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Results of experimental and theoretical studies on the '"’Sn Mdssbauer effect in SnCl, molecules
confined in porous glass are presented. A physical model, based on the assumption that diffusion is hin-
dered in the pores, is developed. It is further assumed that the molecules in each pore form a harmonic
lattice with fixed boundary conditions. The thermal-vibration amplitudes of the particles are calculated
by using a normal-mode expansion satisfying fixed boundary conditions. It is rigorously shown that the
transformation diagonalizes the Hamiltonian of the system, allowing subsequent use of standard calcula-
tional methods to derive expressions for the recoilless fraction and the second-order Doppler shift in re-
stricted geometry. The result allows evaluation of these quantities for molecules at different sites in the
lattice. Experiments were made with two Vycor-glass carriers at several temperatures below and above
the 240-K freezing point of bulk SnCl,. The samples have average pore diameters of 40 and 36 A.
Mossbauer data of confined SnCl, reveal a resonance line shift corresponding to the solid-liquid transi-
tion. This change in isomer shift is attributed to volume expansion of SnCl, at its melting point. The
measured temperature dependence of the recoilless fraction of the confined SnCl, molecules is explained
by the theoretical model. With one adjustable parameter, the theory reproduces both the absolute level
and the temperature slope of the experimental data for two spectral components corresponding to SnCl,
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molecules at different locations in the pore.

I. INTRODUCTION

Mossbauer spectroscopy can be applied to study the
motion of resonant nuclei. The mean-square displace-
ment affects the probability of recoilless absorption and
emission, whereas the mean-square velocity shifts spec-
tral lines via the second-order Doppler effect. Confining
the substance under study in small void spaces of porous
glass has been found to enhance the probability of recoil-
less absorption significantly. Bogomolov, Klushin, and
Seregin studied the !'°Sn resonance in Sn atoms diluted in
gallium metal, which was pressed into a porous glass car-
rier.»? They attributed the enhancement of the recoilless
fraction to stiffening of the phonon spectrum in the finely
dispersed metal. Burger and Vertés reported on
Mossbauer absorption in different iron- or tin-containing
solutions.? These studies originated from the idea that
liquids in porous media would behave as solids. Since
then the phenomenon has been reported in subsequent
experiments performed with pure SnCl, and its solu-
tions.*> A model has been proposed to explain the
effect.® This model is based on geometrical properties of
the pores and does not incorporate physical parameters
such as interactions between the molecules or the
influence of temperature. Our experiments to reproduce
the Mossbauer effect in confined liquid molecules have
been successful with the !'”Sn resonance only.”® The
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data on the temperature dependence of the recoilless frac-
tion in porous glass confirm the Mossbauer effect in the
liquid regime.®

Dynamical and thermodynamical properties of molec-
ular systems change drastically when they are confined in
very small spaces, such as pores of Vycor glass.’ Studies
on the effect of restricted geometry include diffusion of
molecules, '*!! superfluid transitions,'? and supercooling
of liquids'® using porous hosts. Because of possible prac-
tical applications of porous media, interest in their
structural properties is increasing. 14~

In this paper, studies on the ''?Sn Mdssbauer reso-
nance in SnCl, molecules trapped in Vycor-glass porous
hosts are presented. A simplified model, covering the
essential features of the confined SnCl, molecules, is
presented. The basic assumption is that diffusion is ob-
structed in the pores within the lifetime of the excited nu-
clear state. Further assumptions reduce the system to a
cubic unit in which the molecules effectively form a lat-
tice with particles connected by harmonic forces. Instead
of the normal periodic boundary conditions, fixed bound-
ary conditions are employed. Starting from the classical
Hamiltonian and equations of motion, expressions for the
mean-square displacement and velocity are derived to
calculate the recoilless fraction and the second-order
Doppler shift in restricted geometry. The results show
how these quantities depend on the temperature and the
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pore size. The properties of the confined molecules are
described by one parameter, the Debye temperature of
the lattice. Experimental data on the recoilless fraction
and resonance line positions are recorded as a function of
temperature using two glass carriers with different aver-
age pore sizes. The recoilless fraction in both samples is
reproduced by the theory: with one adjustable parame-
ter, the theory gives the absolute value and the tempera-
ture slope of two spectral components, attributed to
confined molecules occupying unequal sites in the pores.
By employing the possibility to observe the Mossbauer
effect in confined SnCl, molecules above the bulk melting
point, additional data on resonance line shifts corre-
sponding to the solid-liquid transition are presented.

