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A great number of the observed phonon anomalies in the zinc-blende phase of Cu-halide crystals are 
explained by means of a dynamical model. It is assumed that a Cu ion populates four equivalent off-center 
sites or its ideal position. The off-center C u + population is tem perature and pressure dependent. W ith regard 
to phonons, this system is described as having a two-mode behavior of the optical vibrations at k ~  0; one is 
due to C u+ at the ideal positions and the other is due to C u + at the off-center tunneling states. The latter 
has basically also a T2 symmetry, but a shorter correlation length. This explains the appearance, width, and 
polarization properties of the “extra” lines observed in Raman and infrared, as well as their irregular 
intensity tem perature and pressure dependence. Consequently, the polariton dispersion and the resonant 
Raman data in CuCl can readily be understood. This model also explains the anomalous intensity k and T  
dependence of the inelastic-neutron-scattering in CuCl. The trend in the phonon characteristics, observed in 
Cu halides and which is an integral part of this model, follows the same course deduced from the intensity 
tem perature dependence o f Bragg x-ray and neutron scattering data.

I. INTRODUCTION

A variety of anomalies are  known to exist in the 
phonon spectra  of Cu-halide c ry s ta ls . 1 ' 14 Attempts 
have been made to explain the observed anomalies, 
mainly in CuCl, 1 ' 3 but no system atic interpretation 
is available, nor a model which deals with the 
trends of these anomalies in the Cu-halide com
pounds. In this repo rt a model will be presented, 
which is capable of explaining the unusual phonon 
spectrum  manifested in CuCl and which is also 
able to explain the irreg u la r phenomena in the CuBr 
and Cul spectra . A s im ila r approach was used in 
the past, in order to account for the tem perature 
dependence of Bragg x -ray  and neutron scattering 
intensities in Cu halides , 15 " 17 which otherwise could 
not be understood. In the following we shall modi
fy that model and show its validity for a g reat num
ber of phenomena observed in the phonon spectra  
of these compounds.

Several properties of these m ateria ls are  of 
special in terest. CuCl, CuBr, and Cul a re  the 
most.ionic crysta ls  of zinc-blende s tructu re  (in 
decending order); according to Phillips 18 their ion- 
icities are  close to the point where the NaCl or 
CsCl s truc tu res a re  p referred . The therm al ex
pansion coefficients /3(T )  follow the respective 
trend of the ionicities of these compounds. 19 CuCl 
has a relatively large negative j3 below 100 K , 19,20 

CuBr has a negative ,3 only below 50 K , 19 but |3 of 
Cul is always positive . 18 All of them show a re la 
tively high degree of anharm onicity . 2 1 ' 24 They are  
known to exhibit severa l crystalline phases when 
either tem perature or p ressu re  is varied . 25 CuCl, 
CuBr, and Cul become superionic conductors at 
high tem pera tu res . 26’ 27 A significant ionic conduc
tivity was m easured at lower tem peratures (T  < T C)

as w ell . 27 The presen t study is re s tric ted  to the 
properties of Cu halides at T  < T C.

At standard tem perature and p ressu re  Cu halides 
are  of zinc-blende s tru c tu re 25 (Z B ,  T \ ) .  The Z B  
prim itive unit cell contains two atoms; thus one TO 
and one LO k ^ 0  lines a re  expected in the firs t-  
o rder Raman spectrum . Experim entally 1 "9 two 
TO-like modes w ere observed in CuCl at tem pera
tures down to 2 K (j3 and y  in Fig. 1), but just one 
LO phonon (5) has been detected. TO(j3) was found 
to be much broader than TO(y) . 2 , 3 In CuBr again 
two polar modes were observed at room tem pera
tu re 12 ,1 3  (see Fig. 2) but the intensity of the lower- 
frequency one decreases on cooling and disappears 
at low tem perature . 12’ 13 Cul is the only one of the 
Cu halides which shows the expected f irs t-o rd e r  
phonon lines at room tem peratu re13’14; but at high
er tem perature (still in the Z B  phase) shows sim i
larly  an extra phonon mode . 14 The intensity tem
perature  dependence of the “ extra” polar mode in 
CuBr led to the assumption that this line ought to 
be a second-order difference combination . 3 ,12 ’ 28 

For that reason not much attention was paid to the 
Raman and i r 29 phonon spectra  of CuBr, both ex
perim entally and theoretically. The situation is 
different with regard  to CuCl where the TO(0) 
could not be considered as a second-order line . 4’ 5 

In this case an intensive re search  has been p er
formed experim entally , ! "9 which was also dealt 
with theoretically . 1 "3

Along with the appearance of the ex tra  TO-like 
line in CuCl, a number of additional anomalies 
w ere found. The Lyddane-Sachs-Teller (LST) r e 
lation is not obeyed considering either TO(/3) or 
TO(y) as TO of CuCl. 4' 5 M oreover, the polariton 
dispersion m easurem ents7 could not be fitted when 
either TO(|3) o r TO(y) were taken as TO, and 6
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FIG. 1. Raman spectrum of CuCl at 2 K. TO(/3), 
LO(/3), TO(y), and LO(y) are indicated. (For the as
signments see tex t.)

taken to be the LO frequency. The tem perature 
dependence of TOO) and TO(y) intensities does not 
follow the behavior expected from  either a f irs t-  
or a second-order Raman p ro cess .4’ 5 While TO(y) 
has a halfwidth s im ila r of that of the LO line (6 ), 
TOO) is much b ro ad er . 3 The width of TOO), 
TO(y), and 8 is appreciably reduced upon cooling . 3 

The whole Raman spectrum  looks as if sm eared 
out above 200C. Very recently  a d rastic  reduction 
of the TOO) intensity was observed when p ressu re  
up to 30 kbars was applied at 77 K. 6

The room -tem perature  coherent inelastic neu
tron scattering  spectrum  of CuCl consists also of 
very broad bands and the TOO) line could not be 
detected.28, 30 At 4.2 K, TOO) was only recently 
observed by neutron sca ttering . 10’ 28 At this tem
p era tu re  its  intensity seem s to be even la rg e r than 
that of the TO(y) line a t k « 0 .  For increasing |ic| 
in the [ i l l ]  direction, the TOO) line intensity 
gradually decreases and for |k | approaching about 
half of the Brillouin zone it sm ears out as seen in 
Fig. 3. A sm earing of the LA branch at large |ic| 
in the [1 1 0 ] direction was also observed very re -

CuCl

w (cm-' )

FIG. 2. Room-temperature Raman spectra of CuCl, 
CuBr, and Cul and that of CuBr at 200 K. In addition to 
the optical-phonon lines indicated, note the d and a 
lines to be discussed in Paper II (Ref. 31).

cently by neutron scattering  at tem peratures above 
150 K . 11

A theoretical explanation is needed for all the 
/3-y phonon anomalies in CuCl described above as 
well as their tem perature and p re ssu re  depen
dence. Any model for CuCl should account also 
for the s im ila r anomalies observed in CuBr and 
Cul. The theoretical model of Krauzman e t  a l?  is 
successful in reproducing the shape of the (3-y 
Raman spectrum  of CuCl at 40 K. This model a s 
sum es a th ird -o rd er anharmonic interaction be
tween the TO and a background of a two-phonon 
continuum having a singularity at a frequency close 
to that of the TO. This interaction resu lts  in r e 
pelling the TO(y) and giving r is e  to the additional 
TO(/3) line. The fit of the Raman spectrum  in the 
(3-y region was done at 40 K using five param e
te r s . 1 A s im ila r model was presented by Fukumo- 
to et a l .3 and was fitted to Raman sp ec tra  at differ
ent tem peratures. The main disagreem ent between 
the two models is  in the frequency of the singular
ity; while it is 170 cm " 1 in the f irs t  model it is 
assum ed to be at 146 cm ' 1 in the second one. Shand 
et a l }  w ere also successful in predicting the p re s 
su re  dependence of the (3-y lines of CuCl at 77 K. 6

By now only the anom alies of optical phonon 
sp ec tra  w ere mentioned. N aturally no information 
is expected from  firs t-o rd e r  Raman and infrared
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FIG. 3. Inelastic neutron scattering of CuCl inthe 
TO geometry at 4.2 K (full circles), by various |k | 
values in the [111] direction. The lines are drawn to 
guide the eye. The data are from Dorner et al. (Ref. 
10). Receiving it prior to publication is highly appre
ciated.

s p e c tra  about acoustica l phonons. N ev e rth e le ss , 
a w eak TA line (m arked d in F ig . 2) w as detected  
in a  po larized  Raman sp ec tru m  of CuCl, when the 
r e s t  of the spec trum  did not in te r fe re  w ith that 
lin e .28 A s im ila r  TA line was observed  in CuBr 
and Cul as  w e ll.13’28 The following p ap e r31 deals 
with the d iso rd er-in d u ced  TA line in the m ixed- 
c ry s ta l sy s tem s C uC ljB r^ ,. and C uB rxI1_ie. In 
these  ca se s  the TA phonon line is  e x tra o rd i
n arily  enhanced in the Ram an sp e c tra .

