
HADIATION-INDUCED [K]' CENTEH IN CaO AND SrO

large g shifts (departures from the free-electron
g value) observed, the unusually large oscillator
strengths for such forbidden transitions, and the
apparently large spin-orbit coupling. These argu-
ments also hold for the [K]0 centers. One might
speculate on other models where the hole is less
localized, and indeed some evidence for such de-
localization has been noted. 3' A satisfactory mod-
el shouM not only explain the large g shifts and os-
cill.ator strengths, but also the transition energies,
the large half-widths of the optical bands, and the
low thermal stability of the centers.

In addition, the model should be able to account
for transitional changes in the properties of the
centers due to changes in either the ionic size of
the impurity or the host lattice. An examination of
the properties of the trapped-hole centers upon
such changes was an objective of the present study.
Our results and that of previous workers are sum-
marized in Table II. There appears to be a corre-
lation between the optical-absorption energy, the
annealing temperature, and the g shifts for the cen-
ters. As the host crystals are changed, regular
trends are observed. Host crystals with heavier
cations give centers which are less stable and
have lower optical-absorption energy and larger g
shifts. Thus, one can conclude that the depth of the

potential weI. l for the centers is decreasing in a
more or less regular manner with the host lattice,
but no single-pa, rameter model has been found.

There are some unexpected features arising from
the [K]0 centers. Potassium is expected to behave
differently than lithium or sodium because of its
larger ionic size. Indeed, it is surprising that it
fits at all into the oxide lattice. The properties of
the [K]o centers do not fit into a progression cor-
responding to the ionic size of the monovalent alka-
li-metal ions. Bather, the optical-absorption en-
ergy, g shifts, and annealing temperatures of the
[K]0 centers in CaO and SrO are intermediate be-
tween those of the [Li]0 and [Na]0 centers in these
same hosts. 3' Hence, as one proceeds down the
series of alkali substitutional ions in the same
host, no simple trend exists. Another rather un-
usual result is that, whereas in the case of the
[Li]0 and [Na] centers' ' the hyperfine structures
are more clearly resolved when the magnetic field
is perpendicular to the axis of the center rather
than parallel, the reverse is true for [K]0 centers.
This suggests that for the [K]o centers, unlike the
[Li] or [Na] centers, the isotropic and anisotrop-
ic parts of the hyperfine tensor a and b, respec-
tively, have the same sign and are roughly equal in
value.
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The intensity of light scattered from second sound is estimated for the case of Nap, the only
dielectric crystal in which second sound is presently known. For this purpose we have measured the
thermo-optic coefficient (Bn/~T) pf NaF between 300 and 10 K as well as the elasto-optic tensor at
room temperature, The scattered intensity is calculated to be less than the value predicted by the
Landau-Placzek ratio, and in fact the Rayleigh component is expected to vanish entirely at one
particular temperature (approximately 34 'K).

I. INTRODUCTION

The phenomenon of second sound, i. e. , wave-
like propagation of entropy fluctuation, has recent-

ly R'tfracted considerable theoretical' and experi-
mental3 interest, in part because of its recent de-
tection in a normal diel. ectric crystal, Nap. Most
experimental work up to now has been performed
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with the heat-pulse technique. 4 It has been pointed
out' that light scattering could also be a powerful
tool for the investigation of second sound, since it
would supply direct information on the dispersion
and damping of these waves. Scattering of light
from second sound in liquid helium has already
been demonstrated, for instance by Pike et al. ,

6

who observed that the Rayleigh scattering peak was
transformed into a doublet resembling the Brill.ouin
doublet, but with a small. er frequency difference.
The frequency shift provides a measurement of the
velocity of second sound, while the width of the
peaks is related to the damping of the second-sound
wave. The purpose of the present work is to evalu-
ate the feasibility of optical-second-sound scatter-
ing experiments in the case of NaF, which as yet
is the only normal dielectric crystal. in which sec-
ond sound is known to exist.

