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Certain kinematic effects in resonance absorption and scattering are considered which oc-
cur when there is nuclear quadrupole interaction. Methods are proposed for determining all
the characteristic parameters of quadrupole interaction from Mdssbauer spectra of reso-
nance absorption and scattering in single and polycrystals. These methods are convenient
to apply even when the quadrupole interaction is small and only causes a broadening of the

Mossbauer line.
INTRODUCTION

THE study of nuclear quadrupole interaction is an
interesting branch of investigations using the
Mossbauer effect. Unfortunately, as yet we have
not succeeded in using the experimental data for
a complete determination of all the characteristic
parameters of the quadrupole interaction (such as
the quantity eQ¢,,, the asymmetry parameter
for the electric field 7 = (¢xx — @yy Y/ @77 and
the orientation of the principal axes of the electric
field gradient tensor (e.f.g)). This situation is
connected with the fact that in the majority of ex-
periments, which are usually on the principal
Mossbauer isotopes (Fe®, sn!1® Tel?, etc) that
have vy transitions with Iy = 3/2 — I3 = 1/2, the
only source of information about the quadrupole
interaction is the separation between components
of the Mossbauer spectrum. This defect of the
experiments done so far has obviously seriously
limited possible application of the M&ssbauer ef-
fect to the study of atomic and crystal structure.
In the present paper we note certain kinematical
effects in the resonance absorption and scattering
of v quanta and suggest a method for determining
the characteristic quantities for this interaction.

DEVIATION OF GENERAL FORMULAS

The Hamiltonian describing the nuclear quad-
rupole interaction can be written in the form

H:Zﬁ%%jﬂwf—lU+D+ﬂUf+Lm’(D

where I and Q are the spin and quadrupole mo-
ment of the nucleus, and I; =1Ix £ in. In the case
of an axially symmetric field (7 = 0) the quad-

rupole interaction gives rise to a splitting of the
nuclear level into sublevels with definite values of
|I;|. The sublevel states are doubly degenerate.

In the general case 0 < < 1, it follows from
(1) that the split sublevels do not have definite
values of I,. Each degenerate state of a sublevel
is a superposition of states with definite values of
the spin projection:

=2 Am o (2)
mj
where j labels the degenerate state, i labels the
sublevel. In the case of half-integral spin, j takes
on two values and the subscripts mj differ from
one another by two units.

Let us assume for simplicity that there is no
quadrupole interaction in the ground state. Con-
sider a y transition I — I5. If for the excited
level eQggy > I', the resonance absorption
(emission) line is a multiplet, for which the in-
tensities of the individual components depend on
the orientation of the wave vector k of the photon
in the system of the principal axes of the e.f.g.
tensor. It is not difficult to see that the cross
section for resonance absorption of the i’th com-
ponent of the multiplet has the form

fi(k) = const | [ ZAniLb]-C([ale;mnme'

p=*xl my;

maj

_ 2 3
— ma) D, m» (k) ] , 3)

where C is a Clebsch-Gordan coefficient and D
is a generalized spherical function. For specific
calculations formula (3) is conveniently written in
the form
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where the W’s are Racah coefficients, 0 < v

=< min (2I,, 2L ). Let us consider resonance scat-
tering. Using the usual methods of the theory of
Y — v correlations, one can show that the angular
dependence of the cross section for resonance
scattering of the i-th component of the multiplet
has the form

Fi(k, k') = const >, | > (-

far ’ ’
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0 << v, v << min(2],,2L), (4)

where the subscripts mpj, run through the same
values as myp; in (1) and (2).
If the direction of the ¥ quantum coincides with
. v
the z axis, Dmbj' -mpj,0 Zambj'mbj’ and formula

(4) gives a clear picture of the angular distribu-
tion of scattered y quanta Fl(ki) in the system
of the principal axes of the e.f.g. tensor.

The formulas given are valid only for a single
crystal. For a polycrystal the resonance absorp-
tion and scattering cross sections for the quad-
rupole components are obtained by averaging (3)
and (4) over the orientation of the system of
principal axes of the tensor.

THE CASE OF y TRANSITIONS ¥, — Y,

Let us consider the most common case in ex-
periments on the Mossbauer effect, corresponding
toa 3/2 - 1/2 transition. Quadrupole interaction is
absent in the ground state. The excited state is
split into two sublevels with energies
+ (eQ@zz/4) V1 + 1n*/3, and these sublevels are
doubly degenerate. Their wave functions are
easily found from perturbation theory:

Q‘Pzz Yol = A(P,, + APp_y)
Bt ="yl /3 Ve, o
{ "DZ ‘P 3/ +Awl/2)
Q% P2 = (pr — Ay _, )
Fe— — ]/1_}_ 2/3 - =L’ (5
N R T
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where A = (n/V3)(1+ V1 + 1%/3, while A is a

normalization factor. Thus in the general case
(n #0) the v line is a doublet with a separation
of the components equal to Y, eQp,, V1 +1n2/3. It
is obvious that a measurement by the Mdssbauer
effect of just one such separation cannot deter-
mine all the parameters and the orientation of the
principal axes of the e.f.g. tensor.

