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Optical Constants of Potassium Bromide in the Far Infrared
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One of the fruits of the recent developments in far-infrared techniques has been the knowledge of the
whole vibrational spectrum of a solid and its evolution with temperature, We consider here the particular
case of potassium bromide, which has been studied elsewhere by neutron diffraction, and we give all the
information obtained in the laboratory by the diferent methods of far-infrared spectrometry now available:
(1) the reflectivity of potassium bromide at liquid-helium, liquid-nitrogen, and room temperature, in-
cluding the effect of polarization, grazing incidence, and the quality of the surface, and interpreted accord-
ing to a Kramers-Kronig analysis and a Lorentz analysis with two linear damped oscillators; (2) the trans-
mission of thin layers at, normal and oblique incidence, and a determination of the complex index of refraction,
the compressibility coefficient, and the effective charge of the ions; (3) the very-far-infrared transmission
of thick samples and its temperature dependence explained by phonon-diGerence processes; and (4} the
6rst spectroscopic observation of the phonon spectrum of an ionic crystal, provided by sodium-induced
absorption in potassium bromide, with peaks at 101, 83.5, and 71.5 cm, having the same frequencies as
the three maxima in the lattice-mode density, which correspond approximately to characteristic TQ, LA,
and TA phonons, The effect of other impurities and of neutron irradiation is also considered.

L INTRODUCTION

" 'HE optical constants of potassium bromide have
still hardly been studied in the far infrared. The

transmission of a thin plate at room temperature has
been known since 1932, when Barnes located the mini-

mum of transmlsslon at 113 cm . Th1s position has
been approximately located again by Boccarra' at
113.2 cm ' by Martin' at 115.8 cm—' and by Wilkinson4

at 112 cm—'; Wilkinson also determined the position of
the band at liquid-nitrogen temperature: 12lt. cm '.
Martin's measurements' concerning the transmission
of thin layers of alkah halides at liquid-helium tempera-
ture do not concern potassium bromide, and there
exists information only about the very far infrared and
for very thick plates. "Recently, however, Martin~ did
study a thin KBr layer at liquid-helium temperature
and found the band at f20.3 cm '. The reQectivity of
a thick plate at room temperature has been known
since Czerny and Roder, in 1938, found a maximum
without any structure at nearly 83 p. This spectrum is
confirmed by Yoshinagas for an incidence of 12';
however, for an incidence of 52', a secondary maximum

appears at nearly 58 p. We should also mention the
work of Martin, ' who found a secondary maximum at
nearly 72 tt (139cm ') but insisted upon the importance
of having the surface well polished. There have been

no reQection measurements at low temperature. This
lack is unfortunate for KBr, since in that case we have
precise information about phonons from neutron dif-
fraction. ' In Table I are tabulated the frequencies of
some characteristic phonons at 90'K.

A. EXIPerimeIItal

All spectra have been obtained with a grating spec-
trometer" specially built in the laboratory to give the
reQectivity of crystals at low temperatures. The sample
is cut into a prism (Fig. 1) to avoid interference. The
value of the angle of incidence is 15'. I'"igure 2 gives the
reQectivity at three temperatures. A weak secondary
maximum appears at 60 p, for room temperature, in
agreement with Yoshinaga's experiment. ' The principal
maximum increases in intensity and moves to high
frequencies when the temperature decreases. The
reQectivity is close to zero at 50 p, . The integrated
reflectivity j'R(l)d), , or J'R(v)dv, increases when T
decreases. The data of Fig. 2 are perceptibly modified

lt.f yosiaI'

PIG. 1.The KBr plate is cut into a prism to give directly the
true reQectivity R*.
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We see in Fig. 3 that both E, and E„should cancel
at the minimum of reQectivity; and that R, is slightly
larger than E.„,as Voshinaga's experiments showed
for NaC1, and as has also checked in our laboratory for
NaC1.

The reproducibility of our reQectivity measurements
is often ~2% and, within this accuracy, the quality
of the surface has no importance, except at the peak,
where the reflectivity varies (for example) from 65 to
80% for a single crystal, and from 72 to 85% for a
pellet according to the polish.

It is remarkable that a pellet should sometimes
reQect as much as a single crystal if the surface is good:

IVER+

Ker
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+gem
'

by the quality of the surface and the polarization of
the incident radiation.

