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Anisotroyic Lattice-Dynamic Studies and Line Asymmetries in
Mossbauer-Effect Doublet Spectra
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Asymmetries in the line intensities of component lines of electric-quadrupole doublets in Mossbauer spectra
(the Karyagin effect) have been observed in linear chain-polycrystalline polymers over a wide range of
temperatures. It was observed that the asymmetry increases at higher temperatures and almost disappears
at low temperatures. No significant Karyagin effect has been observed for three-dimensional monomeric
material.

SYMMETRIES in the intensity of component
.IL lines of electric-quadrupole doublets in Mossbauer

spectra of polycrystalline material have been inter-
preted by Karyagin' ' as being due to the lattice-dy-
namic anisotropy in the recoil-free fraction f, in the
absorber. It was analogously shown that such lattice
anisotropy can inQuence the line intensities in Moss-
bauer spectra showing magnetic hyper6ne interactions. 4

Alternatively, asymmetric-line intensities in polycrys-
talline samples can be attributed to spin-lattice and
spin-spin relaxation e8ects.' '

In a series of experiments with phenylchlorostannyl
compounds, Goldanskii and co-workers' have attempted
to show experimentally the existence of an asymmetry
in the line intensity due to the Karyagin eftect. This
experimental work has, however, been challenged by
otherss on the grounds that impure substances were
used by Goldanskii et al. and that differences in char-
acteristic-quadrupole splitting and isomer shifts of the
contaminants gave rise to the apparent Karyagin
eGect. We have undertaken this study to resolve the
discrepancy in the reported experiments concerning
the Karyagin e6ect and to oGer direct experimental
con6rmation of such an eGect.

The present experimental details have been described
elsewhere. s All compounds were at least 98% pure and
were obtained in fine powders, i.e., the absorbers were
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FIG. 1. The temperature dependence of the line-intensity ratio
(Is/Is) for P(CHs)sSnOHg, L(CHs)ssnFj„, and (CoHs)sSnCI.
The temperature is in 'K.

and lim 0+I' p~~ 2F, where e is the number of atoms
capable of participating in resonance absorption and
I' is the total natural linewidth for the Sn'" $+ excited
state. The temperature dependence of the line-intensity
ratio (Is/I&) for trimethyltinhydroxide, trimethyltin-
Quoride, and triphenyltinchloride is shown in Fig. 1.
Ii and I2 refer, respectively, to the line component
associated with the p-ray resonance energy Eo—8 and

So+8, where & is the y-ray energy at the centroid of
the spectrum.

The pertinent radiative transition in Sn'" is the
(-,'+)s(-', +) transition of each degenerate E(2) sub-

level to the unsplit degenerate ground-state level and

406

randomly oriented 6ne crystallites. The resultant
Mossbauer spectra showed equal linewidths (full width
at half maximum) F,„~ for both doublet components
at all temperatures. In addition, it was observed that
hmf 0+7 p&$

2I' at suKciently high temperatures,
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the transition energy AEo ——-', e'gQ{1+I)'/3) "'. For
(CHs) sSnF, EEo——3.87&0.09 mm/sec, and for
(CHs)sSnOH, DEo ——2.97+0.09 mm/sec. The isomer
shift for (CHs)sSnF and. (CHs)sSnOH is 1.27&0.09
mm/sec and 1.14&0.09 mm/sec, with respect to SnOs,
respectively. The quantities eq and g are the usual
components of the symmetric second-rank electric-
6eld-gradient tensor VE which is diagonalized by a
transformation to a set of principal axes x', y', and s'
where eg = (8E, /bs') and

erIr) = (8E;/bx') (bE—/by') ""
Letting P and p be the spherical angles of the direction
of the y-ray relative to the principal axes of the local
6eld, the functional dependence of the total radiative
tl'ansItloll probablhtles oil tile RIlgles p and 7 lss

I~(P y) =cE~sPsP, '(1+ cos'P)+-'(5 —3 cos'P)

+ (XQV3) cos2y(1 —cosset) ], (1)

4= L(3)"~(3+~)"'j/n

A'~'= (1+X~') '.

The recoiless fraction f, is functionally dependent on
the 7-ray momentum p, i.e., the wave vector h=p/ft,
and the instantaneous displacement u„of the rth
absorbing nucleus from its mean position such that
f,= exp —(Lk u„]'). The instantaneous mean-square
vibrational amplitude (I,') in the direction of the unit
vector 1 can be represented by the symmetric 3X3
anisotropic mean-square displacement tensor U" so
thaP-»

(I„')= g U;,"f;1;+(N,s)a,

where (e„s)q corresponds to nonrigid-body distortional
vibrations which are neglected in the present discus-
sion. U" is composed of rigid-body vibrations and is
represented by two symmetric 3&3 tensors, T the
anisotropic translational vibrations of the mass center
and L the anisotropic angular vibrations about the
axes through the center of the molecule. It is assumed
that the present molecules are centrosymmetric, where

FIG. 2. The crystal structure of
the linear-polymeric material
P(CHs)sSnFj .
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the origin of the inertial axes coincide with the origin
of the principal axes of VE. In general, however, mole-
cules are noncentrosymmetric and an additional un-
symmetric tensor 8 is needed to correlate T and L,
which results in helical molecular motion'6; in such a
case the origin of the inertial axes do not always coin-
cide with those of VE."The (I„') in a direction 1 at a
point r of the rth Sn'" atom is