At elevated  te m p era tu re s  (>100°C ) a v ery  in
tense  low -frequency sc a tte r in g  is o b se rv ed ,31 
which is  c h a ra c te r is tic  of superion ic conductors. 
The low -frequency sc a tte r in g  dom inates the R a
man sp ec tru m  and the optical phonon lines sm e a r 
ou t.14’31 This w ill b e  fu rth e r  explained in the fol
lowing p a p e r .31

The phonon anom alies a re  not the only ir re g u la r 
itie s  found in th ese  com pounds. X -ray  and neu
tron  d iffraction  w ere  studied  in the Z B  phase of 
cuprous halides by Hoshino and c o -w o rk e rs .15"17

They observed  an anom alous varia tio n  of the B ragg 
reflec ted  in tensity  with tem p era tu re  w hich s ta r te d  
to be sign ifican t a t ~ 370 K in C ul,16 a t ~ 150 K in '"  
C uB r,17 and p resum ably  a t low te m p era tu re  in 
C uC l.15 It w as suggested  that w hile the Debye fac
to r  of the anions d e c re a se s  w ith in c re as in g  tem 
p e ra tu re  in a no rm al way, the Debye fac to r of the 
Cu* ions in c re a se s  with te m p era tu re . This was 
found to be co n sis ten t w ith two m odels which ex
plain the data  equally w e ll .15 In the f i r s t  one, the 
d iso rd e r  m odel, i t  is  assum ed that copper may 
occupy one out of four equivalent o ff-cen te r s ite s  
located on the [111] d irec tio n s tow ards the four 
faces of the te trah ed ro n  form ed by the anions (see 
F ig . 4). The second one, the anharm onic an iso 
trop ic m odel, allows fo r copper to occupy a vol
um e of “te tra h e d ra l sy m m etry ” around its  ideal 
position (Fig. 4). The conceptual d iffe rence b e 
tween them  is m ainly in the shape of the potential 
w ells and the ra tio  between the dwelling tim e and 
the flight tim e. Which of these  m odels g ives a 
b e tte r  physical descrip tion , may depend on the 
tem p era tu re .

We sha ll modify the f i r s t  m odel15 and show that 
it may account fo r the various phonon ir re g u la r 
itie s  as w ell as those of B ragg x -ra y  and neutron 
sc a tte rin g  in ten sitie s .

In Sec. II the m odel and its  physical o rig in  and 
m eaning a re  p resen ted . In Sec. Ill, the experi
m ental data  is  d iscu ssed  in te rm s  of this model.
A sum m ary  is given in Sec. IV.

II. MODEL

G enerally  speaking we adopt the overa ll schem e 
of the d iso rd e r  m odel15 (m odel 1) used  fo r the in
te rp re ta tio n  of the unusual in tensity  te m p era tu re  
dependence of B ragg x - ra y  and neutron sca tte rin g . 
It is  known that Cu halides show high anharm oni- 
city . We propose that th e ir  anharm onicity  is so 
high as to generate  secondary  o ff-cen ter m inim a 
in the cation po tential energy. T hese four off- 
cen te r m in im a a re  located  a t a d istance r 0 in the 
[ i l l ]  d irec tion , away from  each one of the four 
anions by which the Cu* is su rrounded  (see F ig.
4).

W hat m ight cause  the appearance of these  addi
tional energy m in im a in the po ten tia l energy of 
Cu*? It is  d ifficult to give a fo rm a l answ er to this 
fundam ental question . However, th e re  ex is t a 
num ber of fac ts  from  which an explanation can be 
deduced. The 3d  and 4s e lec tron ic  sh e lls  in Cu a re  
very  c lose  in energy32 and th e re fo re  an in c re a se  in 
the adm ixture of these  e lec tro n s in the bonding may 
occur when Cu approaches th re e  of its  n e a re s t-  
neighbor anions. This m ay re s u lt  in an additonal 
covalent a ttra c tiv e  potential <£att(r) betw een Cu and 
the halogens, which to f i r s t  o rd e r  com petes with
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FIG. 4. The two proposed models: the small circles 
represent the five possible Cu * sites in model 1, the 
“volume” encircling these sites represents the possible 
Cu * location in model 2. r 0 is indicated (see text).

the enhancem ent of the usual rep u ls iv e  potential 
*̂rep(r ) generating  an o ff-cen te r m inim um  r 0 away 

from  the ce n te r.
The e le c tro s ta tic  po ten tia l 3>COui(r ) and the p o la r

ization  poten tia l <liB0l(r) a re  a lso  usually  used to 
com pute o ff-cen te r po ten tia l m in im a .33 T hese  m ay 
reduce  the o v era ll po ten tia l energy E (r) when Cu* 
is  a d istance  r  away from  the ce n te r, but a r e  s e c 
o n d -o rd e r approxim ations due to th e ir  re la tiv e ly  
low r  dependence.

The s tren g th  of $ att(r ) depends on the e le c tro 
negativ ity  of the halide ions; the la rg e r  the e le c tro 
negativ ity  the b ig g e r w ill be the sh a re  of the 3d 
e lec tro n s  in the bonding.32 This is  co n s is ten t w ith 
the trend  found in Cu halides in re g a rd  w ith the 
p artic ipa tion  of the 3d  e lec tro n s in the bonding.34 
Cu ap p ears  w ith e ith e r a  sing le  o r a  double v a l
ency in these  com pounds35: Cul2 is unstab le r e la 
tive to Cul and w hile C uB r, C uB r2, CuCl, and 
CuCl2 ex is t, CuF does not and only C uF2 ex is ts .

On the o ther hand, the d eg ree  to which Cu* can 
move from  its  ideal s ite , depends on the d iffe r
ence betw een the n ea res t-n e ig h b o r d istance  R 0 and 
the sum  of the h a rd -sp h e re  ra d ii  R (Cu+) and R(X~) 
of copper and halogen ions, resp ec tiv e ly : rf=jR0
-  [i?(Cu+) +iJ(X")], when d is  sm a ll, $ rePM  is  high. 
It is  known that d grow s going from  Cul to C uC l.24 
The trends of the e lec tronegativ ity  and that of d  in 
the various Cu halides m ay allow a deep o ff-cen te r 
w ell m in im a in CuCl, le s s  in C uB r and le a s t in 
Cul. This follows the trend  found in the te m p era 
tu re  dependence of the anom alous B ragg x - ra y  and 
neutron d iffraction  in te n s itie s : the anom aly s ta r ts  
to be app reciab le  in C u l,16 at about 370 K, when the

la ttic e  p a ra m e te r  may p e rm it sufficien tly  deep off- 
cen te r m in im a, a t about 150 K in C u B r,17’36 and it 
seem s to  be sign ifican t even a t very  low te m p era 
tu re  in C uC l.11' 15

In a  num ber of copper-doped m a te r ia ls ,  Cu+ was 
found to occupy o ff-cen te r s i t e s .37 M oreover,
CuCl, C uB r, and Cul becom e superion ic  conductors 
a t around 450 °C, 27 and the fact that Cu ions occupy 
o ff-cen te r s ite s  in these  c a se s  is w ell e s tab lish 
ed .26 This hin ts that th e re  should be a  m echanism  
that p e rm its  the Cu ion to change its  environm ent, 
nam ely, to approach th re e  of its  f irs t-n e ig h b o r 
anions, departing  from  the fourth  one.

A v arie ty  of experim en ts show tha t Cu 3d e lec 
tro n s p a rtic ip a te  in the bonding. It is  concluded34 
that 3d  a re  the h ighest bands in C u-halide  valence 
bands, w here an adm ix tu re of p -d  e lec tro n s oc
c u rs . This p -d  hybrid ization  in c re a se s  from  Cul 
to C uC l.34 The p -d  hybrid ization  being dynam ical 
under the influence of phonons a lso  explains the 
te m p era tu re  broadening of photoem ission from  
these  com pounds.38 This p ic tu re  is  in line with 
the negative sign of the e lec tro -o p tic  coeffic ien t 
in CuCl co n tra ry  to m ost of the Z B  c ry s ta ls .4

We in troduce two m odifications to the d iso rd e r  
m odel15 (model 1). (a) A cation m ay occupy its  
ideal position as w ell as  the four equivalent off- 
cen te r s i te s .  The re la tiv e  population of c e n tra l 
and o ff-cen ter s ite s  depends only on the po ten tia l 
energy d iffe rence A of the re sp e c tiv e  w ells  m in i
m a. To f i r s t  approxim ation A is  a  function of tem 
p e ra tu re  and p re s s u re  v ia  the la ttic e  constan t 
a (T ,P ). A con traction  of the la ttic e  in c re a se s  the 
rep u lsiv e  po ten tia l and th e re fo re  in c re a se s  A.
This is  known in the ca se  of o ff-cen te r im purity  
as L i+ in KC1.39 This m ay explain the ex istence 
of o ff-cen ter s ite s  in CuCl a t very  low te m p e ra 
tu re ; the la ttic e  p a ra m e te r  a(T) of CuCl in c re a se s  
below 100 K and a(0 K) «a(200  K).19,20 This fact 
should red u ce  A in CuCl m ain ta in ing  fin ite  off- 
c en te r population down to very  low te m p era tu re !
(b) We assu m e a dynam ical m odel in which the 
cation  may tunnel am ong all five w ells; the tunnel
ing probability  being m uch la rg e r  among the four 
equivalent o ff-cen ter w e lls . This m eans that the 
life tim e of the cation  in  the c e n tra l w ell is  m uch 
longer than tha t of the cation in an o ff-ce n te r  w ell. 
It should be em phasized that ana ly sis  of the T  de
pendence of B ragg x - ra y  and neutron  sc a tte r in g  
in te n s itie s  in Cu halides is  not se n s itiv e  to a pos
s ib le  in te rn a l m otion of Cu* am ong the d iffe ren t 
s i te s .  But in Z B  phase of Cu halides, though a t 
high te m p e ra tu re s , the NMR signal n a rro w s due 
to a  rap id  motion of Cu+ io n s .27’40 M oreover, a 
su b stan tia l frac tio n  of Cu+ ions w as assum ed  to 
occupy <111) in te r s t i t ia l  s i te s 40 and the m otion of 
Cu* co rresp o n d s to jum ps am ong the re g u la r  and 
the in te r s t i t ia l  s ite s .  The ionic rad iu s  of Cu* is



3280 Z.  V A R D E N Y  A N D  0 .  B R A F M A N 19

sm a ll, giving r i s e  to its  high diffusion constan t.
The anions on the o ther hand do occupy th e ir  ideal 
positions.