When the incidence is no longer normal, we know
from Fresnel's formulas that the p component, with
the 8 vector in the plane of incidence, is not so well
reQected as the s component. However, the e6'ect is
small and, for instance, in the case of NaCl, Yoshinaga
has not seen any difference for i=12'.' In the case of
KBr, for i=15', it seems that the p component is the
Inore strongly reflected. Of course, this could not be
explained by Fresnel's formulas, which we have used to
get Fig. 3, with i= 15' and the values of n and k given
by Figs. 11 and 12:

(u cosi—)'+b'
~S p

(u+ cosz)'+ b'

(a—sini t ain)'+b'
Ep Eg p

(a+sini tani)'+ b'
with
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2P = L (q' —sjn2 j)'+e"2]'~' —(e' —sin'i),
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,
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We have already noticed this fact in the case of the
copper halides, " and of the sintered materials sold by
Kodak under the name of "Irtran, '" but it was no
longer true for ZnTe, for example, ' for which the peak
reQectivity of the pellet prepared in the laboratory was
rather weaker than for the Irtran one. The damping 5
of the oscillators responsible for the reQectivity thus
depends mainly on the quality of the surface. From a
macroscopic point of view, the reQectivity is mainly
aQected at the peak in the reQectivity, because the
index of absorption k is high, so the skin depth p= X/hark
is small.

Here, X~80 p and k~5; hence p 1.2 p. It might be
possible for the surface to be chemically or physically
disturbed to that depth. For example, tensions, varying
according to the point considered, could modify the
lattice dynamics and in particular the resonance fre-
quency. Forbidden modes could also become active. "
However, the most troublesome physical disturbance in
our case is simply the roughness of the surface, since we
have seen that a well-polished KBr pellet reQects as
well as a single crystal.

It has been shown" that the inQuence of the wrinkles
on the thermal radiation of a surface can be very
important, even if the defects have dimensions smaller
than the wavelengths considered. The calculation is

I

50

FIG. 3.At an incident angle of 15', Fresnel's formulas show that
g, never exceeds R„by more than a few percent. The curve
calculated for normal reflection (solid line) passes between the
R, and R„curves for the incidence angle of 15'.

20- Fzo. 4. When the average size d of the holes in the reflecting
surface is much greater than the skin depth p, the reQectivity
varies like the difference between the total area S, and the
area s of the holes.

FIG. 2. ReRectivity of KBr at three temperatures for a 15'
angle of incidence. Note the position X~ of the reflection maxi-
mum: X~(300'I) =81@., X~(liquid nitrogen) =75.5 p,' X~(liquid
helium) = /4. 5 p.

» J. N. Plendl, A. Hadni, J. Claudel, Y. Henninger, G. Morlot„
P. Strimer, and L. C. Mansur, Appl. Opt. 3, 397 {1966).~ A. S. Barker, Jr., Phys. Rev. 132, 1474 (1963).~ B.Py, thesis, University de Nancy, 1967 (unpublished),
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FIG. 5. Phase shift 8 in the reflection as a function of au for four
values of lt; *: lt *=0.00001 (curve No. 1); E; ~=0.0001
(curve No. 2); lt ~=0.01 (curve No. 3); Z;,*=0.02 (curve

FIG. 6. Refractive index e of KHr at room temperature for
four values of E; ~:E. ; ~ =0.00001 (curve No. 1);E; *=0.0001
(curve No. 2)' R *=0.01 (curve No. 3); E; *=0.02 (curve

simple when the skin depth p of the crystal is much
smaller than the size of the holes (Fig. 4). In this case,
the reQectivity of the polished surface must be multi-
plied by a factor K&1, E= (5—s)/5, where S is the
whole sUrface and s is the surface of the pores. Effect-
ively in the s surface, there is a lack of the electrons
needed for a specular reQection. The effect wiB occur
only in the part of the spectrum where p&d, that is,
wheI'e P ls high.

B. Analysis of Normal Refiectivity Spectra

1. Bmelock's Iiormllu

In $924, Havelock'4 gave an approximative formula
linking the wavelength X~ of the maximum of reQec-

tivity to the wavelength P 0 of the resonance, using the
values ~RO and ~Ry of the static and the high-frequency
dielectric constant:

~0 ~RO—
~RW—=1+-

%' CRT

take ~Ry ——2.45=const. On the other hand, we have
recent data for PRO which we have collected in Table II,
together with the values of ) 0 calculated from )~ with
Havelock's formula. %e have also given values of Xo

obtained either by other spectroscopic methods or by
neutron dlgractlon2 the agreeIDent ls good) especially
atlowtempe t es.