II. THEORY

A. Model for the pores

We consider a system consisting of an interconnected
network of void spaces in porous glass filled with SnCl,
molecules. A simple model to describe molecular dynam-
ics in the pores is given to facilitate calculation of the
mean-square displacement and velocity of the molecules.
From these quantities, the Mossbauer recoilless fraction
and the second-order Doppler shift are evaluated.

The occurrence of the Mossbauer effect shows that
diffusion of the molecules is hindered in the pores. Ac-
cordingly, we make the basic assumption that any
diffusive motion during the lifetime of the excited nuclear
state is negligible. In addition, the complex topology of
the pores is reduced to a cubic cavity where the mole-
cules effectively form a lattice. The SnCl, molecules and
the surrounding glass molecules are treated as mass
points, omitting intramolecular vibrations. The thermal
vibrations in the cavity are normalized to zero amplitude
at the glass walls. The physical idea that lies behind the
latter assumption is that the glass molecules are much
less free to move than the SnCl, molecules coupled by
weak liquidlike interactions.

Mathematically, the framework may be presented as a
lattice conmsisting of N =L> particles at positions
1=33_,l,a,, where a,’s are the primitive vectors of the
lattice and /,=0,1,...,L —1. The lattice constant is
a=|a,|. The stationary glass molecules occupy positions
1,=0 or L —1 and the SnCl, molecules in contact with
the walls are adjacent to the glass molecules, /,=1 or
L —2. The rest of the lattice is occupied by SnCl, mole-
cules with a nearest-neighbor environment resembling
that of bulk liquid. In calculations, the interactions be-
tween the molecules up to the third-nearest-neighbor
shell are taken into account using the harmonic approxi-
mation. The force between a stationary glass molecule
and an adjacent SnCl, molecule is assumed to be equal to
the force between two adjacent SnCl, molecules.

B. Diagonalization of the Hamiltonian

In the following, a rigorous quantum-mechanical treat-
ment of the simplified system described in Sec. II A is
given. The calculation with fixed boundary conditions is
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presented in detail since it is not found in standard text-
books where periodic boundary conditions are normally
used. The Hamiltonian of the system is

=13 Mu (UP+13 S ¢l 1u (Dugl'), (M
lL,a Lal,B

where M is the mass of SnCl, molecules. The vectors
u(l) with components u,(l), a=1,2,3, are the displace-
ments of the molecules from their equilibrium positions.
The dot indicates a time derivative. The quantity
$45(1,1") represents the force acting on a particle at the
position [/ in the a direction when a particle at I' moves a
unit length in the B direction. The tensor ¢ is symmetric,
i.e., @ p1,1')=¢g,(I',]). As the interactions beyond the
third-nearest-neighbor shell are omitted and each SnCl,
molecule is acted upon by similar forces, the relation
bq51,1')=@,g(1—1") also holds. The element ¢, 41 —1")
is nonzero only when I,—1I,=0 or %1 for each com-
ponent a.

Solutions of the classical equations of motion give the
eigenfrequencies »;(q) and eigenvectors e(q, j) of the sys-
tem, see Appendix A. The wave vector associated with a
normal mode is q and the index j labels the three
branches. To fulfill the boundary conditions of the model,
the allowed components of the wave vector are

q“=?L—gl—)an"’ n#=l,2,...,L—2. (2)
We write the displacement amplitude at the position [ as
a linear combination of the normal modes with ampli-
tudes Q(q,j),

2

L—1

372

L S e.(q,/j)Q(q,j)sin(g,l,a)

u ()=
a VM '
a.J

Xsin(gq,l,a)sin(g;l3a) , (3)

where the harmonic time dependence of the vibrations is
not written explicitly.

