequencies 149 cm "1, 161 cm"1, 173 cm "1, and 
2 1 0  cm*1, corresponding to the frequencies of 
TOO), LOO), TO(y), and LO(y) phonons, re sp ec ­
tively . 4 The longitudinal modes LOO) and LO(y) 
a re  d ispersion less and the peaks a t a>xoO) and 
wxo(y) a re  due to back-reflected scattering . 6 The 
sm all a rrow s m ark the 0  and y  polariton lines, 
the only lines whose frequencies change with tp.
The relative intensity of the y  polariton becomes 
sm aller a t sm aller angles, but its  width does not 
change significantly with tp. The relative intensity 
and the width of the j8 polariton, on the other hand, 
enhances considerably a t sm aller tp.

The polariton wave vector q is calculated from  
the relation 1 *8

q2= (d k /d u )2wt,(.q)2 + k ik stp2 (1 )

(in units of energy), where 8 fe/8 w= |n(A) -X 8n / 8 X |£ 
and «(X) is taken from  the data of Ref. 17, k , and 
ics a re  the photon wave vectors of the incident and 
scattered  radiation, respectively. The m easured 
values of the polariton d ispersion <̂p{q), a re  p re ­
sented in Fig. 2. The m easured frequencies of 
LOO) and LO(y) a re  also indicated in this figure in 
o rder to dem onstrate their dispersionless nature.

The polariton d ispersion is calculated from

cq= w[«(w)]1/2. (2 )

cq (cm-1)
FIG. 2. Polariton dispersion in CuCl at 80 K. The 

full lines are the calculated best fit (see text) to the 
experimental data crosses.

When damping is excluded

c(u>)= €(°°) + £ s / ( l  “  w2/wj) » (3)
i

where Sj and a re  the strength and frequency of 
the jth  polar mode. Usually, St is determ ined 
from  infrared data, but in the case of CuCl, the 
different infrared m easurem ents9* 1 1  yielded dif­
feren t Sy values. Instead, we prefered  to use a 
sing le-param eter f it. The mode LO(y) is far from 
the re s t of the lines and therefore the condition 
€(a)LO(y))= 0  holds, especially at low tem peratures; 
this can also be derived from  the infrared spec­
t r a . 9' 1 1  With this condition and using e(°°)= 3.61 
from  Ref. 1, Sg/Sr is chosen as a param eter with 
which the data is best fitted and S. and Sv a re  ob-

P 7

tained individually from  Eq. (3). The best fit to 
the experim ental resu lts  is obtained with Sg/Sr 
= 1.4±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 m easurem ents and is in 
excellent agreem ent with the value of e0= 6 . 1  ± 0 . 1  

m easured at 80 K. 8 M oreover, the second zero  of 
c(u>) is now calculated to be at wlo O) = 159 ±1 cm *1 

compared with u)lo O )=161±2 cm *1 as read from 
the polariton spectra. With this value the (Lyd- 
dane-Sachs-Teller) LST relation which is w ritten 
as

e<A«.= [wL00 )w L0(y)/wT0(^)a)TO(y)]2 (4)

is perfectly obeyed.
There is also an alternative way to calculate the 

dispersion curves without fitting the S ^ S r ratio  
but ra th e r determining it from the reduced Raman 
intensity ra tio  of the /3 and y TO lines at large 
scattering angles.