Z. Et'CfPSet'S-Et'ON bg A NGlp'SOS

The Kramel s-Kronlg analysis ls, fol lnstance2 the
method used by Karo et al. , to analyze the reQectivity
spectrum of NaCl, Kcl, I.iF, and Nap at 300 and 100'K.
They only retain e (rv) and calculate k (a&) from the trans-
mission spectr a.

Ke Grst have to compute the phase shift 8 at the
reQectivity" by the relation

1 dA (8+Gls

e(a&e) =— — ln dk&, (6)
dM, Q—Qo

with A=lnD1/E)"'j. We see in Fig. 2 that the re-

Tmx.z I. Characteristic phonon frequencies from
neutron di8raction at 90'K.I

%ave number
(cm ')

120+1
162&1.6
'I2~0.8
42+1

134~0.02
124+1
94~1
$4+1

145~13
102+13

TO $000j 3,60+0.03
LO $000$ 5,00&0.05
LA $0011 2.15+0.03
TA t'001$ 1.25+0.02
LO t'001) 4.02+0,07'

T() $001| 3.'6+0.04
LA PH3 2.82~0.04
TA CH'1 2.20+0.03
LO Q)P 4.34+0.05
TO gpss 3.05+0.05

a See Ref. 9.
r4 T. M. Haveloclr, Proc. Roy. Soc. (London) A105, 488 (1924).

KBr 300 K

l\

II

mo

Fzo. 'E. Absorption index k of K3r at room temperature for
three values of E ~: R 1 ~=0.00001 (curve No. 1);R; ~=0.01
(curve No. 3);E *=0.02 (curve No. 4). From now on @re shall
only retain curve No. 3.

~'T. S. Robinson and %. C. Price, in MAeeelw SpeAroseepy
edited by G. Sell (Oxford University Press, London, 1955),p. 211.
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"A'JO— TABLz III. Frequency of maximum absorption, and Lorentz
parameters, at four different temperatures.
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FIG. 11.KBr refractive index I from a
takeo-linear-oscillator analysis.

parameter 81 is still to be determined to 6nd a reQectivity
curve close to the experimental one. Hy a least-squares
method, we then modify v1 and 61 very slightly to repre-
sent exactly the low-frequency part of the reQectivity
curve) where thc second rcsonRncc P2+P1 has no Rp-

preciablc CQect. Figures 8, 9, and 10 give the best
results obtained at the three temperatures considered.
The curve Q.ts the low-frequency wing, but on the other
wing it erst gives too high a reQectivity, and then cuts
the experimental curve, and gives a reQectivity slightly
too Weak.

At room tcmperatulc P2 ls RpploximRtcly glvcn by
the point of inQexion of the reQcctivity: p2 and 8~ are
obtained by successive approximation. The secondary
maximum of refi.ectivity thus appears, the minimum
moves towards higher frequencies, the. width of the
reAectivity band decreases, and the computed reQec-
tivity fits the experimental measurements (Fig. 10).
%e can thus accept the eight parameters character-
izing two Lorentz oscillators as capable of representing
the rcfl.ectivity of potassium bromide in the whole
infrared (Table III).

Then, we can compute the dispersion curve for the
refractive index n (Fig. 11) and for the index of absorp-
tion h (Fig. 12) at the three temperatures, with the

Tempera-
ture s~(k max)
( K) ~~va egob (cm-&) (cm-&) (cm-&) p,

800 ~ ~

300 2.40
80 2.43
18 2.46

95d
4.85 113.9 115.5 165 0,198 0.015 0.052 0.23
466 1192 120 175 0.176 0005 0022 023
4.59 121 121.5 178 0.17 0.004 0.016 0.23

aWe have taken mz—-1.55 at 290'K, and (BN/8T)p=-0. 4&10 4

(oK) & lA. J. Bosman and E. E. Havings, Phys. Rev. 129, 1593 (1963)g.
b We have tried to give to ceo values compatible with Lowndes's recent

measurements LR. P. Lowndes, Phys. Letters 100, 752 (1955)].
o The reflectivity curve no longer showing a precise secondary maximum

when the temperature is lowered, the values given for u2 at 80 and 18 K
are probably very inaccurate.

