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The cesium halides have been studied in further Méssbauer measurements employing the 81-keV transition
in Cs'% at 4.2°K. The values obtained for the recoilless fraction f, are 100 f; =1.594-0.06 for CsF, 1.45+0.07
for CsCl, 1.350.07 for CsBr, and 0.94:£0.08 for CsI. The characteristic temperature @, defined by f,
=exp (—3E,/2kOy) has the value (in °K) 109=+1 for CsF, 10641 for CsCl, 10441 for CsBr, and 9642
for CsI. These results are qualitatively discussed in terms of the dispersion and polarization of the lattice
modes. Both for CsF, which has the NaCl structure, and for CsI, which can be regarded as monatomic,
values of the Debye temperature are deduced from the Mssbauer results and compared with available data.

INTRODUCTION

HE alkali halides have the simplest of the diatomic

lattices for which a theoretical study of the dyna-

mics can be made. The NaCl structure with its simple-

cubic arrangement of ions has been studied extensively

both theoretically and experimentally, but there has

been comparatively little work on the alternative CsCl
structure.

Apart from the determination of the actual dispersion
relations through inelastic neutron scattering, there are
many experimental quantities which depend on these
relations and can be used in support, or otherwise, of
theoretical predictions. Some of these quantities are,
for example, the elastic constants, the specific heat, and
the Debye-Waller factor. Reasonably accurate rela-
tions between some of these quantities can often be
derived without the need for complete knowledge of the
dispersion relations. In particular, the specific heat at
0°K can be related! to the elastic constants at 0°K
since, in each case, only those modes near zero fre-
quency are involved. Some knowledge of the complete
dispersion relations is necessary, however, to relate
either of these two quantities to the Debye-Waller
factor; even at 0°K, the latter involves all the modes
since it depends on the mean-square displacement of
the ions in zero-point motion. In structures of the NaCl
type, this problem has been considered by Kagan and
Maslov? and we shall have occasion below to refer to
their calculations.

Experimentally, the Debye-Waller factor can be
found from the intensity of elastic scattering of either
x-rays or neutrons, or from the fraction of recoilless
transitions occurring in the emission or absorption of vy
radiation. In the former method, absolute values of the
scattered intensity are required, and for simple struc-

1 Work performed under the auspices of the U. S. Atomic
Energy Commission.

* On leave from the University of Western Australia, Nedlands,
Western Australia.
( 1D. Betts, A. B. Bhatia, and M. Wyman, Phys. Rev. 104, 37
1956).

2Yu. Kagan and V. A. Maslov, Zh. Eksperim. i Teor. Fiz. 41
1296 (1961) [ English transl.: Soviet Phys.—JETP 14, 922 (1962)].

151

tures the presence of large extinction effects can affect
these intensities to an extent that is often difficult to
calculate. Further, the enforced neglect of the effects
of structural disorder would ordinarily lead to an over-
estimate of the Debye-Waller factor. Neither of these
disadvantages applies with the method using the
Mossbauer effect, since it does not rely on interference
effects but only on isolated emission or absorption
events.

There have been many applications of the Méssbauer
effect to this general problem. In particular, Hafemeister
et al.® have determined the Debye-Waller factor at
80°K for the iodine ion in each of the alkali iodides. The
experimental quantity that is measured is the recoilless.
fraction f=exp(—2W), where 2 is the Debye-Waller
factor. The accuracy with which f can be measured
does not usually depend very much on its magnitude,
but more often on background corrections and the
like, so that the accuracy of the determination of 2IW
is considerably improved if its value is large. For this
reason it has been possible in the present work with the
81-keV transition in Cs!'3¥¥ to obtain more accurate
values of 2I¥ for the cesium halides than was possible
for the alkaliiodides. Further, the present measurements
were made at 4.2°K, where virtually only the zero-point
occupation of the phonon states is involved. Three of
the cesium halides have the CsCl structure, and hence
many of the present results are not comparable with the
earlier work. However, there was one striking feature
of the iodide results: The recoilless fraction changed but
little from Lil to CsI. The same behavior is found here
with the cesium halides.

EXPERIMENTAL

Basically, the experiment was of the standard
Mossbauer type in which the transmission rate for the
resonance radiation is recorded as a function of the
velocity of the absorber.