For polar modes the reduced R am an-scattering 
intensity can be w ritten a s 18

1 ]  = A ( w ) e " ( o j ) , (5)

where I R is the m easured Raman intensity, A(w) 
is the Raman m atrix element, w is the Bose E in­
stein  factor, and e"(w) is the imaginary part of 
the dielectric  function. For velocity damped h a r­
monic osc illa to rs 18

e"(w) = [(“ j “  <*,2)2+(<*,r>)2] • (6)
j

Assuming A(u(P))a A{w(y)), the reduced intensity 
ratio 4 of /3 and y modes yields Sfl/Sy= 1.8, which 
is within the range of values obtained by fitting 
the polariton data. This resu lt shows that the a s ­
sumption i4(ioO))~.A(td(y)) can be used to a fa ir 
approximation. Of course one should not ignore 
the inaccuracy in m easuring the intensities of the 
TOO) and TO(y) lines, especially because of the 
third line, LOO), lying in between. Another v e r­
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ification of the presen t conclusion of two oscil­
la to rs  contributing to e(o)) of CuCl a t 80 K comes 
from  the polariton relative intensity m easure­
ments.

For cubic c ry sta ls , the frequency-dependent 
Raman intensity J(w), without damping, is w ritten
a s 2

/  ( < - - £  {1 _ J / ^ ) '  t7)

where a* is the jth  mode atomic displacem ent ten­
so r, b is the electro-optic tensor elem ent, and C 
is a norm alization factor. At the jth  frequency 
I(u>) ~ | a1 12, thus the individual relative j a1 12 v a l­
ues can be derived from  the reduced R am an-scat- 
tering intensities a t large ip. Using also  the in­
tensity of a longitudinal mode [JLO(y) in the case 
of CuCl], two se ts  of equations fo r the relative b 
param eter can be obtained . 6’ 19 For CuCl with XL 
= 6471 A, 7To (0 ) / / to M = 1-8> a n d / LO(y ) //TO(y)
= 2 .3 and the two solutions calculated have oppo­
site  signs of b/as. In general, for frequencies 
lower than cuTO, when b/a>  0  the polariton inten­
sity enhances , 19 ,20  and when b / a < 0  the polariton 
intensity decreases when ip decreases. The right 
sign of b/a  only can be chosen experimentally.

The relative intensities of the 0 and y polaritons 
were m easured in each spectrum  and the /3 r e ­
flected back scattering  intensity was used fo r the 
calibration of the polariton intensity at the d iffer­
ent angles . 21 The experim ental resu lts  a re  p re ­
sented in Fig. 3; naturally the e r ro rs  involved in 
these values a re  quite substantial, but neverthe­
less , the fit to the calculated I{u>) with b / a < 0  is 
rem arkably good. The solution using b / a > 0 has 
no sim ilarity  whatsoever to the experim ental r e ­
sults and is not shown.

oi (cm-')

FIG. 3. Frequency-dependent Intensity of CuCl at 
80 K: calculated—full line, experimental— crosses.

I L0(l3) was not taken as a fixed param eter in the 
calculation of I(w), but its calculated intensity 
agrees very well with its m easured intensity at 
large ip; / L0 (/3)//xo(0) = 0.2 and was derived from 
the excess of intensity in the fi mode (which ap­
p ears as an asym m etry a t the high-frequency 
side of the /3 peak) . 2 This fact supports the p ro ­
cedure a pos te r io r i ,  and also  the assignm ent of 
the line as LO(0). Furtherm ore, it may explain 
the sm aller ra tio  of JLO(/3)/lTO(y)= 0.2, compared 
to l i c k ? ) /J to M = 2 - 3  which holds a t 80 K.

In two previous repo rts , the polariton spectra 
of CuCl a t 80 K1 ' 2 a re  described. In the f irs t  one1 

the TO(y) dispersion was not observed and thus 
the attem pt to fit the data to a single oscillator 
was unsuccessful. In the second repo rt2 the TO(y) 
dispersion has indeed been m easured, but the data 
w ere interpreted in te rm s of a  F erm i resonance 
between T0 (y) and two peaks in the combined two- 
phonon density of sta tes , g g(w): co= 141 cm ’ 1 and 
w= 162 cm"1. In this model2 S1, S 2« S ( y )  and it is 
required that w2 will be dispersive. w2« wLO(0 ) 
and we have shown that this line is dispersion- 
less. M oreover, a t tp = 4.5° the frequency of the /3 
polariton approaches 148 cm*1, which is a lot high­
e r  than the ^  frequency (141 cm"1). Also the LST 
relation  is not obeyed with the Ferm i resonance 
interpretation. The sm all and S2 values do not 
give the co rrec t e0= e„+Z /j Sj value. Equivalently, 
these Sx and S2 yield wLO(/) = 142 cm "1  and toLO(2)
= 163 cm"1, and therefore