A second poten tia l w ell m inim um  cannot be t r e a t
ed by u sual anharm onicity . W hat does such a mod
el imply in te rm s  of la ttic e  v ib ra tio n s?  In addi
tion to the phonon produced by the reg u la r  s ite  ca
tions , m ore  v ib ra tions w ill be generated  due to the 
o ff-ce n te r  ca tions (“ o ff-cen te r v ib ra tio n s” ). It m ay 
be analogous to  the case  of m ixed c ry s ta ls  in the sense  
tha t the fo rce  constan ts between the halogen ions and 
the c e n tra l o r  o ff-ce n te r  C u+ a re  d iffe ren t. Using 
the vocabulary  of m ixed c ry s ta ls ,  i t  is  assum ed 
that this sy stem  may be d esc rib ed  as having a two
mode behav io r in the op tical phonons and a one
mode behav io r in the acoustica l phonons. This may 
be m ore  m eaningful fo r the optical phonons at 
sm a ll k, fo r which the v ib ra tions of the te tra h e d ra  
containing o ff-cen te r copper a re  in phase and 
th e re fo re  they a re  not too much affected by the de
g ree  of c o rre la tio n  betw een o ff-ce n te r  copper. F o r 
h igher |k | va lues one has to deal w ith a dynam ical 
d iso rd e r .

It is  now req u ired  to show tha t in sp ite  of the dy
nam ica l d iso rd e r  in troduced , it is s t i l l  possib le  to 
deal w ith phonons in such a c ry s ta l (see Sec. IIA ), 
and that the assum ption  of tunneling may p re se rv e  
the Td sym m etry  of the o ff-cen te r v ib ra tio n s at 
sm a ll |k | (see Sec. IIB ).

A. Phonons in semiordered crystals

In dealing with the phonon concept under the a s 
sum ption of the p re se n t m odel we sh a ll follow 
Shuker and Gammon for phonons in am orphous 
m a te r ia ls .41 We sh a ll r e f e r  to neutron sc a tte r in g  
by phonons in o rd e r  to cover the whole range  of 
the phonon d isp e rs io n  cu rv es. When r e fe r re d  to 
Ram an sc a tte r in g  the density  fluctuations should 
be rep laced  by the d ie le c tr ic  constan t fluctua
tio n s .41

Following Van Hove,42 the c o h e ren t-sca tte rin g  
c ro s s  section  for slow  neu trons is p ropo rtional to 
the F o u rie r  tran sfo rm  of the sp a ce -tim e  c o r re la 
tion function of the fluctuations in the density  of 
the m a te r ia l. The co rre la tio n  function can be w rit
ten as

G (r, t) =  (l/p )< A p(r', f')A *p(? ' + r ,  t ' + t ) ) ,

w here  the s e lf -c o rre la tio n  is  om itted . The c o r 
re la tio n  is  betw een fluctuations in the density  at 
tim e t + t ’ and point r  + ? ' w ith those of tim e t ' and 
point r ' .  The angu lar b ra c k e ts  a re  fo r th e rm al 
average . The density  can be expanded in te rm s  of 
n o rm al coo rd ina tes  Qj(t). The c o rre la tio n  func
tion, to the f i r s t -o rd e r  neutron sc a tte r in g  becom es

G(r
* j it

n  tt') + 
dQj, Qi' (t > ~ d Q 7

x QJ(t + t') (1)

w here the tim e dependence ap p ears  only in the n o r
m al coord ina tes. S eparating  sp a tia l and tem poral 
p a rts  and dropping the sum m ation on j ' ,  b ecause  
of the orthogonality  and the s ta tis t ic a l independence 
of the norm al coo rd ina tes , one obtains

G(f,t)=Yl
dp(r' + r )  3p*(r

3Qj ■a Qj

x <Q A t')Q f(t'+ t)) .

3 >

(2)

The tim e -c o rre la tio n  function y ie ld s the frequency 
dependence of the in te n s itie s , w hile the sp a tia l 
co rre la tio n  functions of the density  fluctuations

essen tia lly  re f le c t the sp a tia l co rre la tio n s  of the 
atom ic d isp lacem en ts. This m eans that the co r
re la tion  range of R (r ,Q j)  w ill be that of the mode 
Qj. In p e rfec t c ry s ta ls  the tran s la tio n a l sym m et
ry  y ields a long-range co rre la tio n  and the phonons 
a re  rep re se n ted  by plane waves e x p ( ik - r ) through
out the m edium . In th is ca se  the sp a tia l c o r re la 
tion function should a lso  be period ic . The F o u rie r  
tran sfo rm  of the co rre la tio n  functions is then 
^(kp teflc , - q ) ]  , k , is  the wave v ec to r of the mode j  
and q =  ks -  k j -  G is  the m om entum  tra n s fe r .  This 
leads to the usual m om entum  conservation  ru le .

In d iso rd ered  sy s tem s the phonon rep resen ta tio n  
is no longer an exact plane wave. One should then 
in troduce a decay p a ra m e te r  A7-(kj) which re flec ts  
the co rre la tio n  length of the mode Q.,-.41 Ay(kj) de
pends on the extent of the d iso rd e r  as w ell as the 
w avelength and the propagation d irec tion  of the 
phonons. When the sp a tia l exponential decay is  
in troduced, the sp a tia l-c o rre la tio n  function a lso  
decays exponentially:

R ( r ,  Q}) =A(Qj) exp(«£,■• r) ex p [- | r  |/A (E ,)].

The F o u rie r  tran sfo rm  of this function is  p ro p o r
tional to A |/ [ l  + ( q -  k>)2A2]2.

In th is re s u lt  a ll the inform ation is  contained:
(a) the sc a tte re d  in ten s itie s  w ill be p roportional to 
A 3j—the “volum e of the m ode” for qfak^ and the in
tensity  drops as the phonon-corre la tion  length de
c re a se s . (b) As Aj d e c re a se s , the condition of 
m om entum  conservation  re la x e s , so  that m odes 
w ith w avevectors k ^ q  w ill con tribu te  to the sc a t
te re d  in te n s itie s , being cen te red  a t u> w here^ (w ), 
the phonon density  of s ta te s , is  la rg e  enough. 
T h ere fo re  phonons at the B rillou in  zone boundar
ie s  con tribu te  m ost. A long-w avelength mode of 
osc illa tion  is only sligh tly  affected by the d iso rd e r
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so that i ts  co rre la tio n  length is la rg e . This is 
n icely  dem onstra ted  by the appearance of coopera
tive v ib ra tio n a l m odes in liquids fo r sm a ll | k | . 43 
A long w avelength av e rag es over the d iso rd ered  
ions; the num ber of “ p ro p e r” ions is  su ffic ien t to 
produce a phonon. F o r la rg e r  |k |  the co rre la tio n  
length d e c re a se s  and so does the in tensity . M ore
o ver, the k se lec tion  ru le  re laxa tion  causes s m e a r 
ing of the phonon lin es . T his is a known phenom 
enon in d iso rd e re d  m a te r ia ls . Such a |k j depen
dence reduction  in the in te n s itie s  of neu trons s c a t
te re d  in e las tic ly  from  magnons was observed44 in 
m ixed Rb2Mn0<5N i0. 5F 4 when com pared  w ith s c a t
te rin g  from  m agnons of pu re  K2M nF4. In the m ixed 
c ry s ta l a reduction  of an o rd e r  of m agnitude is  ob
tained going from  k « 0  to k =  k max. A nother ex
am ple45 is  tha t of neu tron  sc a tte r in g  from  phonons 
in the te trag o n al phase of NH4C l0. 46B r0i54 at 96.5 K. 
F o r la rg e r  k in the [100] d irec tio n , the neu tron  
sc a tte r in g  peak height d e c re a se s  and sm e a rs  out. 
No in form ation  is  given th e re  fo r any d irec tio n  dif
fe re n t from  [ l 00]. It is  not only the m agnitude of 
| k | that affects the phonon in ten s itie s  but a lso  its  
d irec tio n . In a  d irec tio n  w here  the density  of ions 
is la rg e r ,  the co rre la tio n  length w ill be sm a lle r . 
The d a ta  of the in tensity  d e c re a se  of the neutron 
sc a tte r in g  from  magnons is shown in the [100] di
rec tio n 44 fo r w hich th is effect should be the la rg 
es t. In z in c-b len d e  m a te r ia ls  th is has to occu r in 
the [110] d irec tion  fo r which the packing is  the 
m ost dense and the c o rre la tio n  length th e re fo re  is  
expected to be the sh o r te s t.

B. V ibrations’ sym m etry at k. «= 0

The m odel po ten tia l for the o ff-cen te r tunneling 
Cu* is  an ap p ro p ria te  th ree -d im en sio n a l analog of 
the one-d im ensional double-w ell harm onic o sc il
la to r . We assu m e four po ten tia l m in im a A , B , C ,D  
each d isp laced  r 0 from  the cen te r of the te tra h e 
dron form ed by the anions (see F ig . 4), w here the 
joining v e c to rs  a re

r 0( A ) = i ( - 6 , - 6 , - 6 ) a ,  r 0( B ) = |( - 6 ,  6, 6)a, 

r 0(C) = |( 6 ,  - 5 ,  6)a, ?0(D) = 4 (6 , 5 , - 5 )a;

r tj= ^5aJ3  and a is  the la ttic e  constan t.
F o r sim p lic ity , each d isp laced  harm onic o sc il

la to r po ten tia l is c h a ra c te r iz e d  by only one f r e 
quency ( i.e ., is  iso tro p ic ). O ur r e s u lt  rem a in s  un
a lte re d  a lso  fo r an an iso trop ic  po tential w ell. This 
m eans that the po ten tia l w ells a r e  of the form  
VA = ^ m u>jj[r- r 0(.A)]2 fo r the ca se  in w hich the Cu* 
occupies the A s ite . The fifth deep c e n tra l poten
tia l w ell is  not included in the p re se n t trea tm en t, 
because  of the low er tunneling ra te  betw een it and 
the four equivalent o ff-cen te r positions. The final 
r e s u lt  rem a in s  un a lte red  when the fifth w ell is  in 
cluded, b ecau se  of the iso trop ic  behav io r of its

harm onic o sc illa to r  function under the po in t-g roup  
sym m etry  opera tions belonging to T d.