Substituting expansion (3) in Eq. (1) and using Egs.
(A3), (A5), and (A9), the Hamiltonian is diagonalized,

H=13[0%q,j)+0}q)Q%q,j)] . (4)
a.j
This Hamiltonian is of the standard form,'® and may be

quantized by introducing the phonon annihilation and
creation operators

172 12
b= |2 ottt — | o
it 21 T S0, (q) I
(5a)
172
w;(q) 1 2
bia)= | 229 N . .
i (q) 7 Q(q,j)—i 20, ) Q2(q,j)
(5b)
respectively. With use of Egs. (A5) and (A9) it is

straightforward to derive the inverse transform of Eq. (3)
and show that b;(q) and b JT(q) obey the boson commuta-
tion relations.
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C. Recoilless fraction and second-order Doppler shift

The probability of the Mdssbauer effect depends on the
vibration amplitude of the emitting or absorbing nucleus
via a quantity exp[ik-u(/)], where k is the wave vector of
the ¥ quantum. More precisely, the recoilless fraction is
given by the square of the statistical average of the

J

372 1/2

qJ

It is easy to show that the Bloch’s identity'® is valid with

fixed boundary conditions, and hence
(exuD)  =exp[—1kXul(D))]. (7

The recoilless fraction for a nucleus at the position / de-
pends on the mean-square displacement {u2(l)); in the
direction of the y ray.

A straightforward calculation (see Appendix B) gives a
result

3
2 _ 2 #i
(u2)) ¢ -1 | e
coth(#iw;(q)/2kgT) 3
ST e

(8)

As compared with the corresponding expression with
periodic boundary conditions,'® this equation includes
the squared basis functions of the normal-mode expan-
sion (3) explicitly. The sum over the wave vector q is lim-
ited to values indicated in Eq. (2), instead of the first Bril-
louin zone. For a molecule located at the center of the
pore, the present result approaches that obtained with
periodic boundary conditions when L —oo. It is seen
that the recoilless fraction in restricted geometry is al-
ways larger than that of the corresponding bulk material.

The observed recoilless fraction is an average of the

2M

L—1

q.Jj

f)=|{exp[ik-u(l)

e,(q,j)[b;(q) -+-b
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quantum-mechanical expectation value of this operator in
the manifold of the vibrational states in the lattice:
17127 In the following, a rigorous
quantum-mechanical evaluation of this thermal average
for the system described above is given.

According to Egs. (3) and (5), the displacement u (1) is
a linear combination of the phonon operators

3
H sin(g,/,a) . (6)

contributions from the appropriate positions /. For the
particles located in the central part of the cavity, the
recoilless fraction is

1 L—-3 L—-3L-3

T 2 2 3 ewl—kHuagl. O

=2 1,=2 ;=2

=

For the molecules at the walls, /, values corresponding to
the glass-SnCl, interface, excluding edge and corner posi-
tions, are included in the average. To evaluate numeri-
cally the sums indicated in Eq. (8), the Debye approxima-
tion scheme is adopted. For each branch, a linear disper-
sion relation w;(q)=c,|q| is used where c, is the velocity
of sound in the lattice. The lattice is characterized
by a Debye temperature related to ¢, by
®=(67%)"#ic, /(kga).”®

The thermal vibration of nuclei affects the energy of
the y rays via the second-order Doppler effect. The ve-
locity a(/) of a nucleus glves rise to a relative energy
change of —(a?(1));/(2¢?), where c is the velocity of
light. The mean-square velocity due to the molecular
motion in the restricted geometry may be evaluated in
the same way as {u2(/)) ;. The normal-mode expansion
of u,(1) is replaced by the corresponding expression for
the velocity,

3
e4(q,j)[b;(q)—b](q)] [] sin(g,l,a) . (10)

u=1

For an isotropic lattice, the resulting second-order Doppler shift in velocity units is

3
2

L—1

—3¢all)) p/2c=— Zﬁa) :(q)coth

4M c

For a particle at the center of the pore, Eq. (11) produces
in the limit L — o the same value as the expression ob-
tained with periodic boundary conditions. In finite-size
pores, the magnitude of the line shift of Eq. (11) is always

3
H sin’(q,/,a) . (11

[

smaller than that for the corresponding bulk material.
The weight factor in the equation for the mean-square

displacement [Eq. (8)] is 1/w;(q), whereas in Eq. (11) it is

w;(q). Thus, the recoilless fraction and the second-order



Doppler shift achieve their major contributions from the
low-frequency and the high-frequency parts of the pho-
non spectrum, respectively. It is expected that the re-
stricted geometry in the pores does not affect the short-
wavelength part of the phonon spectrum. Thus, the
influence of confinement is mainly reflected in the recoil-
less fraction, but not much in the second-order Doppler
shift.