e0( LST) = [wLO( 1) wLO( 2) wL0 (y) ]2/  [wT0( 1) wT 0( 2)

xa>TO(y)]2 = 5 .6 , 

compared to €0= 6.1 m easured7 ' 6 a t 80 K.

(ii) CuCl 300 K

The dispersion of the y polariton in CuCl is 
sm all a t 80 K and is expected to be considerably 
la rg e r a t 300 K. On the other hand, the Raman 
lines a re  much wider due to the large anharm on­
icity of the crystal. From  Fig. 4, it is clear that 
in spite of the very broad lines, it is possible to 
m easure the polariton d ispersion in CuCl even at 
300 K.

The polariton lines a re  marked by sm all arrow s 
and the stra igh t lines a re  drawn at the frequencies 
Wro(0) = 123 cm"1, wLO(0) = 139 cm"1, a>T0 (y) =162 
cm"1, and wL0 (y)= 202 cm"1. The dispersion of 
the y  polariton is clearly  m ore pronounced than 
that recorded at 80 K, but the width of a ll the 
lines, especially those of the polaritons, a re  by 
fa r  la rger. The m easured shift of the y polariton 
frequency is 14 cm *1 compared with 7 cm "1  m ea­
sured at 80 K. The experim ental wp(q) values of 
both the polaritons and the LO lines a re  shown in
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FIG. 4. Polariton spectra of CuCl at 300 K (compare 
with Fig. 1).

Fig. 5.
The LO(j3) line is placed between two wide and 

intense lines [(TOO) and TO(y)] at room tem pera­
tu re  and therefore was not noticed in the large 
angle Raman scattering. Only in the thesis of 
P rev o t , 22 a trace  of LOO) seem to have been ob­
served when LO allowed geometry was used 
[z(xy)z]. At near-forw ard-scattering  geom etry, 
as opposed to the back-reflected part, the fo r­
ward scattering  p art 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 
sm all (ip « 1.3°) LOO) is indeed detected and its 
frequency is 139 ±3 cm "1 (Fig. 4).

At 300 K, the lines of CuCl a re  broad and it may 
seem  oversim plified to calculate the polariton d is ­
persion using an undamped e(w) function. N ever­
theless, from  the work of Rimai et a l .23 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 attem pt is made to calculate the

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 a rise . From 
infrared data1 1 ’ 14 a t 300 K it is obvious that

and *n addition the LOiy) line is 
very wide. For these reasons, in o rder to fit the 
data toLO(y) was allowed to vary in accordance 
with the experim ental frequency uncertainty: 
ooLO(y) = 200 ±5 cm"1, this in addition to the pa­
ram eter S8/Sr . It should also be noted that be­
cause of the broad lines, the inaccuracy in the 
data points is ra th e r large (Fig. 4). The best fit 
shown in Fig. 5 was obtained with Sg/Sy= 2.5 ±0.5, 
Ss= 2.8±0.4 , Sy= l .l± 0 .1 .  With these values e0 

= €„ + Sa+Sr = 7.5± 0.5 is obtained, which fits  fairly  
well the m easured7 ' 8 €o=7.9±0.5  a t 300 K. The 
second zero  of «(w) comes out at 142±2 cm "1 

compared with 139 ±2 cm ' 1 which is the observed 
LOO) frequency. C learly , the second zero  and 
the LOO) frequency do not have to coincide; the 
sam e argum ents given above for LO(y) hold at 
least as well for LO(/3).