F o r kwO, when the v ib ra tio n s of each te trah ed 
ron a re  considered  to be in phase and th e re fo re  
can be studied  se p a ra te ly , one can follow the usua l 
p rocedu re  of im purity  tunneling s ta te s  (for exam 
ple, Li* in KC1), a s  tre a te d  by Gomez e t aZ.4e The 
energy levels of the low est-ly ing  m u ltip le t a re  
found from  the c o r re c t  lin e a r  com binations of the 
b a s is  v ib ra tiona l s ta te s . F o r  these  g ro u n d -s ta te  
sp littin g s, the b a s is  s ta te s  a re  no rm alized  s im p le- 
h a rm o n ic -o sc illa to r  (SHO) g ro u n d -s ta te  wave func
tions, cen te red  a t each w ell m inim um , labeled  
|«)> |&), |c ), and |rf).

| a > = ( ^ ) 3 e x p [ - ( ^ ) [ r - r 0(A)]2] .  (3)

The c o r re c t  lin e a r  com bination of the b as is  
s ta te s  a re  determ ined  by a group th e o re tic a l m eth 
od: one can com pute the c h a ra c te r  of each point- 
group sym m etry  operation  belonging to T i in the 
field  of the four g ro u n d -sta te  functions |a )  16) \c)\d). 
Then one can look fo r the irre d u c ib le  r e p re s e n ta 
tions of T s , which a re  contained in the red u c ib le  
rep rese n ta tio n  of T d sym m etry  spanned by the four 
functions. T here  a re  only two such  irre d u c ib le  
rep rese n ta tio n s : th ree  fold degenerate  T 2, which 
is Ram an and i r  ac tive , and A lt w hich is Ram an 
but not i r  ac tive . T hese a r e  the only p o ss ib ilitie s  
of the v ib rating  tunneling o ff-cen te r Cu*. If the 
o ff-cen ter positions w ere  iso la ted , we should get 
indeed the two p o ss ib ilitie s  w ith en erg ies  £(A() 
and E (T 2) w here

£(A 1) = (£o + 30)/(l+3S )

and

£ (T 2) =  (£ 0- f 3 ) / ( l - S ) ,  

w here

0 — {a \h  16) =  <6 \h  |c)- • • e tc .;

S =  {a 16) =  (6 |c)- • • e tc . ;£ 0 =  #w0;

analogous to an im purity  s ta te . But the o ff-cen te r 
Cu* is  not iso la ted  and th e re  e x is ts  a c e r ta in  c o r
re la tion  length of the phonon in which it  p a r t ic i
pa tes. It is  assum ed  that each  o ff-ce n te r  Cu* tun
nels among fo u r  s ite s  and the c o rre la tio n  length 
of the o ff-cen te r phonon is  th e re fo re  s h o r te r  than 
that of the c e n tra l phonon. The Cu* tunneling b e
tween ce n tra l and o ff-cen te r s ite s  is  of much low
e r  r a te  than tha t am ong the o ff-cen te r s ite s  and 
can b e  ignored  in h e re . The re la tiv e  s m a lle r  c o r
re la tio n  length of the o ff-cen te r phonons affec ts  the 
w idth of th is phonon line as w ell as i ts  “ p u rity” 
(conservation  of k ). The s h o r te r  the c o rre la tio n  
length, the le s s e r  the po la rization  se lec tio n  ru le s  
w ill be obeyed. This should be noticed in po la rized
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Ram an sp e c tra  and in in fra red  absorption  and r e 
flection  sp e c tra ,  m ainly for the o ff-cen te r phonons. 
At sm a ll enough |k | w here  the o ff-cen te r phonon 
c o rre la tio n  length is  not too sh o rt, the se lec tion  
ru le s  re laxa tion  may be tre a te d  as a  pertu rbation . 
T h ere fo re  we continue w ith the assum ption that the 
co rre la tio n  length is  sufficiently  long. U nder this 
assum ption the sy stem  is co nsidered  to have a 
tw o-m ode  behav io r and one can thus deal w ith the 
o ff-cen ter ca se  se p a ra te ly ; th is is ju stified  at 
k ~ 0 ,  w here the v ib ra tio n s of the te tra h e d ra  a re  
in phase and th e re fo re  every  te trah ed ro n  can be 
tre a te d  individually.

The o ff-cen te r Cu* occupies a tunneling s ta te  in 
each o ff-cen te r Cu* c e ll and the un it ce ll re sp o n s i
b le  fo r the o ff-cen te r v ib ra tio n s can be considered  
as containing two atom s. F ro m  group theory  at 
k =  0 only th ree  degenerate  op tical v ib ra tio n s a re  
expected . This m eans tha t from  the two v i
b ra tio n a l p o ss ib ilitie s  A x and T 2, only the 
th reefo ld  d eg en era te  T z can ex is t. T his mode 
is  Ram an and in fra re d  ac tive and sp lits  into 
an LO and TO mode. T h ere fo re  no in form ation  
about the sp litting  energy E (A t) -  E (T 2) can be 
gained. This situation  is  d iffe ren t from  the case  
of an o ff-cen te r im purity  such as Li* in KC1.46 In 
that ca se  no defin ite o ff-cen te r im purity  unit ce ll 
can b e  a s se r te d , thus a ll the o ff-cen te r im purity  
v ib ra tiona l p o ssib ilitie s  can ex is t. The se lec tion  
ru le s  fo r the o ff-cen ter Cu* v ib ra tions a t k =  0 a re  
then the sam e as in the ideal ca se  with T2 sym 
m etry . On the o ther hand, if a  s ta tic  m odel w ere  
assum ed , an o ff-cen ter v ib ration  would have a 
low er sym m etry . In that ca se  sp littings as w ell as 
d iffe ren t po la riza tion  se lec tio n  ru le s  should have 
been observed .

Under the conditions s ta ted  above, it m ight be 
possib le  to approach the problem  of la ttic e  dynam 
ics of the o ff-cen ter phonons using  the com bina
tion of the following four dynam ical m a tr ic e s . As
sum ing Cu* a re  a ll in A  positions (one of the four 
p o ss ib ilitie s  A ,B ,C ,D  m entioned), a  6X 6 dynam 
ic a l m a trix  £>A(k) based  on the B o rn -v o n  K arm an 
theory , is  ob tained.47 I)A(k) is  ca lcu la ted  taking 
into account the d iffe ren t d istances and fo rc e  con
s ta n ts  betw een the o ff-cen te r Cu* and the anion 
su b la ttice . This is  re f lec te d  in the Coulom bic m a
tr ix  C (k), as w ell a s  in the rep u ls iv e  m a tr ix  K (k). 
The sam e p rocedu re  is rep ea ted  fo r the o ff-cen ter 
Cu* being a ll in B , C, o r D s i te s ,  to obtain the dy
nam ica l m a tr ic e s  DB, D ° , Dd, resp ec tiv e ly . Since 
o ff-cen te r Cu* is in a tunneling s ta te , w here  the 
o ff-cen te r positions a re  a ll equivalent, one can 
take an av erag e  dynam ical m a tr ix  £>(£):

D(k) = \[D A(k) +DB(k) + D°(k) +DD{k)}. (4)

This dynam ical m a trix  was ca lcu la ted  and was

found to have exactly  the sam e sym m etry  as  that 
of the norm al Z B  s tru c tu re  dynam ical m atrix . 
T h ere fo re  the phonon b ran c h es , which a re  the so l
utions of the u su a l se c u la r  equation |D -M I_  | = 0  
w ill exhibit again the sam e sym m etry  as  the n o r
m al Z B  phonons. This p rocedu re  is valid  only as 
long as the phonon concept is  s t i l l  good— as long 
as the c o rre la tio n  length is long enough (near 
k =  0). The fact that the o ff-cen te r Cu* a r e  not a ll 
a t the sam e s ite  (A ,£ , etc.) as assum ed  fo r obtain
ing Da ,D b , e tc . is  a se co n d -o rd e r approxim ation to 
the o ff-cen te r frequency. This w ill b e  re flec ted  
only in the seco n d -n ea res t-n e ig h b o r Cu*-Cu* in te r 
action, which has sm a lle r  contribution  to  the en e r
gy and thus to the frequency .47 N ev e rth e le ss , th is 
is resp o n sib le  fo r an additional w idth of the off- 
cen te r frequency re la tiv e  to the width of the n o r
m al phonon b ran ch es.

Using the above m ethod, an attem pt was m ade to 
ca lcu la te  the o ff-cen te r phonon frequenc ies at 
k « 0  in CuCl. We s ta r te d  from  a rig id  ion model 
w ell fitted  to the n o rm al d isp e rs io n  cu rv es Uj(k ) 
in CuCl m easu red  a t 4.2 K by P rev o t e t a l.n  In 
o rd e r  to obtain a  d e c re a se  in the o ff-cen te r TO 
and LO frequenc ies as function of the o ff-cen ter 
d istance r ,  an addition of s teep  a ttrac tiv e  poten
tia l was needed. This a ttra c tiv e  potential, as ex
plained prev iously , is  n ec essa ry  fo r  the fo rm a
tion of the secondary  o ff-cen te r m inim a.

