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QUANTITATIVE TEST OF THE VIBRATIONAL ANISOTROPY ORIGIN OF THE
ASYMMETRY OF QUADRUPOLE MOSSBAUER DOUBLETS

V. I. Goldanskii, E. F. Makarov, I. P. Suzdalev, and I. A. Vinogradov
Institute of Chemical Physics .of the Academy of Sciences of the USSR, Moscow, U.S.S.R.

(Received 15 November 1967)

The comparison of quadrupole doublets of Mossbauer spectra for monocrystals of sid-
erite at various orientation angles and those for polycrystalline siderite gives quantita-
tive proof of the vibrational anisotropy origin of integral asymmetry of doublets in poly-
crystals. Such comparison has also been used for determination of the absolute proba-
bility of the Mossbauer effect and of the sign of the electric field gradient on iron nuclei
in siderite (which was found to be positive).

The phenomenon of integral asymmetry of
quadrupole doublets in Mossbauer spectra of
isotropic polycrystals (i.e. , the difference
in two peak areas) was found in our previous
studies of absorption spectra of organic tin
compounds. '&' After we had investigated and

rejected the trivial possible reasons for such
asymmetry (e.g. , pa, rtial orientation of the
samples, presence of magnetic and other ad-
mixtures, etc. ), Karyagin proposed a possi-
ble explanation of our results based on anisot-
ropy of the Debye-VValler factor in correspond-
ing monocrystals (see also Refs. 1 and 2). The
qualitative confirmation of this assumption was
obtained by Goldanskii, Makarov, and Khrapov.
Later on the above-mentioned phenomenon was
observed for surface atoms of iron and tin and
used for the determination of differences' and
absolute values' of the mean-square amplitudes
of atomic thermal vibrations along the adsorb-
ing surfaces and normal to them. It was found
recently for organic tin polycrystals in Moss-
bauer scattering spectra as well. ' However,
up to now the Mossbauer-effect probabilities
and the asymmetry of quadrupole doublets for

monocrystals oriented at different angles to
the y-ray direction were not compared direct-
ly and quantitatively with the integral asymme-
try of doublets for corresponding isotropic
polycrystals. %e have now made such compar-
ison for siderite (FeCOs) thus making the first
quantitative test of the vibrational anisotropy
origin of the discussed phenomenon and obtain-
ing data on the dynamics of motion of Fe atoms
in crystals of siderite.

The monocrystals of siderite are of a rhom-
bohedral structure with axial symmetry rela-
tive to the triple axis. They were prepared
by splitting along the cleavage plane (1010)
and lapped to a thickness of 240 p. m. X-ray
studies gave us the angle between the triple
axis and the surface of monocrystalline sam-
ples and have also shown that the mosaicity
of samples was less than 1 . The polycrystal-
line siderite samples contained 30 mg cm '
of naturally mixed iron isotopes and were stud-
ied at 77 and 300'K. The temperature depen-
dence of the probability of Mossbauer effect
(f') was found to be very weak and the integral
asymmetry to be practically independent of
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FIG. 1. Mossbauer spectra of siderite [300'K; Co ~ (Cr) source]. (a) PolycrystaQine sample. (b) Monocrystal-
line sample, 9=17 . (c) Monocrystalline sample, 8=90'.

temperature (contrary to the case of the para-
magnetic relaxation mechanism' of asymmetry
of quadrupole doublets which corresponds to
the difference not in the areas but only in the
shapes of the two peaks).

The main experiments were performed at
300'K using the Co"(Cr) source. The y-ray
beam was collimated within +3' and the area
of the irradiated spot was found to be substan-
tially less than the size of crystals. The ab-
sorption spectra obtained for polycrystals as
well as for monocrystals oriented in two dif-
ferent ways are shown in Fig. 1 (8 =17' and

90, where 8 is the angle between the y beam
and the triple axis of the monocrystal, which
is the axis of electric field gradient). In the
case of an axially symmetric gradient of the
electric field the ratio of the areas of the two
peaks corresponding to m (+2 -+2) and o (+2
-+z) transitions in monocrystals is given by

n(8) [n(8) is the effective thickness of the ab-
sorber in the direction 8I and is independent
of the emission spectrum shape, provided it
is symmetric, and the motion of the absorber
proceeds at a constant velocity or with constant
acceleration. The ratio Sz/So also does not
depend on the background. Figure 2 is a graph-
ic representation of Eq. (1) as S~/So= p(cz)
for two different 0. It can be seen that for suf-
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where S~ and S~ are the areas of w and 0 peaks,
I„I,are Bessel functions of zero and first or-
der, and c~(8) and co(8) are the angular depen-
dences of the ~m = 1 and ~m = 0 transitions,
respectively Expression . (1) is valid for any
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FIG. 2. The calculated asymmetry S~/So of quadru-
pole doublets of Mossbauer spectra for monocrystal-
line samples at various orientations as a function of
parameter c„(defined in the text), i.e. , of the thick-
ness of the sample. (a) 0=17", (b) 0=90'. Crosses
present experimental data.
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Table I. The measured integral asymmetry of quad-
rupole doublets S~(8)/S~(8) and the calculated probabil-
ity of Mossbauer effect (f') for various orientations of
monocrystals of siderite.