B. Cuprous bromide

It was generally accepted 1 2 ’ 13 ’ 15  that there is 
nothing anomalous about the Raman spectra  of 
CuBr, although it was known that the wide line 
observed at room tem perature consists of two 
lines . 13 These lines a re  unresolved in in frared , 14 

and therefore the ir individual oscillator strengths
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a re  unknown. M oreover, the intensity tem pera­
tu re  dependence of one of the lines is higher than 
that of a f irs t-o rd e r  phonon line, and therefore 
this line (j3) was considered to be a difference 
combination , 1 2 , 1 3 ,1 5  especially because it vanishes 15 

a t 2 K.
It was our assertion 4 that the anomalies found 

in CuCl a re  not unique and that there is a trend 
in the Cu halides anomalous p roperties, in creas­
ing from  Cul to CuCl. We find that the polariton 
data of CuBr is of special importance as fa r  as 
the mode of Cu* at off-center s ites is concerned. 
The Cu* off-center population in CuBr is highly 
sensitive to tem perature variation unlike CuCl. 4 

The individual oscillator strengths of $ and y  a t 
various tem peratures can be deduced from  the 
polaritons d ispersion and thus shed m ore light on 
the mechanism involved.

FREQUENCY (cm -i)

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

(i) CuBr 2 K

The near-forw ard Raman spectra  a t 2 K for sev ­
e ra l external scattering  angles a re  shown in Fig.
6. The stra igh t lines a re  drawn a t wT0(y) = 140 
cm *1 and wL0(y)= 169 cm*1. Only a single po lari­
ton mode is observed; its width increases and its 
relative intensity decreases for decreasing tp.
The re s t  of the lines in the spectra  a re  the back- 
reflected TO and the d ispersion less LO mode.

The polariton wave vecto rs were calculated u s ­
ing Eq. (1) and the values of w(X) and \n -  A8 « / 8 X |£ 
taken from  Refs. 12 and 17. It is worthwhile to 
mention that a t 6471 A, the value of |« -  X8 n / 8 X \L 
is quite sm all and theoretically the full branch of 
the lower polariton is m easurable. This can be 
seen in Fig. 7 where the experim ental u>p(q) data 
a re  shown.

The theoretical curve was calculated using a 
single oscilla tor with a strength

s = K 0/<40 - i ) e_. (8)
Taking1 2  € ,=  4.06, wLO(y)= 169 cm"1, WjO(y)=140 
cm*1, one gets S= 1.86. With this value the theo­
re tica l curve m atches perfectly the experim ental 
resu lts . This means that a t 2 K, ju st one mode 
contributes to e(w), the y  mode.

The frequency-dependent intensity 7(u>) was ca l­
culated using Eq. (7) for a  single oscillator and 
/ L0/ I T0= 2 at 6471 A and large tp. The two possi­
ble solutions of J(w) a re  shown in Fig. 8 : /^u i)—

FIG. 7. Polariton dispersion in CuBr at 2 K: full 
line—theoretical curve, crosses—experimental values.
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cq (cm-')

FIG. 8. Experimental I(co) values of CuBr at 2 K com­
pared with the calculated I t(oi) (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 
com parison with the experim ental resu lts  obvious­
ly proves that b /a < 0 in CuBr just as in CuCl.

(ii) CuBr 80 K

In CuBr spectra  a t 80 K the two modes /3 and y 
are  well resolved as is dem onstrated in Fig. 9: 
wto (0 ) = 1 2 1  cm - 1  and wTO(y)=138 cm '1, wL0 (y)
= 169 cm"1. Definitely two polariton modes /9 and 
y  a re  observed. The frequency of the y  polariton 
reaches alm ost c<X/3), its relative intensity de­
creases while it narrow s at sm all ip. On the other 
hand, the intensity and width of the /3 polariton in­
crease  when ip decreases. This is the f irs t ex­
perim ental evidence of the existence of the fi-y 
anomaly in CuBr, i.e ., both lines a re  infrared 
active and thus belong to the same representation
r15-