We have used the “d iso rd e r  m odel”15 together 
w ith assum ption of the fifth ce n tra l w ell and the 
tunneling among the w ells . The “anharm onic mod
e l”15 is equivalent to the d iso rd e r  m odel as fa r  as 
x - ra y  and neutron sc a tte r in g  a re  concerned  as 
long as the d istance of the o ff-cen te r s ite s  from  
the ce n tra l one is  not too big, re la tiv e ly  to the 
n ea rest-n e ig h b o r d is tan c e .15 The phonon sp e c tra  
may be used  fo r  com paring the two m odels. The 
anharm onic m odel re q u ire s  b a r r ie r  heights of the 
o rd e r  of kT  o r  le s s  and flight tim e that is  long 
com pared  to dwelling tim e. This is  expected to 
show up in the phonon sp ec tru m  as a  v e ry  broad 
and sm e ared  line of the op tical phonon reg ion .
This may be the case  a t sufficiently  high tem p era 
tu re . It is ce rta in ly  not the ca se  in CuCl below 
room  te m p era tu re .

III. DISCUSSION

We shall now d iscu ss  the availab le experim en tal 
data  in view of the proposed m odel. The m ain p a r t 
of the d iscussion  is  devoted to CuCl which w as in
vestiga ted  much m ore  in tensively  then the o ther 
Cu halides . In the ca se  of CuCl, the neutron s c a t
te rin g  data  at low te m p e ra tu re 10 a re  very  illum in
ative, th e re fo re  k « 0  and |k | > 0 w ill be dea lt w ith 
se p ara te ly .
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A. CuCl, k =  0 phonons

The m easu rem en ts  of B ragg  x - ra y  in tensity  w ere  
not extended below room  te m p era tu re , bu t i t  can 
be in fe rred  from  the experim en tal d a ta15 that the 
anom alous in tensity  te m p era tu re  dependence s ta r t s  
at low er te m p era tu re . C alculating  the in c re a se  
of (m2) of Cu+ from  the neutron sc a tte r in g  data, 
P re v o t e t a l .u  showed that the unusual behavior 
s ta r ts -a t  low te m p era tu re . A ssum ing that the Cu+ 
poten tia l has a  ce n tra l and o ff-cen te r m inim a, 
two se ts  of phonons a re  expected: these  in which 
the c e n tra l Cu+ is involved (y) and these  in which 
the o ff-cen te r Cu* is  involved 0 ) ;  both exhibit the 
sam e sym m etry .

The Ram an sp ec tru m  does contain two TO lines: 
ci>[TO(j3)] =  149 c m '1 and co[TO(y)] =  173 c m '1 (at 
77 K).3’28 TO(0) is  m uch b ro ad e r than TO(y) and 
has the sam e po larization  configuration .2 A nother 
f i r s t -o r d e r  line at 210 cm "1 (6) has the p o la riz a 
tion of an LO ,2 and a w idth of the o rd e r  of TO(y),3 
and is thus the co rrespond ing  LO(y). But an e x tra  
low -in tensity  line a p p e a rs ,1 also  of LO p o la riza 
tion ,2 a t 162 c m '1.5,6,28 This line could not be in
te rp re te d  by p rev ious m o d e ls .1 We assign  this 
line to be LO(j3) (see F ig . 1). T hese four line f r e 
quencies should a lso  b e  obtained from  the ana ly sis  
of the in fra re d  sp ec tru m . In both ir  re flec tio n  and 
absorp tion  a double o sc illa to r  sp e c tru m  is  obtain
ed .8 F ro m  K ram er-K ro n ig  an a ly sis  the LO(j3) f r e 
quency com es out to be ~ 161 c m '1,4 w hich is  in 
good ag reem en t w ith that of the Ram an frequency, 
taking into account its  expected width and the fact 
tha t it is  p laced betw een TOO) and TO(y), both 
of m uch h igher in tensity  than LOO).

A d iffe ren t way to exam ine this line would be v ia  
reso n an ce  Ram an effect. F ro m  the w ork of Oka 
et a l . ,9 no conclusion can be reach ed  on th is  m a tte r  
although they show th a t TOO) and TO(y) m erg e  into 
one b ro ad  line. An explanation fo r th is may be 
found in reso n an ce  enhancem ent of the LO(|3) that 
lie s  in betw een. P re lim in a ry  experim en tal r e 
exam ination  of the resonance  w ork a t our lab o ra 
tory  confirm s th is fac t, but shows a lso  Ram an 
lines a t frequenc ies  around 2LOO) and LO(j3)
+ LO(y) as w ell as  a t 2LO(y).

The LST re la tio n  is  not p roperly  obeyed when 
e ith e r  TOO) o r  TO(y) a re  co nsidered  together with 
LO(y).4,5 /3 and y a re  po lar m odes and th e re fo re  
con tribu te  to the d ie le c tr ic  resp o n se . W ithout 
dam ping the d ie le c tr ic  function is then w ritten  as

e(a>) =e(°°) +S 0w |/(oj| -  w2) +Srw2/(w 2-  w2),

w here Sa and Sr a r e  the o sc illa to r  s tren g th s  of 0 
and y, resp ec tiv e ly . C onsequently48 the LST r e la 
tion is

£ i_ M L O O )M L O (y )]V
6 . W T O O )M T O (y ) ] )  •

W ith the values w [TO 0)] =  149 c m '1, w [LO 0)]
=  161 c m '1, co[TO(y)] =  173 c m '1, w[LO(y)] =  210 
c m '1 and e„ =  3.61 a t 77 K, one obtains e0 =  6.21 
com pared with e0 = 6 .1  as m easu red  d irec tly  by 
P o tts et a l,5 a t the sam e te m p era tu re .

The po lariton  d isp e rs io n  is 49

Cy / V = e M ,  (5)

w here e(a>) contains contribu tions from  the (3 and y 
m odes. In o rd e r  to d e riv e  the po lariton  d isp e rs io n , 
the individual s tren g th  functions a re  req u ired . 
T hese a re  usually  derived  from  in fra red  data, but 
the con trad ic to ry  in fra red  r e s u l ts 8,29’50 led us to 
u se  a  d iffe ren t p rocedu re  for the evaluation of 6a 
and Sr .

The ra tio  Sfl/S r can be obtained from  the ra tio  of 
the reduced  Ram an in ten s itie s  [l/(n  + 1)J of TOO) 
and TO(y), assum ing  that the Ram an m a tr ix  e le 
m ent does not vary  m uch w ith frequency .51 This 
seem s reaso n ab le  due to the sm a ll frequency sep 
ara tion  of these  two m odes. The g re a t s im ila rity  
between the Ram an sp e c tru m  (see F ig . 1) and the 
i r  absorption  sp ec tru m  of Ikezaw a at 2 K (Ref. 50) 
fu rth e r  ju s tifie s  our assum ption . In o rd e r  to ob
tain Ss and Sr individually the second re la tio n  used 
is  e(w[LO(y)]) = 0 . The frequency of LO(y) is  fa r  
from  the 0 -y  region and the absorp tion  coeffic ien t 
rea ch es  ze ro  at LO(y) frequency, unlike the ca se  
of LO O).50 Using th is p ro ced u re  we obtain Sg 
=  1.67 and Sr =  0.90 which y ield  e0 = e„  + S a + S r 
=  6.18. This value ag rees w ell w ith the m easu red  
e0= 6 .1 ,5 F ro m  these values the second ze ro  of the 
d ie lec tr ic  resp o n se  y ields LOO) =  161 c m '1 com 
pared  with LO()3) =  162 c m '1 obtained from  the R a
m an sp e c tra  a t 77 k . 5’6’28

Shand e t a l .1 c a r r ie d  out po lariton  d isp e rs io n  
m e asu rem en ts , but could not f it th e ir  d a ta  to a 
cu rve  calcu la ted  assum ing  one o sc illa to r  e ith e r 
TOO) or TO(y) along with LO(y).7 F ig u re  5 shows 
the good ag reem en t betw een the experim en tal data  
of Ref. 7 and the d isp e rs io n  cu rve  ca lcu la ted  from  
Eq. (5). Introducing dam ping w ill even im prove 
the fit.

A very  re c e n t re p o r t on CuCl p o la rito n s52 p ro 
v ides m ore data  points, which a re  a lso  indicated  
in F ig. 5. T hese points a r e  a t h igher k values and 
r e a s s u re  that the low er po lariton  cu rv e  s tem s 
from  the 0 m ode. M oreover, the fac t that the y 
po lariton  d isp e rs io n  could a lso  be m easu red  is of 
sp ec ia l im portance fo r the p re se n t w ork, fo r i t  is 
in ag reem ent w ith our bas ic  a s se r tio n  of two o s
c i lla to rs  and is co n s is te n t w ith the calcu la ted  
stren g th  functions. .

