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We have measured the probability for recoilless resonant absorption of 23.8 keV y quanta
by Sn!''® nuclei contained in a vanadium matrix, over the temperature interval from 77 to
660°K. The measurements were made on solid solutions with a tin concentration of 1.6, 3.45,
and 7.22 at.%. A direct comparison was made with the theory developed in (3], We used the
spectral density function for the vanadium phonon spectrum which was found experimentally.
[1] There is good agreement between experiment and theory over the whole temperature
range. Within the limits of error no differences were found for the samples with the three

different concentrations.

1. INTRODUCTION

THE probability for the M&ssbauer effect, its tem-
perature dependence, and the temperature red shift
of the resonance line are directly related to the
phonon spectrum of the crystal. To calculate these
quantities one must know the spectral density of the
squared displacement of the radiating (or absorb-
ing) nucleus along three mutually perpendicular
directions depending on the vibration spectrum.
But both the probability for the M8ssbauer effect
and the temperature shift are integral quantities

in the phonon spectrum. Consequently their de-
pendence on particular features of the spectrum is
greatly reduced. In particular, this has the conse-
quence that for the simplest case of a monatomic
cubic lattice an approximate description of the ef-
fect is already given by a one-parameter descrip-
tion of the spectrum, the Debye model. (We might
mention that the Debye temperature given in this
way may differ considerably from the value given
by specific heat measurements at low tempera-
tures. )

The picture becomes much more complicated
when we go to an anisotropic monatomic crystal,[1]
or when we consider a crystal whose unit cell con-
tains several atoms. It is then necessary to have
more detailed information about the vibrations of
the radiating (or absorbing) nucleus, and a one-
parameter description of the spectrum becomes
completely inadequate. Thus, when there are op-
tical branches of the vibration spectrum, the Debye
temperature ceases to be even an approximate
characteristic of the phonon spectrum.

It is of particular interest to study the M&ss-

bauer effect on impurity nuclei in a crystal, when
the dependence of the effect on the vibration spec-
trum of the host becomes especially complicated.
The theory of this phenomenon was developed by
Kagan and Iosilevskiil (31 (cf. also [4]). Later some
of the results were obtained by another method by
Dzyub and Lubchenko. %] Maradudin and Flinn(®]
described the effect in the classical limit, and very
recently Visscher 7] has given the results of a ma-
chine calculation for a particular simple model of
a crystal.

As was shown in [3:4]] the spectral density of
the squared displacement for an impurity atom is
very different from that for an ideal lattice. It de-
pends essentially on the mass m’ of the impurity
atom, on the change in the force constants and on
the spectrum of the ideal lattice. For an isolated
impurity atom the local substructure of the lattice
seems to give a weakening of the effect of a change
in the force constants. This permits one to assume
that for a large difference between the mass m’ of

- the impurity and the mass m of the host, one can

in first approximation neglect changes in the force
constants. For this case a general expression was
given in (3] for the Mossbauer effect on an impur-
ity atom in a monatomic lattice for an arbitrary
mass ratio m’/m and over the whole range of tem-
peratures. When the host has cubi¢ symmetry, the
probability for the effect is given by the formula

[=[{¥ (@), m/m, T}, (1)

where ¥(w) is the frequency distribution function
of the phonon spectrum. For a comparison of the-
ory with experiment it is expedient to use a host
for which the function ¥(w) is known. So far there
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has been only one case of a reliable experimental
determination of ¥(w) for a monatomic crystal.
This is vanadium, whose lattice dynamics have
been investigated by incoherent scattering of slow
neutrons in several experiments.[8-11] For just
this reason, since we wanted a direct comparison
of theory and experiment, we chose vanadium as
the host and studied the Mdssbauer effect on Sni!?
nuclei introduced into this matrix. It is known that
tin dissolves in vanadium, forming a solid solution
for tin concentrations up to 10 at.%.[12] We there-
fore decided to do the experiments at several tin
concentrations, in order to extrapolate the results
to zero concentration, and also in order to deter-
mine the concentration at which the interaction be-
tween the impurity atoms begins to affect the mag-
nitude of the effect.