The experim ental u p{q) data a re  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 ra tio  S ^ S r 
was taken as a fitting param eter with the con­
stra in t that e(wL0 (y)) = 0. The excellent fit shown 
in Fig. 10 was obtained with the ra tio  Sg/Sr = i-.
The ratio  between the reduced Raman intensities 
of 0  and y  is around the same value; this ratio  is 
hard to estim ate because of the low intensity of 
the /3 mode at this tem perature. The individual 
o scilla to r strengths Se= 0.3 ±0.2 and Sr = 1.85 
±0.05 a re  then calculated. Using these values e0 

= e„ + SB+Sr = 6.2±0.15 and fits very well the m ea­
sured value of c0= 6.2 at 80 K. 12  The second zero  
of e(a>) comes out at 122.5±0.5 cm "1  and it is very 
close to o>to (/3) (121 cm"1); this might be the re a ­
son that no LO-TO splitting of the /3 mode could 
be detected. The calculated polariton dispersion 
curves based on the single oscillator y  (138, 169 
cm"1) a re  also  shown in Fig. 10, in o rder to

i
I  TO

CuBr |l|
8 0 K  !

i i i i i i i i i i i
80 100 120 140 160 180 

' FREQUENCY (cm-i)

FIG. 9. Polariton spectra of CuBr at 80 K for sev­
eral angles ip ■ The arrows mark the polariton lines.
The vertical lines at u>(j3), cjT0(y ), and o>LO(y) are 
drawn for reference.

dem onstrate their disagreem ent with the polariton 
m easured data.

The dispersion of the y polariton decreases at 
sm all wave vectors (Fig. 10) and this explains its 
narrowing at sm all ip (Fig. 9). The behavior dif­
fe rs  from  that charac teristic  of a lower polariton 
branch, which broadens a t sm aller wave vec to rs . 6 

This fact supports our conclusion: y is not the 
lower polariton branch in this case. Two modes 
contribute to e(oj)  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 experim ental and 
calculated /(to ) shown in Fig. 11 fu rther supports 
this conclusion. I(w) was calculated using Eq. (7) 
and I r o U3)/I TO(y) = ± , I ^ 0( y ) / / TO(y) = 2. The r e ­
sults obtained a t 2 K p rescrib e  the solution for
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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).

which b /a < 0. The fit to the calculated I{w) based 
on the two oscilla tors p and y  is excellent, taking 
into account the large experim ental uncertainties. 
On the other hand, I (u )  based on a single o sc il­
la tor (y), which is also  shown in Fig. 11, clearly 
d isagrees with the experim ental re su lts . It is 
worthwhile to mention that the calculated J(wL0 (/3)) 
is negligibly sm all and this also explains the in­
ability to detect this line even at sm all scattering 
angles, where it is m ore likely to be detected.

FIG. 11. Experimental I(w) values of CuBr at 80 K 
compared with the calculated 7(oj) based on two oscilla­
tors /3 and y (full line) and the calculated /(oj) based on 
a single y oscillator (dashed line).

60  80  100 120 140 160 

FREQUENCY (cm-')

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

(iii) CuBr 300 K

The P mode becomes much m ore 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  a t room tem perature a re  
shown essentially to dem onstrate that contrary to 
the case of CuCl a t 300 K, well defined polaritons 
a re  recorded here , in spite of the large width of 
the /3-y  peak at large ip. At room tem perature 
o>to (/3)=114 cm-1, wTO(y)=124 cm-1, and wL0 (y)
= 163 cm "1 (Refs. 4 ,12 ,13), but TO(/3) and TO(y) 
a re  unresolved. Therefore only the /9 polariton 
can be detected. If a t 80 K, because of the sm all 
Sg/Sr ra tio , 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 
tem perature where the j3 polariton is well ob­
served even at ra th e r large ip, which means that 
its  oscillato r strength is large.