We assum ed that the c o rre la tio n  length of the 0 
phonon is s h o r te r  than that of the y phonons. In 
TO sc a tte r in g  geom etry  x{zx)z , LO(y) is com plete
ly su p ressed  (at low te m p era tu re s) , which m eans 
that the LO(y) po la riza tion  se lec tion  ru le s  a re
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FIG. 5. Polartton dispersion in CuCl at 77 K. Crosses 
and triangles are data points of Refs. 7 and 52, res
pectively. The curves were calculated using Eq. (5) with 
two oscillators: cog=149cm“1, S ^ l .6 7 ,  wr = 173 cm" *, 
Sr =0.90 (see text).

p ro p erly  obeyed.2’23 On the o th e r hand, in the 
pure LO geom etry z{ x y )z ,  a  s ign ifican t in tensity  
at 140-170 cm "’ is  de tec ted ,2,7 in sp ite  of the m ea
s u re s  taken to preven t re flec tio n s from  the back 
su r fa c e .7 The shape of th is sp e c tra l s tru c tu re  dif
fe r s  from  the TOO)-TO(y) one found in TO geo
m etry : the gap betw een TO(/3) and TO(y) is  filled  
by the allowed LOO) and the TO(y) in tensity  is 
g rea tly  su p re sse d .2’7 The s h o r te r  co rre la tio n  
length of (3 phonons p e rtu rb s  the po larization  s e le c 
tion ru le s , causing the appearance of TOO) in this 
forbidden configuration . In m ixed c ry s ta ls  
(GaPxAs!.*),53 having a tw o-m ode behav io r, se le c 
tion ru le s  a re  not p ro p erly  obeyed fo r the line c o r 
responding to the sm a lle r  concen tra tion  end and 
thus have a  s h o r te r  c o rre la tio n  length. The re m 
in iscence of the TO(y) line m ay be due to an in te r 
action with TOO). On the o ther hand in the z(xx)z  
geom etry , w here  both TO and LO a re  forbidden, no 
sc a tte r in g  is de tec ted .7 The lack  of sc a tte re d  in
tensity  in th is geom etry  a lso  ru le s  out the assum p
tion of a  possib le  se co n d -o rd e r  p ro c e s s .2

The sam e argum ents may hold for the hump at 
the LOO) frequency , observed  in the in fra red  r e 
flec tion29 and absorp tion50 sp e c tra . The re laxation  
of k se lec tion  ru le  fo r the 3 phonons causes con
tribu tion  from  k d iffe ren t from  k0 and th e ir  LO 
m odes may couple d irec tly  to the photons, even at 
sm a ll angle. A nonzero  angle is known to induce 
a w eak LO line in the in fra re d  m e a su re m e n ts .54 A 
weak LO line w as observed  even a t ze ro  angle in 
in fra red  absorption  of thin CdS^Se^* f ilm s ,55 w here 
the phonon c o rre la tio n  length is  sufficien tly  sh o rt.

R am an, resonance  Ram an, in fra red , and p o la ri-  
ton s p e c tra  as w ell as the LST re la tio n  suggest 
tha t the observed  line between TOO) and TO(y) is 
LOO). T here  is s t i l l  the question  of its  in tensity .

At le a s t a t low te m p era tu re s  it is  evident that the 
in tensity  of LO(y) exceeds that of TO(y), w hile the 
opposite is tru e  for LOO) and TO(/3) (see F ig . 1). 
According to the p re se n t m odel (3 stands fo r  optic
al phonons involving o ff-cen te r Cu* s ite s .  In this 
ca se  th e re  is  an im portan t ro le  of the 3d  e lec tron  
that m akes the bonding m ore covalent. In the Cu 
halides the ionicity  d e c re a se s  in the o rd e r  CuCl, 
C uB r, C ul,18 and the r a t i o / lo / T to  d e c re a se s  in 
the sam e o rd e r .9 This is co n sis ten t w ith the ob
se rv a tio n  that /lo w A to ®  is sm a lle r  than / Lo<r>/
-̂ TOW-

The re la tiv e  population of ce n tra l and o ff-cen ter 
Cu* depends on the potential energy d iffe rence A 
of the re sp e c tiv e  w ell m inim a. The la ttic e  p a ra 
m e te r , which is  te m p era tu re  and p re s s u re  depen
dent, is one of the fac to rs  that de term ine  A. W hen
ever this fac to r is  dom inant, it is  possib le  to qual
ita tively  explain the te m p era tu re  and p re s s u re  de
pendence of the re la tiv e  population of c e n tra l and 
o ff-cen ter Cu*. On the other hand, the Ram an 
re la tiv e  in ten sitie s  do not d irec tly  re f le c t the r e l 
a t iv e -c e n te r-o ff -c e n te r  Cu+ populations because  
of the d ifferen t o sc illa to r  s tren g th  and the changes 
in the phonon co rre la tio n  length. F o r these r e a 
sons any qualita tive  explanation of the te m p era tu re  
and p re s s u re  dependence of the ra tio  Ir =-?to<6)/
/ t o W) is  due to be oversim plified . N ev e rth e le ss , 
when the in ten sitie s  of TOO) and TO(y) a re  com 
pared  at d iffe ren t te m p e ra tu re s , the m inim um  of 
o ff-cen ter Cu* population com es out to be around 
the te m p era tu re  of the m inim al la ttic e  constant, 
nam ely, around 90 K.19 N either TOO) nor TO(y) 
follows the B osew  + 1 behavior, though the com 
bined a re a  under these  peaks shows approxim ately  
such a b eh av io r.4 This w as checked for the 40- 
120-K range  using the im p re ss iv e  po la rized  sp e c
t r a  of P re v o t.28 A ccording to his data, on going 
from  40 to 120 K the in tensity  of TO(y) grow s fa s t
e r  then n +1  and the in tensity  of TO(|3) slow er than 
n + 1. F ro m  our data  at h igher te m p era tu re  (110- 
to 540 K) the opposite seem s to occur, nam ely, 
TOO) exceeds the n +1 behav io r w hile TO(y) de- 
ceeds i t .31 The sam e conclusions can be drawn 
from  the Ram an data  of P o tts  e t a l.s and that of 
Kaminow and T u rn e r .4

It should be m entioned that fo r kT  < A (A being 
the energy d iffe rence betw een c e n tra l and o ff-cen 
te r  w ell m inim a) the re la tiv e  population should 
vary  exponentially, but th is is not the ca se  for 
A ~ kT . A is  te m p era tu re  dependent a s  d iscu ssed  
above. As fa r  as one can judge from  the Raman 
in ten sitie s  in CuCl it se em s that k T ~  A in a  wide 
range  of te m p era tu re s  excluding high te m p era tu re s  
(re la tiv e  to 100 K).

At high hyd rosta tic  p re s s u re s  the o ff-cen te r w ell 
gradually  d isap p ea rs  as a consequence of a  de
c re a s e  in the la ttic e  constan t. T h ere fo re  the
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TO(y) line in tensifie s  w hile the in tensity  of TO((3) 
d e c re a s e s . Shand et a l.e observed  th is phenom 
enon a t 77 K applying p re s s u re s  up to 32 k b a rs . 
A ccording to the p re se n t m odel, the effect of p r e s 
s u re  on the TO(/3)-TO(y) in tensity  ra tio  is  expect
ed to b e  m ore  sign ifican t a t low er te m p era tu re  
w here  the varia tio n  of A with p re s s u re  is  m ore  
c r i t ic a l  fo r low ering  the o ff-cen te r w ells popula
tion. It is w orthw hile m entioning that in the ca se  
of KCl:Li*, w here  o ff-cen te r s ite s  a r e  s t i l l  popu
la ted  at 2 K, it w as p red ic ted  that hydrosta tic  
p re s s u re  of 7 k b ars  should be su ffic ien t to sh ift 
the Li* to the c e n te r. T his w as actually  observed  
by Kahan e t a l .zl

The application of p re s s u re  does not only change 
A bu t also  m oves the o ff-ce n te r  w ell m inim um  
tow ards the c e n te r. This may d e c re a se  the co
valency and as a  r e s u l t / LO(8)/ / TO(8) ra tio  should in 
c re a s e . Shand e t a l .* observed  a re la tiv e  in c re a se  
of LO((3) as function of p re s s u re  a t m odera te  p re s 
su re s  (up to 7 k b ars). When p re s s u re  is  fu rth e r  
in c re ase d , LO(0) should d e c re a se  a s  w ell, due to 
the d e c re a se  in the o ff-cen te r population. The ef
fec t of p re s s u re  is  fu rth e r  d iscu ssed  in connection 
w ith m ixed Cu halides in the following p a p e r .31

B. CuCl, k ¥= 0 phonons

In Sec. II the re la tio n  betw een the c o rre la tio n  
length and the neutron sc a tte r in g  in tensity  w as 
derived ; the s h o r te r  the co rre la tio n  length the 
low er should be the in tensity . In o rd e r  to d iscu ss  
the m easu red  in e las tic  neu tron  sc a tte r in g  in tensity  
an o m alies ,10,11 we f i r s t  su m m arize  the conclusions 
of Sec. II: (i) The c o rre la tio n  length is expected to 
b e  s h o r te r  fo r phonons involving o ff-cen te r Cu+ 
than for those involving c e n tra l Cu*, when a  s im i
la r  type of v ib ra tion  is  considered , (ii) The c o r 
re la tio n  length d e c re a se s  w ith in c re as in g  |k | .
(iii) Among the various m odes, those fo r which the 
re la tiv e  partic ipa tion  of Cu* in the v ib ration  is 
la rg e r  than that of the C l ', w ill experience a sh o r t
e r  co rre la tio n  length. (iv) F o r a c e r ta in  phonon 
b ran ch , the co rre la tio n  length (in ZB s tru c tu re )  is 
an tic ipated  to d e c re a se  fro m  [ l i t ]  to [100], being 
the sh o r te s t fo r  the [110] d irec tio n . Following 
these  conclusions the anom alies of the in e las tic  
neu tron  s c a tte r in g  experim en ta l data  w ill be in te r 
p re ted  by m eans of the proposed  m odel. It is  im 
po rtan t to note tha t a  d e c re a se  in the c o rre la tio n  
length may be observed  experim en tally  only when 
it is  c r it ic a lly  sh o rt, nam ely , a t the ran g e  w here 
the phonon line d ra s tic a lly  b roadens.