A difficulty that is encountered in many conven-
tional 'light-scattering experiments arises from the
extremely low intensity of the scattered light. In
a second-sound experiment, the scattered intensity
depends on the square of the amplitude of the tem-
perature fluctuations and also on the coupling co-
efficient, which is proportional to Bn/ST (This.
partial derivative is to be taken with appropriate
constraints, as discussed in Sec. IG. ) Both of
these quantities wouM be expected to be very small
at l.ow temperatures. If one wishes to go farther
and obtain an actual quantitative estimate of the
scattering, however, it is necessary to know the
relevant thermo-optic and elasto-optic parameters,
which we have therefore measured. Although it is
by no means a foregone conclusion a Priori, we find
that in fact nature has adjusted to parameters of
NaF in such a way that conventional detection of
scattered l.ight will be extremely difficult. This
does not rule out the possibil. ity of all. second-sound
scattering experiments. Qn the contrary, experi-
ments in which artificially generated (as opposed to
spontaneously existing) second sound is used are
possible, The data presented here will be useful
in the design and interpretation of such experi-
ments. We have also found that an interesting can-
cel.lation of the components of the scattering should
occur, so that the Rayleigh scattering from NaF
wil. l actual. ly vanish at one particular temperature.

II. THERMO- AND ELASTO-OPTIC PARAMETERS

employing a Jamin interferometer with a NaF sam-
ple in one beam, the other a Fabry-Perot etalon
made from a NaF crystal. The optical-path-length
variations with temperature in the two interferom-
eters are given, respectively, by
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Simultaneous solution of these two equations allows
determination of (B~/BT)» and o, . Crystals of NaF,
made from Merck "Suprapur" NaF, were supplied
by Karl Korth oHG, Kiel. , and a Spectra-Physics
model-130 He-Ne laser was used as light source
for the interferometry.

The measurements are shown in Fig. 1. As tem-
perature decreases, z, varies from 30 to 0. 01
&& 10 6 'K"', Its low-temperature behavior follows
approximatel. y a 7' law. As a check, good agree-
ment is obtained with the values of ~, previously
measured by James and Yates' in the range 40-270
'K. The value of (Bn/8T)» decreases from —12 to
—0. 002&&10 K ', againapproximately following a

In order to estimate the scattered intensity, we
have measured the temperature dependence of the
refractive index (Sn/ST)» for NaF between 10 and
300'K as well as the elasto-optic coefficients p;&

at room temperature. To our knowledge this rel-
evant information has not previously been avail. —

able. The values of (Sn/&T)» and also of the lin-
ear thermal expansion ~, (T) were obtained from
two sets of interferometric measurements, one
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FIG. 1. Measured values of (Bn/BT)& and linear ex-
pansion coefficient of NaF vs temperature. The calcu-
lated (8n/8T)p i.s also shown.
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T law in the low-temperature region. The small
values of the coefficients at the lowest temperatures
make accurate measurements difficult. The errors
in (Bn/BT)~ and n, are estimated at 10% above 20 'K,
and 30% at 10'K. The elasto-optic coefficients

p» and p» were determined statical, ly at room tem-
perature, again using a Jamin interferometer, and
checked by measurement of the stress-induced bi-
'refringence (p«was measured by birefringence
only). Low-temperature measurements of the elas-
to-optic coefficients were not made, since a strong
temperature dependence is not expected. The mea-
sured values P» = 0.08, p, ~

= 0. 02, P44 = —0.03 are
thought to be accurate within 20%. Using these val-
ues, it is possible to decompose (Bn/BT)~ into a
density-dependent part representing the influence
of particle density on polarizability, and a density-
independent part (Bn/BT), representing the temper-
ture dependence of the pol, arizability per particle.
It is readily shown that (Bn/BT), is given by

~

~

8n ) ( Bn) nso, (fr,~+ 2P,a) (2)

The temperature dependence of (Bv/BT), is also
shown in Fig. 1. It will be noted that (Bn/BT), is
positive. Thus the contribution of (Bn/BT), coun-
teracts that of (Bn/Bp)„(sp/BT)~, in contradiction
to all other known alkali halides.