III. EXPERIMENT

In the experiments, the 23.9-keV Mossbauer resonance
of ''Sn was used. The experiments with the porous glass
carriers were performed using a !'°Sn:CaSnO; source,
whereas in the auxiliary measurements with frozen bulk
SnCl,, the source was !°Sn:BaSnO;. The isomer shifts of
these source matrices are equal to that of SnO,. The
recoilless fraction is 0.57 for the CaSnO; matrix and 0.62
for the BaSnO, matrix.?! To increase the signal-to-noise
ratio at the Nal detector, the x rays of Sn were filtered
using thin palladium foils.

The absorbers were made of 1.5-mm-thick plates of
porous glass.?? According to the manufacturer, the glass
has a porosity of 28%. The void spaces in the glass are
longish cavities with a complex geometry.'® If a cylindri-
cal shape is assumed for the pores, their average cross
section is 40 A in diameter. To study the influence of the
pore size on the Mossbauer effect, some of the glass car-
riers were heated at 1000°C to reduce the void spaces.
At this temperature, an irreducible linear shrinkage of
10% of the pores is specified. In the following the
nonheated glass will be referred to as sample 4 and the
heat-treated glass as sample B.

The pieces of glass were cleaned using the standard
procedure described by the manufacturer. Then the glass
carriers were allowed to soak in pure liquid SnCl, for 20
h to make sure that the pores were filled with SnCl,. It
was checked by weighing that the samples absorbed an
amount of SnCl, corresponding to their porosity. Final-
ly, the absorbers were enclosed in air-tight sample hold-
ers as shown in Fig. 1. To ensure that the sample
remains impregnated with SnCl,, the piece of glass was
surrounded by excess SnCl,. The total thicknesses of the
bulk layers were 1.0 and 1.5 mm with samples 4 and B,
respectively. Below the freezing point T, =240 K, frozen
SnCl, gives rise to a background effect which must be
taken into account in the data analysis. Auxiliary mea-
surements of bulk SnCl, were carried out without the
porous glass. In these measurements the thickness of the
SnCl, layer was 3.0 mm.

SnCla LIQuUID
vycor GLASS
Teflon
0 RING GAMMA RAYS
BRASS FLANGE
»
i - 10 mm )

FIG. 1. Sample holder used in the experiments.
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IV. RESULTS AND DISCUSSION

A. Experimental results

Spectra of frozen bulk SnCl, were measured at several
temperatures between 180 and 239 K. Figure 2 shows
data obtained at 239 and 180 K. The slightly asymmetric
line shape was taken into account by an asymmetric pat-
tern consisting of two Lorentzian lines. The fixed dis-
tance between the lines was 0.75 mm/s and their intensity
ratio was 0.1. The fitting results are collected in Table I.

Mossbauer spectra of SnCl, trapped in pores of Vycor
glass, measured at several temperatures above and below
the freezing point T, =240 K of SnCl,, are shown in Fig.
3 for sample A and in Fig. 4 for sample B. The spectra
were fitted using two independent Lorentzian lines. In
fitting the data for temperatures below T, the bulk back-
ground was accounted for by using a third component
with all parameters fixed to values obtained from the aux-
iliary bulk measurements and the thicknesses of the bulk
SnCl, layers. The Mossbauer parameters obtained from
the least-squares fits are summarized in Tables II and III
for samples 4 and B, respectively.

The spectra measured using porous glass have two ma-
jor components, one resonance line at about zero
Doppler velocity and the other line at 0.8—0.9 mm/s. In
the following we refer to them as components 1 and 2, re-
spectively. Figure 5 shows the spectral areas of these
components as a function of temperature for the samples
A and B. For comparison, also the spectral area of the
bulk contribution in the measurements with sample 4 is
shown. The line positions obtained from samples 4 and
B and from frozen bulk SnCl, are shown in Fig. 6.

