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TABLE II. Values of the different parameters used in the analysis of the phonon conductivity of the KBr:NO~ ion system.

Sample

A
B
C

Concentration
{cm-I)

3-SX20'~

5.3X20'8

5.7X 20"

Kwok's co'

dependence
(Green's function)a (10 ' sec ' cm' 'K')

0.1
1.0
5.0

co4 dependence
H(10 ~ sec'cm ' g~)

12.4350
8.2119
7.6356

Kwok's dependence
(including inelastic

scattering)
a(20 "sec'cm ' g~)

12.4350
8.2119
7.6356

Kwok's dependence
(excluding inelastic

scattering)
B(20 ~ sec'cm ' g )

12.435
8.2119
7.6356

on the basis of a Green's function. It may be seen from
Figs. 5—7 that the agreement between the theoretical
and experimental values is in general poor. However, the
co' dependence of ~„' gives better agreement between
theoretical and experimental values of phonon
conductivity.

IV. CONCLUSION

The phonon-conductivity resonant dips in KC1:NO2
and KBr:NO2 systems cannot be explained by an co4

dependence of the resonant-scattering relaxation rate of
phonons. Much better agreement between theoretical

and experimental values of the phonon conductivity
of the KC1:NO2 system is achieved with the formula
r —'~co'/(aP coo')' —which is obtained on the basis of
Green's functions. The agreement for KBr:NO~ is not
so good.
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The infrared absorption by the localized vibrational modes of H and D centers in CsCI, CsBr, and
CsI has been measured in the temperature range 20 to 300'K. Above 100'K, the temperature dependence
of the half-widths of the local-mode absorption bands in CsBr and CsI follows a T" dependence, where
2&n&1 (instead of n—2, as is usually the case with the other alkali halides). Side-band structures are
observed in CsCl and CsBr. These can be explained as arising from the coupling of the local-mode phonon
with band phonons through anharmonic interactions. In the case of CsI, no such side-band structure is
noted in the temperature range studied, except for a weak shoulder occurring very close to the main local-
mode band.

INTRODUCTION
' 'N alkali halides, U centers are H or D ions replac-
e ~ ing anions. They give rise to localized vibrations
with frequencies two to four times higher than the
maximum frequency of the host lattice. These vibrations
are infrared active and show strongly temperature-
dependent absorption spectra which were experi-
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menta]ly' ' and theoretically ' investigated in most of
the alkali halides with NaC1 structure. So far only a
few data were available for the alkali halides with CsC1
structure. ~ In this paper we present the results of a
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systematic investigation of the infrared spectra of H
and D centers in CsC1, CsBr, and CsI.

EXPERIMENTAL

300.

cm&

~ 220 ~

Single crystals of CsBr and CsI were used. For CsCl,
only small polycrystalline pieces were available. All
crystals were obtained from the Harshaw Chemical
Company. U centers were produced by heating these
crystals in a nickel tube in an atmosphere of hydrogen
or deuterium at about 3 atm pressure, together with
potassium metal. In the case of CsI, the U centers were
distributed homogeneously over the whole crystal,
whereas in CsBr and especially in CsCl, the U-center
concentration decreased going from the surface to the
interior of the crystals. Average U-center concentrations
up to 10' cm ' were obtained. The optical measure-
ments were performed with a Perkin-Elmer model 301
far-infrared spectrophotometer. With our cryostat, we
could cover the range from 20'K up to the room
temperature.

RESULTS

Figures 1—3 show the temperature dependence of the
frequencies of the main )ocal-mode bands. Figures 4 and
5 show the temperature dependence of the half-widths
of the main local-mode bands in CsBr and CsI. Accord-
ing to our 6nite spectral-slit width of about 1.5 cm ',
the measured half-widths had to be corrected. As at
low temperatures and low concentations the band shape
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Fro. 4. Temperature depen-
dence of the half-widths of
the main local-mode bands in
CsBr.'H and CsBr.'D .
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FIG. 3. Frequencies of the main local-mode bands
in Csl:H, D versus temperature.
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Fj:G. 2. Frequencies of the main local-mode bands
in CsBr.'H, D versus temperature.

is nearly I orentzian, we used the correction tables of
Ramsay. '

Figures 6 and 7 show the side bands of CsCl: H and
CsBr:H—which are due to the coupling of the local-
mode phonon to band phonons. However, on the low-
frequency side the anti-Stokes side bands are masked
by some shifted local-mode bands. In each case there
appears a pair of shifted bands in the immediate
neighborhood of the main local-mode band. This is

' D. A. Ramsay, J. Am. Chem. Soc. 74, 72 (1952).
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FIG. 6. Side-band spectrum of CsCl: H at 40'K.

probably caused by an interaction among the local-mode
phonons due to a high-local concentration of the U
centers near the crystal surface. The other shifted modes
at 290 and 304 cm ' in CsBr and at 303 cm-' in CsCl
may be due to some other impurities. In Fig. 8 the
spectrum of CsI:H is shown at di8erent temperatures.
Thhe main local-mode band is very asymmetric, but
there is no side-band structure (a very weak indication
o a side band at 355 cm ' lies within the limits of error).
However, the main local-mode band shows a shoulder
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Fro. 7. Side-band spectra of CsBr.'H at d18erent temperatures.

which is shown on a larger scale at the top right of
ig. . A similar shoulder occurs also in CsI:D . The

H and D local-mode peak positions at 100'I in CsC1,
CsBr, and CsI are listed in Table I.
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DISCUSSION

Local-Mode Frequency

In Fig. 9 we have plotted the Ivey relation for the
local-mode frequencies in CsCl, CsBr, and Csl. The

ALE I. U-center local-mode phonon frequencies
(in cm ') at 100'K.

