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It is shown that it is possible to observe the shift of the fine structure components of the
Rayleigh line which occurs when the frequency of the phonon which participates in the light
scattering coincides with one of the splittings of the spin levels of the paramagnetic ion.
Possible experiments for observing the scattering of light with simultaneous saturation of
the paramagnetic resonance lines are discussed.

1. Under certain conditions the absorption of
sound in paramagnets as a function of magnetic
field has sharp maxima corresponding to the sound
frequency coinciding with the intervals between
spin levels (cf., for example, the summary [ ). It
is obvious that in the absorption region the rela-
tion between the sound frequency and the wave
vector changes and thus becomes dependent on the
magnetic field. This effect results, in particular,
in a shift of the fine structure components of the
Rayleigh line for definite values of the magnetic
field.!) Since the frequency of the phonons partici-
pating in the scattering of light in crystals is of
order 101°—10! cps, the investigation of Rayleigh
scattering in paramagnets offers the possibility

of studying the spin-phonon interaction without
having to contend with the difficulties of exciting
sound at such high frequencies. In the present
note we discuss the possibilities for doing such

an experiment.

2. The change of the sound velocity as a result
of spin-phonon interaction has been detected ex-
perimentally,m and a qualitative explanation of the
effect has been given.m we shall give a more de-
tailed examination of this question. The Hamil-
tonian of the system can be written in the form
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DThis was first pointed out by V. L. Ginzburg.

Here g, ZCp and JCs_p are the respective
Hamiltonians for the spin system, the phonon field,
and the spin-phonon interaction; bcI?\ and b,, are
the operators for the creation and annihilation of
phonons with wave vector ¢ and polarization A;
wq\ is the phonon frequency; M is the mass of
the crystal; v, is the sound velocity in the ab-
sence of spin-phonon interaction; Y;.gn is a func-
tion of the operators of the angular variables of
the ‘““‘magnetic’’ electrons of the j-th paramagnetic
ion; e?;t are the components of the spherical
tensor of second rank constructed from the unit
vectors u and e)‘ of the wave vector and the
polarization vector:
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We write the equation of motion for the phonon
Green function
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We neglect the interaction between different
normal modes of the lattice. The brackets
(...) denote a statistical average; [A, B] is the
commutator of the operators A and B; 6 (t — t’)
is a step function, equal to one for t >t’ and
zero for t <t’.

Changing to the time Fourier transform in (3)
and introducing the polarization operator Pq,\ (w)
(cf., for example, [4]) according to the equation

{0 — wgr— qPqr(0)}Dqr(@0) = —1/om, (4)

we find in first approximation in ¥g_p:
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Here p is the density of the crystal and N the

number of paramagnetic particles per unit volume.
If we search for the poles of the function

Dq;\ (w), which determine the phonon frequencies,

we find

0 = o3+ gPqr(0). (6)

The real part of this equation determines the
dependence of the phonon frequency on the wave
vector, and the imaginary part determines the
phonon absorption.

We note that the polarization operator is
practically independent of the modulus of the
wave vector for values corresponding to sound
vibrations, since the spin correlations fall off
rapidly with distance. The observed sound ve-
locity is now

vE = v -+ Re Pqa(0).

Let us consider Pq)\ (w) in more detail. Intro-
ducing the single-particle statistical operator
Pkk’» diagonal in the energy representation of the
unperturbed spin system, we have:
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We shall first assume that there are no interac-
actions in the spin system. Writing the equation

of motion for the spin retarded Green function,
we get:
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where the symbol P denotes the principal value.
We then see that in the equilibrium state, when
the difference in spin level occupation numbers

N — Ny = {paw — pr> < 0 for opn >0,

the imaginary part of (8) is positive; this causes
the appearance in the phonon correlation function
of a factor which falls of exponentially with time,
as it should. If the spin system is not in an equili-
brium state and

Ny — N >0 for wpy >0,

then Im Pq}\ (w) changes sign and the sound wave
is amplified in passing through the crystal

(cf.m ). The presence of interactions in the spin
system causes the delta function in Im Pq;\ (w) to
be replaced by some curve g(w — wirk) with a
finite width.