"From J. E. Mooij, Phys. Letters 24, A249 (1967).

clRsslcR1 for mulas

III. REFLECTIVITY SPECTRA UNDER
HIGH INCIDENCE

All alkali halides show a secondary maximum of
reAectivity8 '7 '8 generally associated with addition
processes. For KBr, this maximum is the less visible one

Kar &~16@

~ e
e

e

ye
300'K

e ~
0' KB«4,&v

5;0;
~"=2nk=g 4mp,

(1—QP) 8,~0/

wjth Pz 4~p&= &go—pgv. $& iepi'eseiits tlie reduced
damping factor and 0,= v/p, the reduced frequency. We
remark that p~ is somewhat higher than v1 for high
temperatures. This is probably due to the second
resonance, the strength of which increases with
temperature.

e
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F&G. 12. KBr absorption index k supposing txvo linear oscillators.

l t

~o so &DO 4p&

Fxo. 13. Transmission of tvvo KBr layers deposited by evapo-
ration, one on Mylar film, thickness 4 p, (dotted line), the other
on quartz plate, thickness 2 mm (full and dashed line). The
circled dots give the true transmission T*=e +" calculated from
Fig. 14.

~VA. Mitsuishi, H. Yoshinaga, and. S. Fujita J. Phys. Soc.
Japan 14, 110 (1959).

is M. Czerny, Z. Physik, 65, 600 (1930).
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TmI.E IV. Calculation of compressibility and effective charge at three different temperatures from Szigeti's relations.

Tempera-
tures
( K)

290
80
18

6.599X10 '
6.566X 10-8
6.558X10 8

1.55
1.56
1.57

&Ro

(Lorentz)

4.85
4.66
4.59

(cnl'/dyne)

6.36X10-»
5.95X10-«~

587X10 "
3.59X10
3.56X10-"
3.53X10 «o

0.75
0.74
0.74

at 160 cm ' (Fig. 2), and it even disappears at low
temperatures. From Voshinaga, we know that its in-
tensity increases with the angle of incidence, but he
did not analyze this enhancement. This maximum
leads to a small peak in the absorption spectrum
(Fig. 12) at 165 cm ' for room temperature, which
might correspond to TO[~1-,'-', )+TA[-,'-', -',1=176 cm '

LO[0001=162 cm ' from Cowley's measurements
at 90'K (Table I), and Burstein's selection rules for
two-phonon combinations.

Figure 13 gives the transmission under quasinormal
incidence of thin KBr layers, prepared by evaporation
on Mylar 6lm, or on quartz plates in vacuum. Lct us
denote by d the thickness of the layer, by d' that of the
support, and by e and e' their refractive indexes, and
let us write M=2m. d/)1 and. M'=2nd'/)1. Since both M
and. M' are small compared to unity in the case of the
Mylar film, we can use the formulas cited by Abeles
Rnd Mathicuf which glvc the Rppalcnt tl RDsmisslon 7:

T= (11)
(2+2ekM)'+ [(e'—k' —1)M+ (e"—1)M'j'

After wl'lt111g A = (1+2)/(1—R) ) tile alltllol's sllow 'that

m is given by

[(1—~2)2M2+4)Mme4 —SaM2ee

+2[2+ (1—A')(1/2' —1)jM'e'+ (1/T—1)'=0. (12)

Knowing e from this relation, we get k from

k'= 2Ae —(e'+1) .
These k values plotted in Fig. 14 are in good agree-

ment with the k values determined from the I.orentz
analysis (dark circles), except perhaps in the immediate
vicinity of the resonance. In Fig. 13, we also notice in
the case of the Mylar 6lm that on the short-wavelength
side of the band, the true transmission T~=e ~" is
smaller than the measured transmission T, as at 6rst
might bc sur prlslng. In fRct, this disci cpancy ls pl obRbly
the result of constructive interference for this wave-
length range. We also remark that there is no signi6cant
change of the minimum value of the apparent trans-
mission T when the quartz plate with the KBr layer is
cooled, which is slightly in contradiction with Fig. 12.

Figure 15 gives the transmission spectrum of a thin
KBr layer deposltcd oD a brRss plate Rnd rccclvlng RD

infrared beam under a high angle of incidence. Wc knower

from Berreman's experiments on LiF, for instance, that
undel thcsc conditions, R IIllDlIIlllm of transmission 1

seen for vr, and a sharper one for vr."Our results (Fig.
15) are in good agreement with these measurements,
therefore we take XI~61 p, and X~~90 p.

o le cokufoted from T
k aokulatod fram R

FxG. 14. Transmission measurements allow us to make more
precise the values obtained by Lorentz analysis for the absorption
index k.

"F. Abeles and J. P. Math, eu, Ann. Phys. (Pans) 3, 5
(1958}.