Let us consider the angular dependence of the
resonance absorption cross section for the two
components of the doublet. In our case it follows
from (3) that

f<’>(6rp)~(1+ )(1+cosze)+ A?sin2 0

+ 2—_4 sin2 0 cos 2¢,
Y3

12 (0g) ~ (%-{-AZ) (1 + cos? 6)+—§-sin20

— —24 sin2 0 cos 2¢, (6)
13
where 60 and ¢ are the spherical angles of the
vector k in the system of the principal axes of the
e.f.g. tensor. For n =0 (A =0) we have the
simple formulas for an axially symmetric field:

f(0) ~ 1+ cos?B, F&(0) ~ 53— cos®0. (7)

Comparison of (6) and (7) shows that any asym-
metry of the electric field sensitively influences
the angular dependence of the absorption cross
sections of the doublet components. Of particular
interest is the azimuthal dependence of the cross
sections for resonance absorption of the two com-
ponents of the doublet, where the effect is propor-
tional to 71, i.e., becomes important even for
small 7.

From the experimental point of view it is more
convenient to investigate the relative absorption
of the two components, i.e., f{1/f® =a, As an
example, we take 1 = 0.5, § = 7/2; then a varies
from a = 0.46 when ¢ =7/2 to a = 0.8 when
@ = 0. Thus, by studying the azimuthal dependence
of the relative intensity of the components of the
doublet in the MOssbauer absorption spectrum in
a single crystal (the y emission line is single),
we can determine the asymmetry parameter 7
and the directions of the principal axes of the
e.f.g. tensor. Then the quantity eQgzz can be
determined from the spacing (5) of the compon-
ents. The sign of eQ¢,, is easily established
from the relative position of the two components
of the doublet in the Mdssbauer spectrum.

The resonance absorption spectrum in a poly-
crystal does not give sufficient information for
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determining all the characteristic parameters of
the quadrupole interaction.

We consider resonance scattering. Formula
(4) now becomes

FL2(kK) = const[ 1442+ % (1 — A42) Dy? (k)

A 2 2 2 4 — 2 2 4
= 25 (L) 4 Da?(1) J[1+42 =t — 49 Dw (i)

4
— (DI (K') 4 Do (k")) 1 .
= (L) + Dai ()| ®)

If the direction of the incident ¥ quantum is along
the z axis, (8) will have the form

FL(0'¢’) = const (3 -+ 42) [3 + 542 + 3(1 — A2) cos? &/
+ 2Y34 sin? 0’ cos 2¢],

F2(0'¢") = const(1 + 34?) [5 + 34% — 3(1 — 4?) cos? 0’
— 2734 sin2 ® cos 2¢’]. 9)

Here the effect of the azimuthal dependence is
even more clearly apparent. Thus by rotating a
single crystal absorber sample around the direc-
tion of the ¥ quantum (the z axis) we can, from
the dependence of the relative intensities of the
Mossbauer doublet components, determine A

(or n). The resonance scattering method has
other advantages:

1) If the characteristic quantity for the quad-
rupole interaction, eQ¢g,, is small, but eQg,,
> I', so that the Mdssbauer line is not split, but
only noticeably broadened, we can determine 7
from the azimuthal dependence of the total cross
section for resonance scattering:

F(0'¢) =F0(0'¢") + FO(8'¢);

FW(¢7¢’) and F@ (6’¢’) are defined in (9). For
a thin scatterer F (6’¢’) may be assumed to be
proportional to the area under the curve in the
Mossbauer spectrum. When the inequality

eQygz > I' is not satisfied, the total resonance
scattering cross section still depends on the ratio

(10)
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of eQy,, and T', and can be calculated in the
same way as in the theory of v — vy correlation.
But in this case the azimuthal dependence is less
sensitive, and therefore is not of interest.

2) The spectrum for resonance scattering in
a single crystal is a markedly asymmetric
doublet. Therefore, when eQ¢,, is small and
the MGssbauer spectrum becomes a single
broadened line, this quantity can be determined
precisely from the shift of the center of gravity
of the spectrum (if the parameter 7 is already
known). Thus, even when the quadrupole interac-
tion is small, all its characteristics can be de-
termined completely.

3) The cross section for resonance scattering
in a polycrystal depends on the angle between the
directions of the incident and scattered y quanta.
If we assume that the probabilities for the
Mossbauer effect in the single crystal, f, f’ are
independent of the direction of propagation of the
v quantum, the cross section for resonance scat-
tering of the doublet components in the poly-
crystal is obtained by simply averaging (8) over
the orientations of the system of principal axes
of the tensor:

F12(9) = const [1 + 242 + /aP3(cos B) + ¥2042Py(cos )],
(11)

where § is the angle between k and k’. On this
assumption the two components of the doublet

from resonance scattering have the same intensity.
Expression (11) enables one to determine A (or
1) by measurements on a polycrystal.
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