3D. W. Hafemeister, G. De Pasquali, and H. de Waard, Phys.
Rev. 135, B1089 (1964).
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Source and Absorber

In earlier publications,* we have reported the obser-
vation of the Mdssbauer effect with the 81-keV tran-
sition in Cs®, The transition is between the %+ first
excited state and the $* ground state; the half-life
of the transition is (6.3120.05)X 10~ sec.’

The source for this transition was Ba!®® which decays
by electron capture with a half-life of 7.2 yr. A certain
fraction of the decay events proceed by vy cascade
through a level in Cs!3 at 161 keV; the y-ray spectrum
thus includes an 80-keV line whose contribution® is 79, of
the intensity of the unresolved line in this region.

The source material, as obtained from Oak Ridge,
was in the form of BaCl,. As we have previously re-
ported,* considerable improvement in the effect results
from the preparation of the compound BaAls This
preparation was carried out along the lines suggested by
Alberti’; approximately 2 mg of active BaCl; (represent-
ing 2 mCi of Ba!3%) was used as a flux for the reduction
of about 10 mg of inactive BaO placed in a 1-g block of
aluminum and heated in an inert atmosphere to about
1000°C for a few hours. Evidently there was sufficient
exchange of Ba atoms between the flux and the alloy
since after removal of the flux the alloy was found to
contain something over half the original activity. The
alloy was pressed into a disk of about 1-in. diameter.
Two similar sources were prepared in this way and were
used together for many of the measurements.

The powdered absorbers of the cesium halides, some
of which are deliquescent, were mounted in Teflon con-
tainers and hermetically sealed. The thin absorbers were
mixed with dried sea sand in order to achieve uniformity
of thickness.

Velocity Spectrometer

The wvelocity spectrometer was the sinusoidal
mechanical drive used in this laboratory in several
previous investigations. The distance from source to
counter remained fixed and the absorber was moved to
scan the resonance. Both the source and the absorber
were immersed in liquid helium, and the radiation
emerged to an external scintillation counter through
beryllium windows. An investigation was made of the
background due to scattering from the cryostat walls.
The background was then minimized by adjustment of
the collimation. This was especially necessary when the
thicker absorbers were being used.

EXPERIMENTAL RESULTS

Several authors, e.g., O’Connor,® have shown that
the apparent total width Iy, of the absorption dip in
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584 (1959).
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the velocity spectrum is given by
Tapp=Ta+T,+0.27T, )

where Ty and I', are the widths of the absorber and
source lines, respectively, and for various reasons are
often greater than the natural width I'=0.267 mm/sec
determined from the lifetime? of the state; and ¢ is the
equivalent thickness of the absorber defined as i=naf,,
where # is the number of atoms of the Méssbauer isotope
per cc of the absorber, f, is the recoilless fraction of the
absorber, and o, the cross section at resonance, is given
by
2I+1 1

2,41 14a’

o= 2mA%

a is the internal conversion coefficient. The K-shell
conversion has been measured by Bergstrom et al.1
as ag=1.4740.05. This value is in excellent agreement
with the calculations of Sliv and Band!! who give
a=ax+aor+ar,;=148+0.174+0.01=1.66. From the
latter, we have ¢o=1.07X10"1 cm?.

Thus a series of measurements of Ty, for a range of
absorbers of different thickness can yield the values of ¢
for these absorbers, and also the value of the sum
T'.+T,. Figure 1 shows the results of such measure-
ments made with CsF absorbers. The straight line shown
is a least-squares fit to the data. Its intercept at {=0 is
I'.+T',=0.624 mm/sec, to be compared with 2I'=0.534
mm/sec. With the value of o9 above, f, could thus be
determined from the slope of the line

fa for CsF=(1.59+0.06)X10"2.

This procedure could have been repeated for the other
cesium halides, but an alternative method is available
which involves the measurement of the velocity spec-
trum for only one value of the absorber thickness.
Several authors have shown that the area of the
absorption line is independent of the width T', of the
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. F1c. 1. The linewidth (full width at hali-height) of the absorp-
tion spectra for several CsF absorbers of different thickness. The
straight line is the least-squares fit to the experimental data.