The results presented in Figs. 3—-5 show that the
Mossbauer effect is observed in liquid molecules in the re-
stricted geometry. Below T,,, Mdssbauer absorption is
due to all '"Sn nuclei in the sample holder. Using the
auxiliary bulk data, we know which portion of the effect
arises from the frozen SnCl, outside the porous glass.
The rest of the Mossbauer absorption must be attributed
to SnCl, in the glass carrier. Above Ty, only these mole-

TABLE I. Mdssbauer parameters obtained from the bulk
SnCl, sample at different temperatures. The quantities E and 4
denote the position of the major spectral component and the to-
tal area, respectively. The spectral area is represented by the
product of the linewidth and the absorption depth. Statistical
errors are given in parentheses. An asterisk denotes a fixed pa-
rameter in the fitting.

T (K) E (mm/s) A (% mm/s)
180 0.78(1) 3.86(17)
190 0.77(1) 2.97(13)
210 0.74(1) 2.05(11)
223 0.74(2) 1.35(10)
235 0.72(2) 0.93(7)
239 0.71* 0.69(11)
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FIG. 2. Mdssbauer spectra of frozen bulk SnCl, at (a) 239 K
and (b) 180 K. The source was ''°Sn:BaSnO, at room tempera-
ture. The solid lines are least-squares fits.
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FIG. 3. Mossbauer spectra of SnCl, trapped into pores of
sample A. The absorber temperatures were (a) 295 K, (b) 263
K, (c) 243 K, (d) 235 K, and (e) 223 K. The source was '"Sn:
CaSnOj at room temperature.
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FIG. 4. Mossbauer spectra of SnCl, trapped into pores of
sample B. The absorber temperatures were (a) 295 K, (b) 243 K,
(c) 223 K, (d) 180 K. The source was '*Sn:CaSnO; at room tem-
perature.

cules contribute to the Mossbauer absorption. From the
weighing results it is known that the pores are filled with
SnCl, molecules. It can be estimated that about one-half
of them occupy the central space of the pores and are not
in direct contact with the walls. The nearest-neighbor
environment of these molecules resembles that of bulk

2.5 : : : ' i
Component 1 °
Component 2 4 } Sample A
2.0} Component 1 o |
C\ Component 2 o } Samele B
A o Bulk
— AN
©1sh N |
g AV
£ N\ AN
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< 1.0 \b\ . }
\\
\D\
0.5 . |
0.0 50—
1 1 L L | \

180 200 220 240 260 280 300
T (K)
FIG. 5. Spectral areas as a function of temperature. The
bulk contribution is shown for measurements with sample A.
As a guide to the eye, the data points are connected.
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AL T T T T T TABLE III. Mdssbauer parameters obtained from sample B
; gamp:e é at different temperatures. The notation is the same as in Table
ample
- '0F o Buk o IL
E o * e 6 T (K) E, mm/s) A, (%mm/s) E, mm/s) A, (% mm/s)
PR Mk i 180 0.00(3) 1.92(16) 0.84(1) 1.75(11)
5 )’ z 223 —0.09(4) 1.15(16) 0.74(4) 0.84(10)
= 243 —0.14(2) 0.60(6) 0.91(2) 0.48(5)
3 295 —0.07(2) 0.30(2) 0.88(3) 0.27(3)
a o.0} ¢ .
w
z
3

Q
0.2 L
1 1 1 1 1 1
180 200 220 240 260 280 300
T (K)

FIG. 6. Resonance line positions relative to SnO, as a func-
tion of temperature. The line at higher velocities shows an indi-
cation of the solid-liquid transition in porous glass.

liquid. The recoilless absorption of the central-pore com-
ponent surviving above T, allows extension of Mossbauer
studies into the liquid regime.

B. Comparison of theory and data

To allow comparison of the experimental and the
theoretical results, we make a straightforward assignment
for the two spectral components of confined SnCl,.> The
environment of the SnCl, molecules at the glass walls is
dynamically and chemically different from that of the
molecules which are located in the center space of the
pore. The nearest-neighbor environment of the molecules
occupying the central space of the pore should resemble
that of bulk liquid molecules. The line positions of the
bulk data and component 2 of the porous-glass data are
close to each other, and thus we assign this line to the
molecules in the central part of the pore. Component 1 is
then attributed to the SnCl, molecules at the walls of the
pores. The spectra of samples 4 and B above 240 K sup-
port the site assignment: The relative amount of the mol-
ecules at the glass walls in sample B is expected to be
larger than in sample 4. This is corroborated by the in-
creased absorption of the spectral component 1 in Fig. 4
as compared with Fig. 3.