(I,') = P U;;"f;l; = g PT;;f;f,+I.;;(1x r);(1 x r);j,

(3)

where x, y, s is the rectangular coordinate system of
U", which is now a vibrational ellipsoid whose semi-
axes are (I,')„(I„')„,and (I„'), Lettin. g () and p be
the spherical angles of the direction of k relative to
(u,'), the angular dependence of f, (8, g; g(T) ) in
terms of the principal axes of VE is f (P, y; g(T) ) by
the transformation

8' 8$g
Us I"(x') = Q U; (x)

~&' &i

where g(T) is a temperature-dependent scalar ampli-
tude function. I+(P, y) will generally contain a tem-
perature-dependent function II{T) implicit in the tem-
perature-dependent behavior of X~ (i.e., of eq and I))
in the crystalline state. '~ The total relative intensities
of the transition is

I,y;h T,y;g T si d dy. 5
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The x-ray diffraction crystal structures" "of

L(CHs)sSnF j„and L(CHs) sSnOHj„

show that these compounds are one-dimensional linear-
polymeric chains held together by weak van der %aals
forces between methyl groups in neighboring chains,
whereas (CsHs) sSnC1 is a weakly bonded three-
dimensional monomeric unit. The structure of
$(CHs) sSnFj„ is shown in Fig. 2, where a set of lattice-
dynamic principal axes are indicated. In an inter-
mediate temperature range T& such linear polymers
have ((u,'),~(u,s)„))((u„'),), the eccentricity of the
vibrational ellipsoid being maximized. ""At love and
high temperatures Tr and Ts ( u'), ~( u')„( „u')» the
thermal motion being nearly a vibrational sphere. For
a monomeric material, (u„'), (u,s)„(u,s), at almost

"H. C. Clark, R. J. O' Brien, and J. Trotter, Proc. Chem. Soc.
1964, 85 (1964); J. Chem. Soc. 1964, 2332 (1964).

'9
¹ Kasai, K. Yasuda, and R. Okawara, J.Organometal. Chem.

(Amsterdam} 3, 172 (1965).
'o E. Sandor, Acta Cryst. 15, 463 (1962)."K. Lonsdale, Acta Cryst, 14, 37 (1961).

all temperatures. From Fig. 1, it is seen that the linear-
chain compounds display a strong temperature-de-
pendent Karyagin effect due to the significant aniso-
tropic thermal behavior of the linear polymers in T2.
For $(CHs)sSnFj, d(Is/Ir)/dT&0, whereas

/E(Is/Ir)/dT) 0

for P(CHs) sSnOH]„ in the range Tr. If X~ is constant
in T2 and q~i, then a difference in the sign of
d(Is/Ir) /dR indicates that bE;/R' in (CHs) sSnOH and
(CHs) sSnF probably have opposite signs, and hence the
(&s, s+) and the (&—',, s+) levels are energetically
reversed in these two compounds. At low temperatures,
i.e., in the range Rr, (Is/Ir) 1 and d(Ir/Il)/dE~O,
and the Karyagin CGect vanishes in these chain com-
pounds. That (Is/Ir) 1 and d(Is/Ir) /dR 0 for
(C,H,),SnCI reflects the almost isotropic thermal be-
havior of the Sn"' atom in this compound and a
negligible Karyagin effect is observed. This result is in
agreement with the evidence found in Ref. 8 but sub-
stantially disagrees with that of Goldanskii et aI.
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Stopping Cross Section in Carbon of 0.2-1.5-MeV Atoms with
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The stopping cross section 8=dE/MR in thin carbon foils has been measured for ions with 21 &Z1 &39
and with energies from 200 to 1500 keV. The experimental data have been corrected numerically for nuclear
stopping, and the electronic stopping obtained is compared with theory. At constant projectile velocity,
the periodic dependence of the electronic stopping cross section on the atomic number Z& of the incoming
ions, previously reported for Z&&20, is seen also in the present extended Z& range. The data show that the
amplitude of the successive oscillations is approximately constant over the whole Z~ range. The relative
amplitude, however, tends to decrease with increasing velocity. The relative accuracy of the results is about
3 FO~

INTRODUCTION

l 1HE slowing-down of energetic atomic particles in..matter is determined by two processes: electronic
encounters and nuclear encounters. In the high-energy
region, electronic stopping predominates, and the
Bethe —Bloch formula describes the stopping cross
section. However, in the low-energy region, i.e., for
velocities below vsZr'/', where es is the Bohr velocity,
the electronic stopping cross section is proportional to
thc vcloclty of thc lncoIlllng 1on and the nucleal

stopping cross section becomes increasingly important
when the velocity is reduced. For example, the energy
at which the nuclear stopping becomes equal to the
clcctI onlc stopping ill carboIl ls 220 kcQ for Sc and
580 keV for Kr.

The theory of electronic stopping at low velocities
has been given by Fermi and Teller' and by Lindhard'
for an electron gas, and by Lindhard and Scharffa
and by Firsov' for the atomic case.

The treatment by Lindhard and Schar8 is based on
the Thomas —Fermi statistical model for the atom, and
they quote the following result for the electronic
stopping cross section valid for ion velocities less than
re s/S ~r

&.=I.grrerao(ZrZs/Z) (%s) (Zs/s —Z s/s+Z r/s)
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