2. DESCRIPTION OF THE EXPERIMENT

A solid solution of tin in vanadium was prepared
by melting normal tin together with vanadium hav-
ing a purity of 99.75%. The tin content of the solu-
tion was determined by chemical analysis. Meas-
urements were made using as absorbers solid so-
lutions with three different concentrations: 1.6,
3.45, and 7.22 at.% of tin. The absorbers were pre-
pared from a fine powder of the alloy by deposition
on aluminum foil. The powder was first heated in
vacuum at 900°C for 90 hours; control measure-
ments showed, however, that the annealing has no
noticeable effect on the shape of the absorption
spectrum or the size of the effect. Absorbers were
made with several thicknesses from 3.5 to 8 mg/
cm? (of tin); for measurements at larger thick-
nesses we used two or more absorbers together.
The source of y rays was tin dioxide, SnO,, con-
taining the Snlidm isomer; the source thickness
was 9 mg/cm?. The source was kept at room tem-
perature for all measurements.

The measurements of the resonance absorption
spectrum were made on an apparatus in which the
absorber was given a constant velocity relative to
the source by means of a three-sector cam (the
sectors of the cam correspond to positive, nega-
tive and zero velocity of the absorber ). The rate
of rotation of the cam could be varied by changing
the current to an electric motor, whose rotation
frequency was kept constant during the measure-
ments by means of an electronic stabilization cir-
cuit using a tachometer generator. The detector
of the vy quanta passing through the absorber was
a scintillation counter with a NaI(Tl) crystal, 1.5
mm thick. For measurements below room tem-
perature the absorber was placed in a small cryo-
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FIG. 1. Resonance absorption spectrum for a 7.8 mg/cm?
(tin) absorber at room temperature (the abscissa is the velocity
of the absorber, the ordinate gives the flux of y quanta).

stat whose temperature could be varied smoothly
by changing the current through a heater in con-
tact with the liquid nitrogen. For measurements
above room temperature the source was placed
in a cylindrical furnace with its axis along the di-
rection of motion of the quanta. The temperature
was measured with a copper-constantan thermo-
couple; during the measurements the temperature
was maintained constant to 2—3°.

3. RESULTS

Resonance absorption spectra were taken over
the temperature range from 77 to 660°K with ab-
sorbers prepared from alloys with three different

.concentrations of tin in vanadium (1.6, 3.45, and

7.22 at.%). We determined the effect €, the line
width I'exp in the absorption spectrum and the
position of the line. At the two extreme tempera-
tures (77 and 660°K) and at room temperature we
made careful measurements of absorption spectra
for samples of all three concentrations and for dif-
ferent thicknesses in the Sn''® isotope.

We found that within the accuracy of the meas-
urements, at each temperature the line width and
the position of the line were the same for all three
tin concentrations. This somewhat unexpected re-
sult was checked on absorbers of several different
thicknesses. The absence of any noticeable depend-
ence of the resonance absorption on concentration
allowed us, in measuring the temperature depend-
ence of the effect at intermediate points, to use
samples with the maximum tin concentration,
which has obvious advantages from the point of
view of experimental precision.

A typical resonance absorption spectrum, ob-
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tained with a 7.8 mg/cm? (tin) absorber at room
temperature, is shown in Fig. 1. The spectrum
consists of a single line; the shift relative to the
line in SnO, is +1.560 + 0.015 mm/sec.

To determine the absolute value of the effect,

f’, we used the standard procedure of measuring
the dependence of €, I'exp and the area under the
line as a function of absorber thickness. The ex-
perimental data for the magnitude of the effect and
the line width are shown in Fig. 2. The experimen-
tal results must be compared with the theoretically
calculated dependence of €, I'exp and area under
the line as a function of the absorber thickness Cgy
(Ca~1f).

To calculate the theoretical dependence one must
know both the width of the emission line I'g and the
width I'y of the absorption line. The width of the
emission line was determined from the dependence
on absorber thickness of the line width for an ab-
sorber made of SnO,. A value of 0.67 + 0.02 mm/
sec was found for I'g, which is very close to the
result of Pham Zuy Hien and Shpinel’, [13] obtained
with a source of about the same thickness. Know-
ing I's and the temperature dependence of I'exp
(Fig. 2), it is easy to determine I'y by extrapola-
tion to zero thickness. Its value was 0.48 + 0.03
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on the method used for determining them: they
were very close, within the limits of error of the
measurements. The quantity f’ was then deter-
mined by the usual formula f’ = Cy(T'y /T )ogn,
where I' is the natural width of the level, n is
the number of Sn!'® nuclei per cm?, and

So= [(21*-+1)/(2 o+ 1)1A%/27(1 +a)

(I, and I* are the spins of the ground and excited
states of the nucleus, A is the wave length of the
v radiation, and « is the total internal conversion
coefficient). In the computations we used the val-
ues T' = 0.31 mm/sec, 0y = 1.15 x 10718 cm? We
mention that over the whole temperature range I'y
was practically constant, which corresponds to a
universal relation between €, I'exp and the effec-
tive thickness Cj.