The resonance line of frozen bulk SnCl, shifts towards
negative velocities when the temperature increases (see
Fig. 6). The slope of —1.2X 1073 mm/s K is indicated

TABLE II. Mgssbauer parameters obtained from sample A4
at different temperatures. Parameters E, and A4, denote the
line positions and the areas of the components k=1 or 2.

T (K) E, mm/s) A4, (%mm/s) E, (mm/s)

A, (% mm/s)

by the solid line. The temperature slope of component 1
for both porous glass samples resembles that of bulk
SnCl,. For component 2, two levels of isomer shift values
exist at about 0.8 and 0.9 mm/s. An obvious conclusion
is to associate these two values with solid and liquid
SnCl,. The higher values of isomer shift have been mea-
sured with descending temperatures, whereas the lower
values correspond to increasing temperatures. The ap-
parent hysteresis in the isomer shift is compatible with
the observed hysteresis between freezing and melting in
porous glass. !*

It may be assumed that the relative change in the
valence electron density Ap(0) at Sn nuclei is equal to the
12% density change of SnCl, at its melting point. With
use of values from Ref. 23 for Ap(0) and for the fraction-
al variation in the nuclear radius, an order-of-magnitude
estimate of 0.2 mm/s is obtained for the isomer shift
difference between solid and liquid phases. This estimate
is in agreement with the experimental value.

The recoilless fraction f of a thin absorber is related to
the spectral area by

A=1ttnaoW,F. f . (12)

Parameter ¢ is the thickness of the absorbing material lay-
er, n the density of Sn atoms in SnCl,, 0,=1.40X107!®
cm? the resonant absorption cross section for !'°Sn,
a=0.0858 the isotopic abundance of !'"Sn, and
W,=0.647 mm/s the natural linewidth [full width at half
maximum (FWHM)]. The background-corrected recoil-
less fractions of the sources are F; =0.46 and 0.50 for the
CaSnO; and the BaSnO; matrices, respectively. For data
obtained with the porous-glass samples, Eq. (12) is evalu-
ated by taking into account the porosity of the sample
and the relative amounts of SnCl, molecules with
different nearest-neighbor environments; see Table IV.
The latter value is obtained by a simple geometrical argu-
ment using known values of the pore radius and the
molecular radius.

TABLE 1V. Glass carrier porosities and relative amounts of
the molecules in the two different environments in the pores.
Values for the sample B are obtained from the linear shrinkage
of 10%.

223 —0.06(2) 1.63(12) 0.92(1) 1.2509) Porosity Fraction of Fraction of
235 —0.08(2) 1.29(8) 0.90(1) 1.10(7) Sample (%) component 1 ¢ 2
243 —006)  123(7) 0.90(1) 0.95(6) ponen componen
263 —0.10(3) 0.72(8) 0.89(2) 0.68(7) A 28 0.42 0.58
295 —0.16(2) 0.34(3) 0.94(2) 0.37(3) B 20 0.48 0.52
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Within the harmonic approximation for the atomic
and the molecular motions, the experimental recoilless
fraction f may be decomposed as f=fg,f,, [ The
factor f, accounts for vibration of the Sn atom within
the SnCl, molecule, f,, is related to motion of the SnCl,
molecules, and f . comprises the effect of the surround-
ing glass walls. The theory of Sec. II deals with the fac-
tor f,,. We estimate the small contributions of fg, and
Ssur as follows: The temperature-independent factor
fsn =0.735 may be obtained from the data on intramolec-
ular mean-square displacements.?* The temperature-
dependent contribution f,, may be calculated by adding
the mean-square displacements of the glass molecules to
those of the SnCl, molecules at the walls using a coupling
proportional to their mass ratio. The motion of mole-
cules in the central part of the pore is assumed to be in-
sensitive to the glass vibrations because of low acoustic
coupling between glass and SnCl,. The mean-square dis-
placements of the glass molecules were evaluated using a
Debye temperature of 370 K, obtained from the velocity
of sound in Si0,.?* Between 180 K and room tempera-
ture this correction varies from 0.89 to 0.83. Values of
the recoilless fraction f,, for the confined and bulk SnCl,
are presented in Table V.