W e sh a ll s t a r t  w ith the v ib rations in w hich off- 
ce n te r  Cu* p a rtic ip a te . The acoustica l b ran ch es 
a re  not expected to be reso lv ed  from  the c o r r e s 
ponding ones in w hich c e n tra l Cu* p a rtic ip a te  (one
mode behav io r of the acoustica l phonons31). LOO)

appears w ith low in tensity  in  Ram an a t k»*0 and 
th e re fo re  the probability  of detecting  th is line a t 
la rg e r  wave v ec to rs  is ex trem ely  sm a ll. This line 
was not sea rch ed  fo r in neutron sc a tte r in g  ex p e ri
m en ts. TO(/3) was recen tly  observed  a t 4.2 K in the 
[ i l l ]  d irec tio n 10,28 and i ts  in tensity  d e c re a s e s  as 
|k | in c re a se s  and sm e a rs  out a t about half the 
B rillou in  zone in that d irec tio n  (see F ig . 4). This 
behav io r is  expected because  of the d e c re a se  in the 
co rre la tio n  length w ith |k | .  M oreover i t  is  p re 
dicted that if looked for in the o ther sy m m etry  di
rec tio n s , TO(/3) w ill b e  seen  to d isap p ea r a t sh o r t
e r  wave v ec to rs .

Phonons involving only ce n tra l Cu* generally  have 
a co rre la tio n  length long enough not to be se rio u s ly  
affected as function of |k | .  This is  the c a se  for 
the op tical y m odes. On the o ther hand, the acous
tica l b ran ch es exhibit a one-m ode behav io r in 
w hich both c e n tra l and o ff-cen te r Cu* p artic ip a te . 
T h ere fo re  th e ir  c o rre la tio n  length is  expected to 
be sm a lle r .  The LA phonon eigenvecto r calcu la ted  
by la ttic e  dynam ical m odel shows that th is  v ib ra 
tion is m ainly tha t of the Cu* ions, w hile Cl" hard 
ly p a rtic ip a te  in i t .11 T h e re fo re , the c o rre la tio n  
length of th is phonon is s h o r te r  than that of the TA 
phonons a t any given k. Out of a ll the sym m etry  
d irec tio n s the sh o r te s t c o rre la tio n  length w ill oc
cu r in the [110] d irec tion . The h igher the |ic| in 
th is d irec tion  the s h o r te r  the co rre la tio n  length 
and thus the low er is the in tensity . When the tem 
p e ra tu re  in c re a se s  the co rre la tio n  length d e c re a s 
es . This explains the p ecu lia r behav io r of the LA 
phonon b ran ch  in the [l 1 Oj d irec tio n  recen tly  ob
se rv e d  by neutron sc a tte r in g .11 At low te m p e ra 
tu re s  no anom aly was found. As te m p e ra tu re  in
c re a se s  the in tensity  d e c re a se s  s ta r tin g  from  the 
K  zone-boundary  point. At 210 K the LA phonon at 
the K  point to tally  s m e a rs  out and the low er the 
wave vec to r in th is  d irec tio n  the h igher is  the LA 
phonon in ten s ity .11 An in te rp re ta tio n  of the anom 
alous behavior of TO(j3) and LA(S) phonons in neu
tron  sc a tte r in g  has not been given b efo re . M ore 
neutron s c a tte r in g  experim en ta l d a ta  is  highly 
d es ira b le . This concerns m ainly the TOO) in the
[110] d irec tio n  and LA in the [100] d irec tio n , both 
as function of te m p era tu re .

C. CuBr and Cul

C om pared to CuCl, th e re  is  not as m uch in fo r
m ation ava ilab le  on C uB r and Cul. In C uB r at 
room  te m p era tu re  two b road  peaks a re  observed  
at op tical freq u en c ies  (see  F ig . 2): one is  located  
a t 161 cm "1 and is  co nsidered  to be LO(y), the 
o ther is  located  around 115 cm "1 and sp lits  into 
two m ain peaks a t  low er te m p e ra tu re  (see  F ig . 2).
A lin ea r ex trapolation  of TO(y) from  low er tem 
p e ra tu re  d a ta  y ie lds w[TO(y)] =  124 cm "1 a t room
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te m p e ra tu re .13' 56 M oreover, a  ca re fu l an a ly sis  of 
the ro o m -te m p e ra tu re  Ram an data (in te rm s  of the 
reduced  Ram an sp e c tru m 31) re v e a ls  two peaks at 
111 and 124 cm "1. Both a r e  in fra red  ac tiv e29 and 
show the sam e po larization  dependence.13,28 The 
CuB r op tical phonon observed  line frequencies a re  
th e re fo re  assigned  as follows: w[TO(/3)] =111 
cm"1, w[TO(y)] =  124 cm "1, and u>[LO(y)] =161 cm"1.

If one u ses  ju s t the a>[TO(y)] =  124 cm "1 and 
co[LO(y)] =  161 cm "1 in the LST re la tio n , e0/e„
=  1.69 is  y ie lded , com pared  w ith 1.96 (e0 =  7.95,
€* =  4.06) m easu red  by T u rn e r e t a l.n  This d is 
crepancy  is  too la rg e  in o rd e r  to be accepted . 
M oreover, at 90 K w here the o ff-cen te r Cu* pop
ulation  is m uch s m a lle r  [TO(/3) is  su p ressed ] e0/  
e„ =  1.55 {u>[TO(y)] =  134 cm "1, w[LO(y)] =  167 cm "1} 
is  in excellen t ag reem en t w ith 1.55 which w as m ea
su re d  d ire c tly .12 It is  th e re fo re  c le a r  that two o s
c illa to rs  con tribu te  to the d ie lec tr ic  re sp o n se  at 
300 K and m ainly one a t T = 9 0  K. R epeating the 
p rocedu re  used  for CuCl—using  the reduced  R a
man in ten sitie s  ra tio  along with e(161 cm _1) = 0 — 
the values of Sg =  2.7 and Sr =  l . l  a re  obtained for 
300 K. e0= € „ + S y + S s =  7.9 is  in an excellen t 
ag reem en t with 7.95 m easu red  by T u rn e r e t a l .12 
The o ther ze ro  of e(u>) com es out a t 119 cm "1 which 
is  believed to be the LO((3) frequency.

Then

e„ M L O (fl)M L O (y )] y  
eto V«[TOO)]w[TO(y)] J

com pared  w ith 1.96 a t 300 K. It w ill be very  in te r 
esting  to com pare  a  d ire c t m easu rem en t of p o la r-  
itons d isp e rs io n  a t 300 °C with re la tio n  c 2ga/w 2 
=e(w) w here both o sc illa to rs  con tribu tes to e(w).

LOO) cannot be in fe rre d  from  i r  m e asu rem en ts29 
because  of the frequency proxim ity  of the two os
c illa to rs .  LO(|3) cannot be seen  in Ram an due to 
its  low in tensity  espec ia lly  re la tiv e  to the s tro n g  
neighboring TO(y). Both TOO) and TO(y) do show 
the sam e po la riza tion  dependence. M oreover, at 
room  te m p era tu re  TOO) is m ore  in tense  that TO(y) 
while the opposite is  tru e  a t low te m p era tu re .

The prev ious assignm en t of what we ca ll here  
TOO), w as LO-TA a t X o r L  sym m etry  p o in ts .12’13,28 
The in tensity  te m p era tu re  dependence of this line 
is m uch s tro n g e r than that an tic ipated  th eo re tica lly  
fo r th is com bination. A lso i ts  te m p era tu re -d e p en 
dent frequency sh ift28 is  la rg e r  than the sh ift de
duced from  neutron  sc a tte r in g  d a ta57’58 fo r such a 
com bination. M oreover one would expect a s im i
la r  com bination to occur in o the r Cu halides as 
w ell, but such a line w as not o b se rv ed .3 In our 
m odel based  on two kinds of potential m in im a hav
ing an energy d iffe rence  A, CuB r is  an exam ple 
of a  ca se  w here  A > k T , fo r  te m p era tu re s  below 
200 K. This condition y ie lds an exponential T  de
pendence of the o ff-cen te r copper population below

200 K and th e re fo re  a  s im ila r  T  dependence of the 
TOO) in tensity , as  w as actually  observed .

The population d e c re a se  of the o ff-cen te r Cu* 
w ith te m p era tu re  was deduced from  the B ragg neu
tron  sc a tte r in g  data using the anharm onic m odel.36 
The anharm onic m odel and the d iso rd e r  m odel 
y ield the sam e re su lts  fo r sm a ll o ff-cen te r popula
tion o r for sh o r t o ff-cen te r d istance r 0.15 S tern  
and co -w o rk e rs  a re  p resen tly  studying C uB r by 
EXAFS (extended x - ra y  absorp tion  fine s tru c tu re ) . 
They have observed58 a very  la rg e  te m p era tu re  
dependence a t low te m p e ra tu re s , which c o r r e s 
ponds to a big d e c re a se  in the d iso rd e r  of the cop
p er s ite s  in C uB r. F rom  the data one may obtain 
a  c le a re r  p ic tu re  as to the am ount of d iso rd e r  and 
the d istance r 0 of the o ff-cen te r s ite s .

In Cul only one TO line is  reso lved  a t room  tem 
p e ra tu re .3,31 This se em s to be co n sis ten t w ith the 
conclusion drawn from  the in tensity  te m p era tu re  
dependence of x - ra y  B ragg  re f le c tio n s .16 The R a
m an sp ec tru m  sm e a rs  a t higher te m p era tu re .

It is  in te re s tin g  to note that in a  very  rec en t 
study14 it has been observed  that a t 100 °C an ex tra  
line begins to build  up in the Ram an sp e c tra  be
tween 70 and 100 cm "1. This line w as in te rp re te d 14 
s im ila rly  to tha t p resen ted  h ere , nam ely, belongs 
to o ff-cen ter Cu* v ib ra tio n s.