In Table I our experimental results at room tem-
perature are compared with data taken from the
literature' for LiF, NaCl, KCl. , and KBr. %e see
that there is a tendency for the parameters of these
alkali halides to vary more or less in accordance
with the molecular weight of the compounds. The
thermo-optic coefficients of NaF, however, are
exceptional. In this connection it should be
noted that the refractive index of NaF also has
an exceptional value, the lowest of all the alkali
halides and in fact one of the lowest of all trans-
pa, rent crystals.

III. ESTIMATION OF BRILLOUIN AND RAYLEIGH
INTENSITIES

In order to estimate the strength of Hayieigh (or
second-sound) scattering we begin with an estimation
of the Brillouin-scattered intensity. The Bayleigh-
scattered intensity can then be obtained by means
of the thermodynamic relationship between the two
modes. " Let us consider an incident light wave
traveling in the [010]direction of a cubic crystal,
and pressure (first-sound) and entropy (second-
sound) fluctuations propagating in the [100]direc-
tion. Foll.owing the a,nalyses of Benedek and
Fritsch» and Durand and Pine, '3 we obtain, for the
total. power dP~ of the Brillouin-scattered light
scattered into a solid angle dQ (integrated over the
whole spectral line) close to forward direction
(cos8 ™"1),

= m ATlna 8
(3)

0 op&i

Here Po is the power incident on a sample of length
l, p is the density, and kT is the thermal energy to
which the intensities of the thermodynamic fluctua-
tions are proportional. As is usual, only longitu-
dinal phonons are considered here. Valuesof dPs/
PodQ calculated from Eq. (6) for a 1-cm NaF
crystal are shown as a function of temperature, in

Fig. 2. The linear dependence on temperature
arises from constant coupl. ing between first sound
and light and the linear decrease of the amplitude
of thermodynamic fluctuations. The scattering rate
in Eq. (3) is nearly independent of both the scatter-
ing angle 8 and of the polarization direction of the
incident wave because a small, value of 8 has been
assumed. The observation of scattering at such a
smal. l. angle will of course be complicated by the
correspondingly small angle of acceptance (per-
haps AQ = 10 sr) and by stray light.

The intensity rel.ation between the Rayleigh or

TABLE I. Thermo- and elasto-optic parameters of alkali halides at room temperature.

oK i)

—3.6
+5.0

0R

-17a

P12

—0.064'—16

-37a
—36
-40

—0.35
+0.48
—0.50
—0.41
—0.06—0.26c

Compound (10 8 Q) Pii p44

LiF 32.6" 0 02c 0 13c 1.39'
Nar 31.0 0.08 0.20 —0.030 1.32"
NaC1 39.5' 0 ll 0.15 —0010 1 52

KCl 36 7" 0 22c 0.16c 0 0 a 1.47'
KBr 38.1" 0.22 0 17 1.54
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lin, 1966)„Neue Serie, Gruppe III, Band 1.
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FIG. 2. Predicted scattering rates for NaF, The
"classical" curve is obtained using the Landau-Placzek
ratio, vrhile the "modified" curve results from the cor-
rected ratio of Wehner and Klein.

second-sound component and the Brillouin- scattered
l.ight was first investigated by Landau and Pl.aczek, "
who obtained

Cp —C„egg T(3ng)~
(4)Lp

under the assumption (Bn/BT), = 0. (c,&
is the elas-

tic tensor; C~ and C„are the specific heats. )
Equation (4) has been enl. arged upon by several
workers, '~ %'ehner a,nd Klein'6 have recently con-
81dered Baylelgh 8cRtt611ng ln sol1ds. They 1Qtro-
duce modlf1cRtlons to the LRQdRu-PlRczek I'Rt1O

arising from the nonzero value of (BN /BT)p and from
the fact that transverse strain must vanish in a
plane longitudinal wave, while instead transverse
stress is present. Consequently, the effective val-
ue of (Bn/BT) lies between the values of (Bn/BT)~ and
(Bn/BT), . These considerations result in a modi-
fied Landau-placzek ratio'6