There is a significant enhancement in the recoilless
fraction in confined SnCl, as compared with that of
frozen bulk material. In Table V, the apparent enhance-
ment factor is more than 10. The theory of Sec. II pre-
dicts a factor of only ~3 around 240 K. However, the
theoretical description does not take into account collec-
tive molecular motion in bulk SnCl, which increases
strongly near the melting point. The confinement
prevents motion of large molecular clusters leading to
Mossbauer absorption even above 240 K.

The data points in Figs. 7 and 8 show the temperature
dependence of —Inf,, for the components 1 and 2 of
samples 4 and B. The solid lines indicate the corre-
sponding quantity evaluated using the theory of Sec. II.
For sample 4, a lattice size of N =10 and a Debye tem-
perature of ® =58 K are used. The corresponding values
for sample B are N =93 and ®=57 K. For both samples,
agreement between the data and the theoretical predic-

TABLE V. Recoilless fractions f,, in percent for confined
and bulk SnCl, at different temperatures. The components are
denoted as in Tables II and III. The uncertainties include the
statistical errors only.

Sample A4 Sample B Bulk

T (K) 1 2 1 2 SnCl,
180 2.18(18) 1.61(10)  0.145(6)
190 0.111(5)
210 0.077(4)
223 1.50(12)  0.72(5) 1.35(18)  0.77(9) 0.051(3)
235 1.20(8) 0.64(4) 0.035(3)
239 0.026(4)
243 1.15(7) 0.55(4)  0.71(7) 0.44(4)

263 0.69(8) 0.39(4)

295 0.33(3) 0.22(2)  0.3733) 0.25(3)
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FIG. 7. Temperature dependence of the recoilless fraction
fm related to confined molecules in sample 4. The negative
logarithm of f,, is plotted. Error bars indicate the statistical
uncertainty of the data points. The solid lines are predictions of
the theory calculated using a Debye temperature of 58 K. The
pore is assumed to consist of N = 10* molecules.

tion is good: with one adjusted parameter (®) whose
values for the two samples closely agree, the model repro-
duces the absolute values of the data points and the tem-
perature slopes for both spectral components.

The error bars in Figs. 7 and 8 include statistical un-
certainties only. The main source of systematic error is
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FIG. 8. Temperature dependence of the recoilless fraction f,,
related to confined molecules in sample B. The negative loga-
rithm of f,, is plotted. Error bars indicate the statistical uncer-
tainty of the data points. The solid lines are predictions of the
theory calculated using a Debye temperature of 57 K. The pore
is assumed to consist of N =93 molecules.
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the estimated relative uncertainty of ~20% in the frac-
tions of the molecules with the two different environ-
ments. Uncertainties in the porosity, in the corrections
relating the recoilless fractions f and f,,, and in the
signal-to-noise ratio of the pulse-height spectrum are
about 10%. With some smaller additional contributions,
the total systematic uncertainty is estimated to be about
three times the statistical uncertainty. However, the sys-
tematic errors are approximately equal at different tem-
peratures and thus they do not affect the relative posi-
tions of the data points.

V. SUMMARY

Experimental and theoretical studies on the Mdssbauer
effect in SnCl,; molecules confined in porous glass are
presented. Using physical arguments, the actually very
complex system is reduced to a cubic lattice. The mole-
cules are treated as vibrating mass points connected by
harmonic forces. The amplitudes are normalized to zero
at the stationary glass boundaries. The theoretical ap-
proach is based on the classical Hamiltonian and classical
equations of motion which yield the normal modes of the
system. The thermal displacement amplitudes of the par-
ticles are presented as a linear combination of the normal
modes, satisfying fixed boundary conditions. The ortho-
normality properties of the present normal-mode expan-
sion diagonalize the Hamiltonian, thus allowing subse-
quent use of standard calculational procedures. Expres-
sions are derived for the recoilless fraction and the
second-order Doppler shift arising from the molecular
motion in restricted geometry.