In o rder to evaluate the /3 and y  oscillator 
strengths, again S / S r was chosen as a fitting pa­
ram ete r together with the relation €(wLO(y))= 0 . 
The best fit between the calculated dispersion 
curves and the experim ental 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).

FREQUENCY (cm->)

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.

FIG. 15. Polariton dispersion of Cul at 80 K. Crosses 
represent the measured values and the full lines are the 
theoretical dispersion curves.

as compared to e0= 7.9 ± 0.4 m easured at room 
tem perature . 1 2  The second zero  of c(w) is d e te r­
mined to be a t 119 ±2 cm"1, which is in between 
the wide lines of TOO) and TO(y) and therefore 
could not be detected even at sm all tp- With this 
value of wlo (/3) the LST relation  [Eq. (4)] is p e r­
fectly obeyed . 4

For com parison, the d ispersion curve based on 
a single oscillato r y  (124, 163 cm"1) is also 
shown in Fig. 13, but clearly does not fit the ex­
perim ental resu lts . Also the LST relation based 
on the single oscilla tor y  is not obeyed . 4 There 
is no possibility of meaningfully m easuring the 
polariton in tensities a t 300 K.

C. Cul

The polariton spectra  of Cul w ere recorded for 
the sake of com pleteness only. Anomalies of the 
kind found in CuCl and CuBr w ere not found in 
Cul at T  < 500 K , 18 but a t high tem peratures po­
lariton  m easurem ents a re  m ore complicated.
Our m easurem ents a t 300 K confirm those r e ­
ported by W iener-A vnear , 3 except that we were 
able to record  a much la rg e r shift of the polariton 
frequency when excited by longer-wavelength r a ­
diation.

The nearly-forw ard R am an-scattering spectra  
at 80 K for severa l angles ip a re  shown in Fig. 14. 
With e„ = 4.84,13 wTO=133 cm"1, and wLO=150 cm ' 1 

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 d is ­
persion curves and the experim ental resu lts.
I(w) was calculated using 7LO/ / TO = 0.45. Again, 
only Jt((u) for which b /a<  0  fits the m easured po­
lariton relative intensities, as is shown in Fig. 16,

IV. GENERAL DISCUSSION

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

There is a number of reports on infrared m ea­
surem ents9' 1 1 , 1 4  of CuCl, but these yield different 
osc illa tor-strength  values. However, they do 
agree upon the basic question, namely, the ex is­
tence of two oscilla to rs of considerable strength 
at a ll tem peratures. N evertheless, the previous

two repo rts 1 ’ 2 on polaritons in CuCl ignored these 
resu lts . In one , 1 an attem pt was made to fit the 
polariton data by a single oscillator and in the 
other altogether three oscilla tors were assumed: 
a Ferm i resonance of the TO mode with two m ulti- 
phonon modes . 2

In the p resen t repo rt a good fit to two o scilla­
to rs  was obtained and it should be looked upon as 
a supporting evidence of the fact established by in­
fra red  data. At least at low tem perature we r e ­
gard the osc illa to r-streng th  values determ ined 
from  polariton m easurem ents to be m ore accurate 
than those yielded by infrared m easurem ents.

In Table I a sum m ary is given of the CuCl o scil­
la tor strength of the /9 and y  modes determined 
from  the polariton m easurem ents at 2 (Ref. 24),
80, and 300 K. The sum of S$ and Sy should be 
compared with the m easured values of e0 -  
The fit is rem arkable a t 2 and 80 K. The good fit 
obtained at 300 K may be misleading, regarding 
the very broad lines of CuCl at this tem perature 
(see Fig. 4). The column S ^ S V of Table I is of 
special importance. One of the argum ents in the 
model4 to explain the existence of a second osc il­
la tor a t very low T  in CuCl is based on the nega­
tive therm al expansion coefficient25 of CuCl below 
100 K; the off-center Cu+ potential well deepens 
a t low tem pera tu res ,4 and consequently the off- 
center Cu* population increases. The ratio  of the 
/3-y oscillator strengths can be regarded as a 
m easure 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 tem perature changes of the lattice param ­
e te r, which has a minimum of about 100 K.