9 G. Lang, Nucl. Instr. Methods 24, 425 (1963).

10 T. Bergstrom, S. Thulin, A. J. Wapstra, and B. Astrom, Arkiv
Fysik 7, 255 (1954).
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Spectroscopy (North-Holland Publishing Company, Amsterdam,
1965), Vol. II, p. 1639.
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source line and that
TappCapp= f Lol (t) ’ (2)

where, in the present case of lines that have almost the
natural width, L(f) is the function appropriate for
Lorentzian spectra and has been tabulated by Lang,?
and ey, is the fractional peak absorption corrected for
background. We can rewrite (2) in the form

TappQapp= f S TL(Y),

where fi'=f,I'o/T. Thus if f, is known, a single
measurement of the area of the absorption dip can give
the corresponding value of ¢ and hence f.(=1/noy).

The quantity f,’ could be determined for each of the
measurements with the series of CsF absorbers, since
the ¢ values for these are known from the analysis
through (1) of the apparent width of the lines. This
gives the average value f,’=0.06220.003 for CsF.
The plot of I'spyetapp versus ¢ is shown in Fig. 2, in which
the solid curve is f,/TL(#) with f,=0.062.

For the analysis of the other halide results it is
necessary to assume only that I', is constant; since all
the crystals are cubic, diamagnetic, and of high purity,
it is difficult to conceive of any reason for T, to differ
from T'. For CsI, several absorbers of differing thickness
were used. From the measured areas of the absorption
dips, and with f,’=0.062, the average value of the
recoilless fraction of CsI was found to be fo=(9.42-0.8)
X1073. The experimental results for I'y,paapp are also
shown in Fig. 2. with the abscissa scale determined by
this value of f,. Only one absorber thickness was used
in the other measurements. The complete results for
the recoilless fractions are shown in Table I.

All of the measured areas used in this analysis have
had to be corrected for the background of radiations
other than the 81-keV gamma ray which the channel is
adjusted to select. The major part of the background
derived from transitions of higher energy, and the cor-
rection varied considerably with changes in the absor-
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ber; it was usually between 20 and 80%,. The 80-keV
gamma ray is also part of this background, but is is a
constant fraction and leads simply to a correction factor
for the value of f,’ obtained above. Thus, if we assume
that T'y=T, we have that for the BaAl, source

fo=(6.6-£0.6)X10~2.
DISCUSSION

For the discussion of the results above, it is useful
to define a characteristic temperature ®; by the

relation
s ( 3 E,)
=€xp| —— )
2kOy

where E,=E,%/2M 2 is the recoil energy. For a Debye
solid, ® would be the Debye temperature. This rela-
tion is applicable only at 0°K, but for the cesium halides
the modification at 4°K is negligible. The derived
values of ®;; appear also in Table I, and we note that
there is comparatively little dependence on the halide
ion. We have remarked above that a similar result was
obtained with the alkali iodides.

Before we attempt a more detailed analysis, we can
make a few qualitative remarks on this general be-
havior and its relation to specific-heat data. The
Debye-Waller factor is ((k,-u)?%) where k, is the wave
vector of the emitted or absorbed v ray, and u is the
ionic displacement.

The contribution to (#2) from each of the phonon
modes will be inversely proportional to the frequency v
of the mode. At 0°K the modes are equally populated
and, since the frequency distribution increases roughly
as w? the major contribution to (#2) will come from the
region just inside the zone boundary. For a diatomic
lattice with a significant energy gap at the zone bound-
ary, the polarization of the modes is such that in the
optical branch (particularly near the zone boundary) the
heavier mass is virtually at rest, while in the acoustic
branch it is the lighter mass which is at rest. Thus the
optical branch makes practically no contribution to W
if the heavier atom is the Mossbauer emitter; the
major contribution arises from the motion of this atom
in the potential of its virtually stationary lighter neigh-
bors. In the series of alkali iodides or cesium halides,
the mass of the emitter is necessarily constant. On

TaBLE I. The recoilless fraction f, of the cesium halides at
4°K, and the characteristic temperature O defined by
fo=exp(—3E,/2k®y). The values of the Debye temperature
O®p are derived from the 0°K elastic constants (Ref. 12).