(deg) S {0)/S {8)

17
21
47
77
90

1.70 + 0.05
1.55 + 0.05
1.12 + 0.03
0.72+ 0.04
0.68 + 0.03

0.31+ 0.05
0.26 + 0.05
0.19+ 0.03
0.08 + 0.04
0.09 ~ 0.04

ficiently small 6, 87t is always larger than Sz.
Therefore it follows immediately from Fig. 2

that the electric field gradient on the iron nu-
clei in the siderite lattice at 300'K is positive.
This conclusion was confirmed by measurements
in external magnetic field (H =21 kOe). It will
be noted that the same sign of electric field
gradient on Fe" nuclei in siderite was obtained
at 4.2'K by Ono and Ito. ' Repeated measure-
ments of asymmetry of quadrupole doublets
gave us the data presented in Table I.

The Mossbauer-effect probability for an ax-
ial-symmetric monocrystal can be described"
as

f'(8) = e pf —&'[(z')-(x')] cos'8 —It (x') ), (2)

where K is the wave vector of y quanta, (z')
and (x') are the mean-square amplitudes of
thermal vibrations of Fe" nuclei along and
normal to the triple axis z.

Using the above-mentioned f' values and Eq.
(2), we find that

(z') =(2.04+0.40)10 "cm',
(x2) =(4.54+0.33)10 "cm'.

It will be seen that at 300'K (z') &(x') and (x')/
(z') = 2.2+,",for siderite. It will be noted here
that the ratio of linear thermal expansion co-
efficients for siderite along a (nx) and c (o.'z)
axes is o.x/o. z =3 at 310'K," and thus the cor-
relation between these coefficients and mean-
squar e thermal vibrational amplitudes is sim-
ilar to that observed for Cos' in zinc monocrys-

Using the known constants and the above-men-
tioned analytical expressions for f'(8) found
from experiments using monocrystals, we ob-
tain the expected asymmetry of quadrupole
doublets for polycrystalline siderite by inte-

gr ation:

I J S (8) sin8d8
7F o 77

I j S (8) sin8d8
0' p 0

and we get in this way (I~/Io)calc = 1.08+,',",.
Repeated measurements of this asymmetry
for polycrystalline samples gave (I~/Io)ex t
= 1.07+ 0.03.

Thus quantitative proof for the vibrational
anisotropy origin of the integral asymmetry
of quadrupole doublets in Mossbauer absorp-
tion spectra of siderite has been obtained. The
results described also show the possibility of
determination of the absolute probability of
Mossbauer effect in monocrystals and of the
absolute values of mean-square amplitudes
of atomic thermal vibrations from the asym-
metry of quadrupole doublets rather than from
the areas of the peaks (without the necessity
of taking the background into account).

The authors are grateful to V. P. Korneev,
E. S. Makarov, A. S. Plachinda, and V. A. Po-
vitzkii for their assistance and valuable dis-
cussions.
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FIG. l. Schematic diagram of the experimental ar-
rangement.

This is a report on some preliminary exper-
irnental results of the spatial ion-wave echo,
predicted by Gould, O' Neil, and Malmberg. '
According to their theory, if an ion wave of
frequency f, is continuously excited at one point
in a collision-free plasma and if an ion wave
of frequency f, (&f,) is continuously excited at
a distance l' from this point, then a spatial echo
of frequency f,—f, appears at a. distance lf, /
(f,—f,) from the point where the second wave
is excited.

A schematic diagram of the experimental
arrangement is shown in Fig. 1. The plasma
is produced by surface ionization of a beam
of cesium atoms on a hot tantalum plate (-2200'K),
and is confined radially by a uniform and con-
stant magnetic field of intensity up to 2500 G.
The plasma column, about 1 m long and 2 cm
in diameter, is terminated at the opposite end
from the generating plate by a stainless-steel
wall which is left at room temperature. Two
grids, separated by 9.5 cm from each other,
are inserted in the plasma column as exciters
of ion waves. The surface of the grid is nor-
mal to the magnetic lines of force. The grids
consist of molybdenum wires 0.1 rnm in diam-
eter, spaced 2 mm apart. They are biased
at -10 V with respect to the generating hot tan-

talum plate, and each grid absorbs about 50%
of the streaming ions from the plate. By ap-
plying alternating voltage of 10 V peak-to-peak
to the exciting grids continuously, the trans-
mission rate of the ions through the grid is
modulated' by about 30 /0. The plasma densi-
ty is uniform within a variation of 15% along
the column, where the experiment is performed.
The ion waves are received by the third grid,
movable along the axis of the machine and bi-
ased at —20 V relative to the hot plate for de-
tecting the density fluctuation of the ions. A

signal from the receiving grid is fed to a syn-
chronous detector with a reference signal of
the frequencyf, —f, . The reference signal is
generated from a ring modulator and a filter,
suppressing the f, +f, signal, by feeding f, and

f, from the excitation sources. Here, f, and

f, are the exciting frequencies of the first grid
(hot-plate side) and of the second grid (receiv-
er side), respectively.

The plasma density N and the electron tem-
perature Te measured by a I angmuir probe
are 2x10'/cc and 0.7 eV, respectively. The
electron temperature depends on the bias of
the exci'.ing grids. The ion temperature as
determined by the ion sensitive probe' is 0.25
eV. The background neutral pressure is 5x10
Torr. From these parameters the mean free
paths between particles are calculated as fol-
lows: X, =7xl0 cm, x, , =70 cm, X =4
X10' cm, and A.e ~=2x10' cm, where the suf-
fixes i, e, and n refer to ions, electrons, and
neutral atoms, respectively. For the present
ion-wave experiments, extending over a length
of about 30 cm, the plasma is collision free
in the sense of the theory.

The ion waves excited by the grids propagate
in both directions along the plasma column.
While the wavelength is comparable with, or
longer than, the plasma diameter, no disper-
sion of the wave is observed at the ion cyclo-
tron frequency (-20 kc/sec). This fact suggests
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