In order to understand the physics of CuBr, the 
polariton m easurem ents proving the existence of 
two oscilla tors a t 80 and 300 K, a re  absolutely 
necessary. These two oscilla tors a re  very close 
in energy and could not be resolved in in frared . 14

In fact a t 300 K these lines were hardly resolved 
in Raman scattering 4 and at 80 K the intensity of 
the /3 line is sm all compared to that of the y  line . 15 

Because of its Raman intensity tem perature de­
pendence, the additional /3 line was believed to be 
a difference band1 2 ’ 13 ’ 15 and as such was ignored

TABLE I. The oscillator strength of the /3 and y  modes 
in CuCl and the measured (e0 — e „ )expl = Sg + Sy a t different 
temperatures.

T (K ) S8 sr s6/sr (e 0 € »)expt

2 1 .7  a 0 .6  a 2 .8  a 2 .3
80 1 .4 1 1 .4 2 .5

300 2 .8 1 .1 2 .5 4 .3

TABLE II. The oscillator strength of the ji and y modes 
in CuBr and the measured (£0 -  £„ icxp, Sg + Sf  a t different 
temperatures.

T(K) s6 s r SB/Sy

2 0 1.9 0
80 0.3 1.9 0.18

300 2.5 1.2 2.0
a Reference 24.
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altogether. The proof that both fi and y  a re  polar 
modes comes solely from  the polariton m easure­
m ents, which in addition yield information about 
their oscillator strengths. This information is 
sum m arized in Table II where their relative 
strengths a re  given at different tem peratures. 
Assuming that A itself does not change much with 
tem perature in CuBr, A can be calculated with the 
help of Sg/Sr at 80 and 300 K given in Table II, and 
assuming an exponential behavipr of this ratio 
with tem perature, 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 tem peratures Cu* a re  at the ideal posi­
tions and the o ff-cen ter-to -cen ter population ratio  
increases rapidly with tem perature.

Our polariton-dispersion m easurem ents of CuCl, 
CuBr and Cul show that in CuCl two oscillators 
exist at all tem peratures, in CuBr the second os­
cillator disappears a t very low tem peratures, 
while in Cul just one oscillato r is observed at 
tem peratures lower than 300 K. This trend in the 
Cu-halide crysta ls  is one of the basic features of 
our model. 4

V. SUMMARY

The polariton spectra  of CuCl, CuBr, and Cul at 
various tem peratures were presented and d is­

cussed. The m easured ccp(q) values were fitted 
by a calculation based on two oscilla to rs in CuCl 
at a ll tem peratures, two oscilla tors in CuBr at 
300 and 80K, but only one oscillator a t 2 K and 
just one oscillator in Cul at 300 K and below.
Also the frequency-dependent polariton intensi­
ties support the same conclusions. The intensity 
fit shows that in these crystals b /a < 0  as is the 
case for a ll known zinc-blende m aterials.

The anomalous existence of two polar modes in 
a s tructure  which theoretically allows for a single 
polar mode only, is explained by the irregu la r be­
havior of the copper ion. The assumption that Cu* 
occupies its ideal site  or four equivalent off-cen­
te r  s ites explains the appearance of an extra polar 
mode. M oreover, the oscilla to r-streng th  ratio  as 
function of tem perature also fits within this 
fram ework; there is a correlation between the ex­
pected ratio  of the Cu* off-center and central pop­
ulation and the derived oscilla to r-streng th  ratio 
of the corresponding fi and y  modes.
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