Impurity

H
D

CsCl

424
302

Host lattice
CsBr

365
259

CsI

290
207

slope of the curve is 4.0 if the 50'K values f th
f ~

requenaes are chosen (the room-temperature values
give a slope of 3.2). For the other alkali halides with
N aC1 structure, one gets slopes between 2.0 and 2.5.'
The higher slope for the CsCl structure indicate th t

e U centers are more tightly bound in this structure
than in the NaC1 structure. This is due to the fact that
in the CsC1 structure the U center has eight instead of
six next neighbors and that the second next neighbors
are relatively closer than in the NaCl structure.

The temperature shift of the frequencies consists of
two parts. First, a quasiharmonic shift which is due to
the change in lattice constant and shifts only to higher
requencies with decreasing temperature. Second, an

anharmonic shift which is due to the anharmonic inter-
action of the local-mode phonon with the band phonons.
According to Bilz et ul. ,' there are several phonon pro-
cesses with temperature-dependent positive and nega-
tive contributions to the anharmonic shift.
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Half-Width of the Local Mode

For the damping of the local mode there are usually
two processes considered. First, a scattering process
w ere a band phonon is scattered by the local-mode
phonon. This process gives rise to a T' dependence of

d
the ha1f-width at high temperatures and t T'an oa

ependence at low temperatures. ' Second, a decay
process where the local-mode phonon decays into several
band phonons. Considering the frequencies of the long-
wavelength optical phonons of the cesium halides, ' it
becomes evident that the local-mode phonon must

4.I 4.3
Lottice Constant
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FEG. 8. Absorption spectra of CsI:H t dea erent temperatures.

FM. 9. Ivey plot for the frequencies of the U-center
local modes in CsCl, CsBr, and CsI.

10G Q. Jones, D. H. Martin, P. A. Maser, and C. H. Perr
Proc. Roy. Soc. (London) A261, 10 (1961).
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decay at least into two phonons in CsCl: D-, into three
phonons in CsCl: H-, CsBr:D, and CsI:D, and into
four phonons in CsBr:H and CsI:H . At low tem-
peratures all decay processes cause a constant half-
width while at high temperatures they give rise to a
T, T, and T' dependence for the two-, three-, and
four-phonon decay.

However, one observes in CsBr and CsI at high
temperatures a dependence which lies between T and
T'. As in this region the half-widths are very large, one
can have a contribution by a two-phonon decay where
one of the two phonons is the local-mode phonon itself.
This decay process usually gives rise to the side bands,
but in this case now it causes a linear temperature
dependence of the half-width. A superposition of this
process with the scattering process could then explain
the measurements.

Below 100'I the half-widths become so small that
the contribution from the "side-hand process" vanishes
while the contribution from the scattering process
remains. At very low temperatures, however, one should
see a constant half-width according to the allowed decay
processes.
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FIG. 12. Calculated (anharmonicity only) and
experimental side bands in CsBr. H .

constant; i indicates band phonons, I.is the local-mode
phonon, and p(ra~) is the density of states for the pure
crystal. M; and V; are expansion coefBcients of the
dipole moment M and the potential t/' in the jth order;
for high frequencies they are set constant while for low
frequencies they are porportional to co;. To take into
account the diBerent coupling of the local-mode phonon
to acoustic and optical phonons, the density p(nt;) is
multiplied in the optical region by the factor Q=X
(optical branch, cation)/X' (acoustic branch, cation),
where X is the polarization vector of those phonons.
According to Bilz et ul. ,4

Side Sands Q m~ indianian/'iittntion. (2)
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FIG. 10. Calculated (ey1bermonicity only) and
experimental side bands in CsC1:H .

According to Bilz et ul. ,' the imaginary part of the
dielectric constant for the side-band spectra at O'K may
be written, in the density approximation, as

e(nt)c
e"(a)) = Z(a)) = 16tr'

3MgV3 'p(~)+Ms, (1)
-Myel;(1+tttt/2tttr) (OttttL,

where tt(co) is the refractive index which is set constant
for the side-band region and K(nt) is the absorption

Vsing the calculated density of states by Karo and
Hardy" (Fig. 8 of their paper) in Eq. (1),one gets with
M&=0 (only anharmonicity) the calculated curves in
Figs. 10 and 11. In comparison with the experimental
curves, they are Gtted to the maximum of the measured
side bands. With Vii=0 in Eq. (1) (only nonlinear
dipole moments) the agreement is much worse.

According to Eq. (1) and Karo and Hardy's density
of states, " a similar side-band structure should also
appear for CsI:H, which, however, is not the case as
may be seen from the experimental results (Fig. 8).The
separation of the weak shoulder from the main local-
mode band is too small to be identi6ed with a phonon
side band. Measurements with higher concentrations
and at lower temperatures are desirable in this case.
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