(fa On Op
Compound %) (°K) (°K)
CsF 1.59-£0.06 10941
CsCl 1.454-0.07 1061 oo
CsBr 1.3524:0.007 1041 149
CsI 0.94-+-0.08 962 125
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this picture, any variation in W could arise only
through differences in the force constants. This picture
loses validity as the masses approach equality and
there will be some contribution to W from the optical
branches. In these two series also, the noncentral force
constants decrease as the lighter mass increases. Both
of these effects result in a slight increase of W, and
hence in a decreasing characteristic temperature © .

The low-temperature specific heat is characterized by
quite a different portion of the phonon spectrum, and
depends onlyon the slope of the dispersion relations
near the center of the zone, i.e., near zero frequency.
In the long-wavelength acoustic modes, both masses
aré moving more or less in phase and the Debye tem-
perature will depend on the sum of the masses as well
as on the noncentral force constants which determine
the velocity of the low-frequency transverse wave. Thus
Op is expected to decrease more rapidly than @, with
increase in the mass of the lighter component.

For the CsI lattice in which the masses are nearly
equal, ®j should be smaller than ®p since the fre-
quencies that are important for (#?) are lower because
of dispersion than the Debye extrapolation from the
slope near the origin. As the mass of the non-emitter
decreases, the slope of the acoustic branch will increase
and thereby raise ©p, whilst the frequency at the zone
edge will remain unchanged (in so far as the force
constants do not vary). The increased dispersion re-
sults from the introduction of the energy gap between
the acoustic and the optical branches of the phonon
spectrum.

Kagan and Maslov? have derived relations between
2W and ©p for monatomic and diatomic cubic lattices,
and have made some numerical calculations for dif-
ferent values of the ratio e of the masses and for the
ratio £=c1/cu. The only application of this work has
been to the alkali halide results of Hafemeister et al.?
Upon correction of an arithmetical error, excellent
agreement is found between the calculated and experi-
mental recoillesss fractions of Nal and RbI, but the
experimental value for Lil is considerably smaller than
the theoretical prediction. Since the mass difference of
Nal and Lil is small, we would expect @, to show
somewhat the same trend as ® p—they should both be
determined predominantly by the relevant force con-
stants. The value of @p for Lil is considerably larger
than that for Nal, in accord with the fact that cu
for LiI is almost twice as large as ¢y for Nal. It is
surprising, therefore, that the experimental values of
O are about the same.

Since Kagan and Maslov made their calculations for
the NaCl-type structure, we can apply their results to
only one of the cesium halides, CsF. Unfortunately,
there exist no measurements of the elastic constants of
this crystal; but since the dependence of the calculations
on £ is slight, it is sufficient to use a value extrapolated
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from the complete data for the other alkali halides. The
value of ®p derived in this way from the experimental
result for @y is @p=154°K for CsF.

Unfortunately there has been no specific-heat meas-
urement made with CsF, and there are insufficient data
on the elastic constants at 0°K to provide a useful
extrapolation to CsF for the purpose of using the
relation® between the low-temperature specific heat and
the elastic constants. We may note, however, that
®p=164°K for Nal at 0°K. Nal has almost the same
masses and force constants as CsF, except that cu4 is
smaller for the fluoride; this should result in a slightly
lower Debye temperature for the latter, in agreement
with the prediction above.

Detailed consideration of the other halide results
must await a theoretical treatment of the CsCl-type
lattice. However, we can make some general comments
concerning the result for CsI since this can be regarded
as a monatomic crystal. At 0°K the Debye-Waller
factor is given by

2W = (E./7){1/w).

In the Debye approximation to the frequency spectrum,
this reduces to
2W=3(E,/kOu).

In Csl it is more realistic to assume an isotropic dis-
persion relation of the form

2k0p
w=———sinixa,
T

where the 0°K specific heat or the elastic constants
define ®p, and hence the slope of the relation at the
center of the zone. If we further assume a spherical

zone, we have
2W=1.718E,/k®p,

which gives @p=1.250,. Thus we would predict a
value of ®p=120°K. Vallin et al.1? have measured the
elastic constants of CsI and CsBr at helium tempera-
ture, and have used the method of Betts et al.! to ob-
tain the values ®p=125°K for CsI and ©p=149°K
for CsBr.

The agreement for Csl is very satisfactory considering
the approximate nature of the model. The relative in-
crease in @p for CsBr illustrates the influence of the
energy gap and the resultant increase in dispersion that
appears when the two masses are not equal.
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