D. General discussion ■

In the prev ious sections it w as dem onstra ted  how 
the ava ilab le  experim en tal data  of Cu halides can 
be in te rp re ted  in te rm s  of the dynam ical m odel 
proposed. In sp ite  of th is , i t  would b e  advantag
eous if m o re  d ire c t techniques, such as EXAFS,59,60 
w ere  used in o rd er to p rove not only the ex istence 
of the four o ff-cen te r po ten tia l m inim a, but a lso  
to m easu re  th e ir  d is tan ces from  the c e n te r, and 
the tunneling r a te  am ong them .60 Once th is is  ach
ieved, the exact shape of the Ram an TOO)-TO(y) 
reg ion  can be fitted  using  the o ff-cen te r p o la riza 
tion deriv a tiv es  and th e ir  w e ll’s m in im a shapes, 
as ad justab le p a ra m e te rs . A t p re se n t, it seem s 
c le a r  that th is m odel g ives a co n sis ten t qualita tive 
in te rp re ta tio n  of the experim en tal data. In p a r
tic u la r  it prov ides an explanation fo r the ex istence 
of the LOO) line, the p o la rito n s’ d isp e rs io n , the 
resonance  Ram an data, the neu tron  sc a tte r in g  data  
toge ther w ith the T  dependence of the B ragg x - ra y  
and neutron  sc a tte r in g  in tensity ; a ll these  w ere  not 
explained by prev ious m odels.

The two prev ious m odels2,3 do rep ro d u ce  the Ra
man sp ec tru m  of the k« i0  TOO)-TO(y) frequency 
range  only in CuCl and excluding the LOO) lin e .1 
T hese  m odels a re  based  on a R uvalds-Zaw adow - 
sk i61 type of in te rac tio n  between the TO phonon 
and a background of two phonon com binations of 
acoustical b ran c h es . One m odel is  f itted  to the
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R am an sp ec tru m  a t 40 K using s e v e ra l p a ra m e
t e r s ,2 and is a lso  ab le to rep ro d u ce  the p re s s u re -  
induced sp e c tru m  a t th is  te m p e ra tu re 1 and to ad
ju s t the LST re la tio n .2 The second m odel3 tr ie s  to 
f it the Ram an s p e c tra  a t various te m p e ra tu re s , 
but the physica l m eaning of the p a ra m e te r  te m p e ra 
tu re  dependence is  not qu ite  un d ersto o d .3 T h ere  is 
a lso  a d isc rep an cy  betw een the two m odels con
ce rn ing  the frequency of the s in g u la rity  in the two- 
phonon density  of s ta te s . W hile it is  170 c m '1 in 
the f i r s t  m odel2 it is  assum ed  to be a t 146 cm "1 in 
the second .3

It should a lso  be noted tha t in o rd e r  to es tim a te  
the Kg° (the th ird -o rd e r  anharm onic in te rac tio n ),2 
one has to co n sid er the to ta l in tensity  a t the TO 
frequency range , in the LO geom etry  p resen ted  
in R efs. 2 and 7. It w as argued  b e fo re  tha t th is in
tensity  cannot be due to in te rn a l re f le c tio n ,7 o r due 
to a se co n d -o rd e r  p ro c e ss  [because of ze ro  in ten 
sity  in a  z(xx )z  geom etry7]. But when th is to ta l LO 
geom etry  in tensity  is  taken into account, the ( V j° )2/  
(Vj ° )2 value would have turned  out to be m uch le s s  
than un ity .2 A nother question  that a r is e s  in con
nection w ith these  m odels is  the to ta l d isa p p ea r
ance of the |3 op tical phonon in the m ixed c ry s ta l 
sy stem  C u C l^ B r*  w ith sm a ll x .  M urahash i e t aZ.62 
have m easu red  the in fra red  absorp tion  in thin 
film s of CuCl0. 9B r0. , and CuCl0.85B r0. 16 a t 2 K. In 
both m ix tu res  the “ e x tra ” (3 line v an ish es. The 
sm a ll B r concen tra tion  may not be su ffic ien t to 
sh ift the frequency of the “ tru e  TO” k =  0 m ode b e
yond the P 3 singu larity  reg ion  o r  to d ra s tic a lly  r e 
duce the coupling (CuBr is  known to be a lso  very  
anharm onic24). Even then, a contribu tion  of the 
“ e x tra ” phonon in the abso rp tion  is  expected, but 
w as not d e tec ted .62

A ccording to th e se  m odels, when the “ tru e  TO” 
is com pelled  from  the region of in te rac tio n  by the 
application  Of hyd ro sta tic  p r e s s u r e ,6 a  change in 
the G riineisen  p a ra m e te r  is  expected from  y =  1.9 
of the TO(y) line below 19 k bars  to y =  2.4 above 
tha t p re s s u re ,  a s  figu red  out fo r the “ tru e  TO.” 1 
Such a  change w as not de tec ted .6 F u rth e rm o re , a t 
sm a ll k (po lariton  region) the “ tru e  TO” is  expect
ed to move to a  m uch low er frequency and put fa r  
off the in te rac tio n  reg io n .6 In th is  ca se  ju s t one 
po lariton  d isp e rs io n  cu rve  should have been seen . 
Instead , two d is tin c t po lariton  d isp e rs io n  cu rves,
(3 and y, w ere  observed52 (F ig . 5); both re s u lts  a re  
co n s is ten t w ith the p re se n t m odel.

The two m odels m entioned above a re  based  on 
the high anharm onicity  observed  in CuCl. A se c 
ondary poten tia l m inim um  as assum ed  in our mod
el w ill r e s u lt  a lso  in high anharm onicity  tha t w ill 
be observed  in  both c e n tra l and o ff-cen te r Cu'1’ v i
b ra tio n s . This m ay cause  in te rac tio n  between 
TO(/3) and TO(y) that is not included in the p re se n t 
d iscu ssio n . M oreover, such high anharm onicity

m ay be the cause  of the asym m etry  observed  in 
the LO(y) line of pu re  CuB r even a t very  low tem 
p e ra tu re .31

O ur a s se r tio n  is that CuCl, although a p rom in 
ent m em ber of the C u-halides group, is  not unique 
w ith re sp e c t to phonon anom alies. S im ila r phonon 
anom alies a re  observed  in C uB r and Cul as w ell, 
but s ta r t  a t h igher te m p e ra tu re s  than in CuCl. We 
do find a sy stem a tic  trend  that follow s the sam e 
co u rse  found in x - ra y  and neutron  s c a tte r in g  data. 
A lso the observab ility  of both Ram an and neutron 
sc a tte r in g  sp e c tra  is in line w ith th ese  findings. 
The sam e trend  is observed  a lso  in the m ixed Cu- 
halide c ry s ta ls  w ith re sp e c t to the unusual high 
in tensity  of the d iso rd er-in d u ced  TA m odes and its 
te m p era tu re  dependence. This w ill b e  p resen ted  
and d iscussed  in the following p a p e r.31 Unusual 
p ro p e rtie s  s im ila r  to those of C u-halides a r e  also  
found in re la te d  com pounds, such  as Agl,83 that 
w ill be rep o rted  se p ara te ly .

IV. SUMMARY

O ur m odel fo r Cu halides a ssu m es the possib ility  
of secondary  four equivalent m in im a in the copper 
ion poten tia l, in addition to the po ten tia l m inim um  
of the copper ion at the ideal (cen tra l) s ite . T hese 
o ff-cen ter w ells a re  probably due to the energy 
proxim ity  of the Cu 3d and 4s e lec tro n ic  sh e lls , 
y ield ing an additional covalent a t tra c tiv e  po ten tia l 
betw een the Cu 3d and the halogen/) e le c tro n s . It 
is  assum ed  tha t the tunneling r a te  of the copper 
am ong the four o ff-cen te r s ite s  is  la rg e r  than that 
betw een c e n tra l and o ff-cen te r s ite s  and produces 
an o ff-cen te r Cu* tunneling s ta te . The o ff-cen te r 
Cu* population is  te m p era tu re  and p re s s u re  depen
dent via the po ten tia l d iffe rence A betw een o ff-cen
te r  and ce n tra l w ell m inim a.

In re la tio n  to phonons, th is sy s tem  m ay be d es
crib ed  as having a tw o-m ode behav io r of the op tic
al v ib rations a t k » 0 ; one is  due to Cu* a t the ideal 
positions (y) and the o ther is due to  Cu* a t the off- 
cen te r tunneling s ta te s  (0). The co rre la tio n  length 
of the o ff-cen ter phonons is  s h o r te r  than that of 
the ce n tra l phonons, but is  assu m ed  to be long 
enough a t k » 0  such that the re lax a tio n  of the po
la riza tio n  se lec tion  ru le s  can be co nsidered  as a 
p ertu rb a tio n . In th is  ca se  each type of v ib ration  
(|3 and y) exhibits the sam e sy m m etry  T2 a t ks<0, 
but has a  d iffe ren t s e t  of fo rc e  constan ts. This 
explains the appearance and p ro p e r tie s  of the “ ex
t r a ” TO(/3) and LO(|3) in  the Ram an and in fra re d  
sp e c tra . Consequently the po lariton  d isp e rs io n  
and the reso n an ce  Ram an d a ta  in CuCl can read ily  
be understood . In addition, th is model accounts 
fo r the te m p era tu re  and p re s s u re  dependence of 
the op tical phonon line in te n s itie s  in Cu halides .

The co rre la tio n  length d ec reas in g  w ith |£ | ,  ex-
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plains the |k | dependence of the TOO) in tensity  
in CuCl, m easu red  by in e las tic  neu tron  sc a tte r in g  
a t 4.2 K. The k and T  dependence of the LA branch  
in the [l 10] d irec tion  is  explained in a  s im ila r  way.

The p rese n t conclusions a re  co n s is ten t w ith those 
deduced from  the in tensity  te m p e ra tu re  dependence 
of B ragg x - ra y  and neutron sc a tte r in g  data. The 
trend  found with re sp e c t to the te m p era tu re  of the 
o ff-cen te r population onset in Cu halides ag rees  
with that found h ere  fo r many of the phonon c h a r
a c te r is t ic s .  This trend  is an in teg ra l p a r t  of our 
m odel.
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