40
l

&0
I

90

~ D. %'. Berreman, Phys. Rev. 130, 2193 I'1963}.

FIG. 15. ReAectivity of a brass plate covered with a thin
KBr layer, for a 60' angle of incidence and polarized radiation
(p component).
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&' K cm-'
KBr (2,4mm - 336') 100

K Br 25 mm
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FIG. 16. For 337 p, wavelength, the absorption coeKcient
E of KBr is proportional to the absolute temperature between
80 and 300'K.

n'+2 u'
X=3—

e+2 4R'p
(13)

a'/4 is the volume occupied by a molecule, and
P=4m'yves', with 1/@=1/M+1/m. The edge a of the
cubic unit cell measures 6.599' 10 ' cm at 300 K,"and
the distance E between the halogen and the four nearest
potassium atoms is equal to a/2. We know the value of
u at room temperature and liquid-helium temperature,
but we had to extrapolate for 18 and 80'K. The calcu-
lations are summed up in Table IV, where Xp represents
the measured value of the compressibility coefficient,
which is known only at room temperature. The agree-
ment between theory and experiment is good at room
temperature. At low temperature, we see that Xz de-

~& Kc~ 1

10-

V. APPLICATION OF SZIGETI'S
FORMULAS TO KBr

From Szigeti's first formulas, " the coefficient of
compressibility X can be calculated from vz .

FIG. 18. The transmission of a thick KBr plate (e=2.5 mm) is
zero at room temperature. At liquid-helium temperature, KBr
becomes transparent when pure (curve No. 1) except at 107 p.
The addition of Na+ ions {curve No. 2) results in the appearance
of three bands at 99, 120, and 140 p, . We can also increase the
intensity of the 107 p. band by the addition of chlorine ions.

creases without approaching zero, which is as expected;
but we do not have any measured value of Xp to check
the theory.

Szigeti's second formula,

9 egp —n'
(ee)2 pa8

16' (n'+2)'
(14)

allows the calculation of e%. We see in Table IV that
the ratio is nearly constant and much smaller than 1
in spite of the wholly ionic character of the link.

VI. TRANSMISSION OF THICK PLATES IN
THE VERY FAR INFRARED

A. Pure Crystals

Over the last few years, ' ' we have shown that all
crystals become completely transparent in the far
infrared when they are sufficiently cooled, "while the
transmission of glasses is not modified. '4 This super-
transparency has been explained in terms of phonon-
diQerence processes. "Between 300 and 80'K, we see
in Fig. 16 that E varies like T, at least for X=336 p.
The measurements are made with the laboratory CN
laser, which allows an accuracy better than 1% on
transmission measurements. " As regards the wave-

length dependence, the absorption coefficient at room
temperature is approximately proportional to 1/X' from
1000 to 350 p (Fig. 17).

I

200
I

400
I

&000 1/P ( ~-Z

FIG. 17. For very long wavelengths between 1000 and 375
p,, the absorption coeKcient E' is approximately proportional
to 1/X'.

"3.Szigeti, Proc. Roy. Soc. (London} A204, 51 (1951}.
~ Structure Reports, edited by N. V. A. Oosthoek and M. I, J.

Uitgevers (International Union of Crystallography, Utrecht,
netherlands, 1947), Vo1. 11, p. 485.

B, Induced Absorption by Impuritjes

The residual absorption of potassium bromide at low

temperature gives only one peak at 93 cm ' for the

"A. Hadni, J. Claudel, X. Gerbaux, G. Morlot, and J. M.
Munier, Appl, Opt. 4, 487 (1965).

"A. Hadni, Q. Morlot, X. Gerbaux, D. Chanal, F. Brehat, and
P. Strimer, Compt. Rend. 260, 4973 (1965}.

~5 H. Bilz and L. Genzel, Z. Physik 169, 53 (1962}.
~6 A. Hadni, R. Thomas, and J. Weber, J. Chim. Phys. 64, 71

(1967).
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purest crystals we could make (Fig. 18). The addition
of Na+ ions results in the appearance of three new bands
at 101, 83.5, and 71.5 cm ' (Fig. 18), of the same fre-
quencies as the three maxima in the lattice-mode
density, ' and corresponding approximately to character-
istic TO, LA, and TA phonons. Except for Na+, all
impurities give only a general background absorption.
The same is true for neutron irradiation, except in the
narrow phonon gap of KBr around 93 cm ', where the
absorption does not increase. "Chlorine seems to induce
a localized vibration at the limit of the gap: this should
explain the residual peak at 93 cm ' we found in the
purest crystal, which still contained a small amount of
chlorine.