The values of f’ found at all temperatues are
shown in Fig. 3. The precision in the absolute val-
ues of ' is 10—12% at room temperature and
lower, and reaches 12—15% at high temperatures.
A considerable part of the error comes from un-
certainty in the determination of I'y, so that the
error in the determination of the relative change
of f’ with temperature is much smaller.

mm/sec, which is somewhat larger than the natu- a6N\e T
ral width corresponding to the lifetime of the ex-
cited state. b
Because the nature of the broadening of the line FIG. 3. Temperature
_ K dependence of probability g6+ i
for SnO, has still not been completely explained, for recojlless resonance '
the theoretical curves were computed on two as- absorption by Sn'*® nuclei L ]
sumptions: a) the shape of the emission line is in a vanadium matrix, for
Lorentzian and b) the broadening of the emission different concentrations a4t .
is caused by quadrupole interaction. In particular, ©f tin in solid solution: %
in making the computations we used the method :t_? 1‘2 it'7%’22Aa: ;.4’15‘he i )
for treating the spectra which was proposed in So'lfé curve is the fl;e o a2k s i
[13-15]  The experimental results were compared  retical computation. - ‘2
with the theoretical dependence of €, I'exp and B b
the area of the line on the thickness C5. The val- 0 L L
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FIG. 2. The magnitude of the effect, ¢, and
line width of absorption spectrum, I'exp, as a h
function of absorber thickness, at room tempera- - E
ture (the absorber thickness in tin is given). |
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4. CALCULATION OF PROBABILITY OF THE
EFFECT

According to the results found by one of the au-
thors in collaboration with Iosilevskii, (3] the prob-
ability for the M6ssbauer effect on an impurity nu-
cleus in a cubic crystal when m’/m > 1 can be
written in the form

Domax -
’_ R (1—e) ¥ (0) [2n (0) 4 1]
= eXP{_ % S 4o — = M= eS@)P * [aneo¥ (@) }
0
Sy =0 § do ZE . (2)

0
Here R’ =E%, /2m’c? is the recoil energy for the
impurity nucleus, € = (m -m’)/m, n(w)
= (efl@/5T _ 1)-1 In the computations we used the
frequency distribution function ¥(w) for the vana-
dium matrix which was found by Zemlyanov et al.
[11] These results, especially when we consider the
great care in treating the data, may be regarded as
the most reliable available at present.” The re-
sults of the numerical computation of (2) over the
temperature interval from 0 to 1000°K are also
shown in Fig. 3.

5. DISCUSSION OF RESULTS

The present results show that within the accu-
racy of the experiment there is good agreement
between the measured and calculated values of f’
over a wide range of temperatures. In accordance
with the general prediction, the effect drops much
more rapidly with temperature than for an ideal
lattice with the same phonon spectrum. If we use
the crude one-parameter description, the temper-
ature dependence f’(T) is gotten approximately
by replacing the Debye temperature ®p by the
temperature ®p vm/m’ , in complete agreement
with the result found in [3J. The observed agree-
ment between the experiments and the computations
from formula (2), already noted in (4] in connection
with the experiments of Shirley et al(!%] and
Heberle et all®] leads us to believe that the as-
sumption of small change in the force constants
is actually confirmed.

In the present work, within the experimental
accuracy, no dependence of the effect on tin con-
centration in the vanadium host was observed over
a quite wide range of concentrations. This (to us)
unexpected result made it unnecessary to extrapo-
late to zero concentration, but the magnitude of the

DThe results given in [**] must be divided by \/& in order
to get the true value of ¥(w) (and then, of course, one must

normalize the function). This step was inadvertently omitted
in ["].
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concentration at which the change in f’ begins to
be significant remains an open question. It would
be of interest to examine whether our result is
related to the nature of the solid solution formed
by tin and vanadium.
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skii and Yu. V. Efimov of the Metallurgy Institute
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the alloys and for their chemical analysis. The
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