(4a)

%'hex'6 t' 18 g1veQ by

1 1 (Bn, /BT) p

1+ 2 cyp/egg (BBg/BQ2)r

Here n, and ~ Rre components of the refx"active in-
dex and strain tensors, respectively, %'ehner a.nd
Klein have calculated values of the ratio ~K for R
number of substances at xoom temperature. How-

ever, because of missing experimental data on
crystal pa.rameters, they were not able to substi-
tute low-temperature data, nox were they able to
treat the interesting case of NRF. Using our mea-
surements of (Bn/BT)~ and P, &, we have obtained

Rs a functloQ of temperatures Rs shown IQ FIg,
3. (The behavior of the uncorrected Landau-Plac-
zek ratio is also shown, for comparison. ) Multi-
plying dPs /P, d& from Eq. (3) by few„gives the es-
tlxnated Hayleigh scRttex'1Qg Rs R fuQct1on of teIYlper-
ature. These results are shown along with the
Brillouin curve, previously discussed, in Fig, 2.
(For comparison, the product fez, xdPs/PodQ is
also shown in Fig. 2. ) In obtaining these curves
the known'~ weak temperature dependence of the
ela,stic constants was taken into account, but the
vRlues of the 61.Rsto-optic coefflc16nts were assumed
to be independent of temperature, The specific
heat C„wa.s taken from the literature. 'e'9

Fox evexy material considered by Wehner and
Klein at room temperature, it was found that @~K
&QLp. However 1Q NRF 'the opposite 18 tx'ue aQd R8

a result the expected scattering is even smaller
than the already small value which would be calcu-
lated from the Landau-Placzek ratio. In fact there
shoul. d be a zexo of the Bayleigh scattex ing at a
temperature near 34 'K. Physically, at this partic-
ul.ar temperature the contributions to the effective
Bn/BT from (Bn/Bp)r (Bp/BT)~ and (Bz/BT), are
equal and opposite, so that cancella, tion occurs.
It should be recalled that these results are based
on the assumption that the elastic or thermal. waves
propagate in the [100j direction. Somewhat differ-
ent values of ff„K would be found for other direc-

t .I i! I
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FIG. 3. Temperature dependences of the classical

Landau-Placzek and corrected Wehner-Klein ratios for
the case of Nap.
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tions in the crystal.
In a scattering experiment one could apply a vis-

ible incident beam of perhaps 1W, and a detector
might collect the scattered radiation in 10 4 sr. '4

This would imply a scattering from spontaneous
thermal fluctuations of around 10 "% at room tem-
perature, and of about 10 ~'-10 ~~ W at the temper-
ature of the second-sound window. Even at room
temperature such a signal level is probably too
small for heterodyne detection. It might barely be
detectable by means of photon counting, but scat-
tering from imperfections or impurities would tend
to mask it and increase the difficulty of an obser-
vation. The 10 ai 10 3 -%' signal we estimate for
scattering from thermal second sound is so small
as to make its observation by any means quite un-
likely. In other dielectric crystals, (or in other
directions in NaF), the situation should be similar,
although the scattering might conceivably be one or
two orders of magnitude more intense due to more
favorable values of the parameters entering Eqs.
(3)-(5). We conclude that alternative techniques

for study of second sound in crystals should be em-
phasized. For example, instead of relying upon
spontaneous thermal ftuctuations, one could artifi-
cially excite the requisite second-sound waves by
means of an external sinusoidally excited heat
transducer, as has already been done in the case
of liquid helium. 30 Another possible technique is
to apply a pair of coherent light waves with fre--
quency difference va, meeting inside the bulk of an
absorbing crystal at a small angle, so as to pro-
duce a moving "thermal grating. " Such "forced"
thermal or second-sound waves will be many or-
ders of magnitude more intense than those appear-
ing spontaneously, and thus can be detected by op-
tical-scattering techniques. We are presently
making use of the latter technique and intend to
present our results in a later publication.
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