~7 A. Hadni, G. Morlot, and F. Brehat, Compt. Rend. 264, 164
(1967}.

VII. CON CLUSIONS

The optical constants of potassium bromide (vr, bq,

pl kse eze and Xr) vary linearly with temperature
within the experimental accuracy. Lorentz theory
permits us to consider two linear oscillators, which
represent quite well the behavior of KBr, if they are
modified to include a temperature dependence. The
damping of the fundamental oscillator decreases when
T decreases. On the other hand, its strength does not
vary much, while the strength of the second oscillator
decreases strongly.

ACKNOWLEDGMENTS

We are grateful to Bernard Jacques and. Robert
Thomas, who did the laser measurements at 336 p, , and
wish also to thank Dr. J.N. Plendl of the Cambridge Re-
search Laboratories for his interest in the investigation.

P H YS I CAL REVIEW VOLUM E 163, NUM B ER 3 1$ NOVEM HER 1967

Scattering of Phonons by Monatomic Impurities in
Potassium Halides*

P. C. BAUMANNt ANn R. O. POHr

Laboratory of Atomic ared Soir'A State Physics, Corlell Urtiversity, Ithaca, ¹ro York

(Received 26 May 1967)

The thermal conductivity of doped KC1, KBr, and KI has been measured between 1 and 200'K. Below
~5'K, the phonon scattering by the defects obeys a Rayleigh law in most cases. The magnitude of the
scattering is determined by the mass difference alone. In Ag -doped crystals, however, the Rayleigh
scattering is much weaker than predicted by the mass difference. This is explained through the weak cou-
pling between the Ag+ and its neighbors. Above 5'K, in the region of the resonance scattering, the con-
ductivity can be qualitatively described with the model of elastic phonon resonant scattering by quasi-
localized modes. In KCl:Tl, I, Rb, and Br, the mass difference alone sufBces to qualitatively describe the
data, which means that the resonant mode is odd. The resonant scattering observed in Li+- and Ag+-doped
crystals is ascribed to excitations of even resonant modes. It is noted that in many cases thermal-conductivity
measurements are complementary to optical-absorption measurements, since the former observe defects
strongly coupled to the lattice, whereas the latter observe the ones which are weakly coupled.

I. INTRODUCTION

HE increasing recognition of the importance of
lattice vibrations for many solid-state phenomena

has stimulated numerous theoretical and experimental
studies of lattice vibrations in defect crystals. ' Defects
change the vibrational spectrum of the lattice by caus-
ing new modes which can not be described as plane
waves, but which are centered around the defect and
whose amplitude decreases with increasing distance

*Work mainly supported by the U. S. Atomic Energy Com-
mission. Additional support was obtained through the Central
Facilities of The Materials Science Center at Cornell University.

f Present address: Physikalisches Institut, T. H. Karlsruhe,
Germany.'I. M. Lifshitz, Rept. Progr. Phys. 29, 277 (1966); A. A.
Maradudin, ibid. 28, 332 (1965); M. V. Klein, in Physics of Color
Centers, edited by W. Beall Fowler (Academic Press Inc., New
York, 1968}.These revjew articles cogt@in references to earlier
cwork,

from the defect. Such impurity modes can have fre-
quencies which lie in the frequency spectrum of the
unperturbed lattice. If they are strongly coupled to the
plane-wave phonons, they will impede the heat Row in
the crystal and can thus be detected through measure-
ments of the lattice thermal conductivity. ' ' By investi-
gating a large number of foreign alkali or halogen ions
dissolved in the host lattices KC1, KBr, and KI, and
by comparing the results with those obtained by far

' C. T. Walker and R. O. Pohl, Phys. Rev. 131, 1433 (1963);
interpretation by M. C. Wagner, ibid. 131, 1443 (1963).

~ C. T. Schwartz and C. T. Walker, Phys. Rev. 155, 959 (1967).
We refer to this and the following two references for a historical
review of the 6eld.' R. F. Caldwell and M. V. Klein, Phys. Rev. 158, 851 (1967).' R. O. Pohl, in Lectures on Elementary Excitations and their
Interactions in Solids (NATO Advanced Study Institute, Cortina
d'Ampezzo, Italy, 1966), p. VIII, 1.

F. C. Baumann, J. P. Harrison, R. O. Pohl, and &, D,
Seward, Phys. Rev. 159, 691 (1967).