Experimental data are obtained from ''°Sn Mdssbauer
measurements using two SnCl,-containing glass carriers
at several temperatures below and above the bulk freez-
ing point of 240 K. The data obtained confirm existence
of Mossbauer absorption in confined SnCl, liquid above
240 K. The Mossbauer effect of confined liquid is applied
to study the recoilless fraction and the resonance line po-
sitions in the solid-liquid transition regime. A change in
the isomer shift is explained by volume expansion of
SnCl, at its melting point.

From the experimental data on the recoilless fraction
of confined SnCl,, the recoilless fraction f,, attributed to
the molecular motion only is extracted. Corrections due
to the intramolecular motion and influence of the glass
matrix are taken into account in the analysis. The tem-
perature dependence of f,, is compared with the theoreti-
cal prediction. For both samples the agreement is good:
with one adjustable parameter, the theory reproduces
both the absolute level and the temperature slope of the
two spectral components.
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APPENDIX A

In this appendix, the classical equations of motion are
considered with fixed boundary conditions. The treat-
ment is based on the orthogonality properties of the
sinusoidal basis functions. The equations of motion for
the system governed by the Hamiltonian (1) are

Mii ,(1)=— 3 ¢ g1 =1"ugl’) . (A1)
rB
With a trial solution at the frequency
3
u,(l)=e, [] sin(g,l,a)exp(—iwt) , (A2)

p=1

one obtains

3 3
Mao’e, ] sin(g,l,a)=3 @o5l—1"e; ] sin(g,lla) ,
p=1 B p=1

(A3)
where e,’s are initially unknown amplitudes. To fulfill
the boundary conditions of the problem, the solutions are
restricted to values g,=mn,/[(L —1)a], with the in-
tegers n, running from 1 to L —2. Multiplying Eq. (A3)
by a factor I'[fL= ;sin(g,,/,,a) and summing over the vector
I, we get
L—1

M2
w’e )

a

3
=2 3 dagll—1")ep
11,8

3
X I1 sin(g,l,a)sin(q,l,a) .

p=1
(A4)
Here the orthonormality property
2 L. o
-1 2 sin(q, [, a)sin(q,l,a )_Sq,ﬂL (AS)
I

of the basis functions of Eq. (A2) is used. We define a
vector I"’=1—1', transforming Eq. (A4) to

3
L—1
Mo'e, | =
3 L—2
=2 2 ¢apl")eg [ X sinlq,l,a)
B 1" p=11,=1

Xsin[q,(l,—1})a] .
(A6)

Employing Eq. (A5) and a relation
L—2

12=1 sin(q,/,a Jeos(q,l,a)=0, (A7)
n
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the following result is obtained:

a)zea= >,

B
= D 5(qleg ,
B

3
‘Al; S bagl”) IT coslg,la) eg

I ”21
(A8B)

where the quantity in the square brackets defines the
dynamical matrix D,5(q) of the system. For each q in
the eigenvalue problem of Eq. (A8), the matrix DaB(q)
has three real eigenvalues a)f(q) labeled by the branch in-
dex j=1,2,3. The components e,(qj) define the corre-
sponding eigenvectors e(qj) which are orthogonal and
normalized by

2 e,(q,jle (A9)

«(QJ)=8;;

2

L—1

3
A

Cfve g (12
Py} lua D] M 2 o a)

vqj]>‘—‘

Performing the summing over all possible populations {v

> __coth[}Bfiw;(q)

2 2

<u(21(1)>T= L—1

In a lattice with cubic symmetry summing over e (q J) yields a factor +

3
— ) 1 .
2M q,jea(q.] w(q) I;I q}l Ua)
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APPENDIX B

In this Appendix, the derivation of Eq. (8) is outlined.
We denote the elgenstates of the number operator
b/(q)biq) by |{v vg;1): b)(@)b;(q)] [vgi} ) =vg;ilvg 1)
The mean-square dlsplacements are calculated as a
weighted average over these states

(utl 2 Wi, G v Hug(D?fvg; 1) . B
The Boltzman factor of the state |{v,;]) is
—Btiw . q)v, —Bhw.iq:.
W, =Ile 7' Vv1—e ), (B2)
LY
where f=1/(kgT), and the quantum-mechanical average
based on Eq. (6) is
e2(q,j)(2vg; +1) Hsm (g l,a) . (B3)

u=1

; }, Eq. (B1) becomes

(B4)

1,2 which gives the result of Eq. (8).
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