Using the analytic properties of Green func-
tions, the change in the spin velocity can be ex-
pressed in terms of the phonon damping:

P (o]
Re Pg, (0) — Re P, (00) = — S do’

Im Py (o)
o —0o

9)

In particular, if the curve g(w — wk’k) has the
Lorentz shape with a width equal to A, the maxi-
mum value of the sound velocity at frequencies in
the vicinity of resonance will be:

SU)L ] . Ogx (Qo) ®
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Here ogy) (w) the coefficient for paramagnetic
absorption of sound and €, is the resonance fre-
quency.

3. Let us make some numerical estimates and
discuss the possibility of observing this effect. As
an example we consider the MgO crystal with
impurities of Ni’* and Fe?*, whose spin-phonon
interaction has been well investigated. ) For
both ions the ground state in a field of cubic sym-
metry is a triplet with effective spin S =1, which
is split only by a magnetic field. The velocity of
longitudinal sound waves along the (100) axis in
MgO is 9.25 X 10° cm/sec. Consequently in the
scattering of light from a mercury arc (w/27
=7 x 10" cps) at right angles, the distance be-
tween fine structure components, according to
the Mandel’shtam-Brillouin formula, is /2%
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=6 x 10! cps. The coefficient of paramagnetic
resonance absorption of sound in MgO with a
concentration of Ni%* ions equal to ¢ =5 x 1078,
at a frequency Q/2m = 9.225 X 10° cps was (2]

0 =0.25 cm™! for the transition with a change of
spin projection AM = 2 at liquid helium tempera-
tures. For this transition o depends on the angle
¢ between the direction of propagation of the
sound (100) and the direction of the external
magnetic field as sin’g; in this case ¢ = 90°.
According to (8), the maximum change in the
velocity of the phonons participating in the light
scattering is equal in our example to 6v/v =4

X 107% (we have assumed the absorption coeffi-
cient ¢ () ~ Q). We then see that the effect is
observable in a MgO crystal with a concentration
of Ni?* jons of order ¢ ~ 1072—1073,

In the case of the Fe?* ion the absorption co-
efficient was ¢ =0.44 at a frequency /27
=9.46 x 10° cps and a concentration ¢ = 7.5
X 1075 and ¢ = 16.5°, other conditions being the
same. Consequently the change in the velocity of
phonons of frequency /27 = 3 x 10! also at
@ =90° will be 6v/v =0.01, which seems to indi-
cate a considerable shift of the fine structure
components of the Rayleigh line in such a
crystal.

Other suitable objects for study might be
crystals containing paramagnetic ions of elements
of the iron group, like V3*, Cr*, and Ti**. We
may anticipate an especially large effect in
crystals containing paramagnetic ions of the rare
earths with an even number of electrons. In this
case, in particular, there is no need to satisfy the
resonance conditions between phonon and spin fre-
quencies, and one will see a dispersion of the
sound caused by the relaxation processes in the
spin system.!] Moreover, even in the absence of
a magnetic field there should be considerable
damping of the sound and a dependence of its
velocity on frequency in paramagnetic crystals of
the rare earths, in contrast to diamagnetic
crystals (for example in praseodymium ethyl
sulfate as compared to lanthanum ethyl sulfate).
This effect might also be detectable in liquids, but
the dependence on magnetic field should be weak
because of broadening of the line shape g(w) by
Brownian motion.

We should mention the following point. Because
the change of the sound velocity, according to (8),
is proportional to the difference in occupations of
the spin levels, one should expect the largest
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shift to occur at low temperatures when the in-
tensity of the Rayleigh scattering is greatly re-
duced. It is therefore desirable to use a laser as
the light source. The width of the fine structure
components will apparently be of the same order
as these shifts, and the precision in measuring
the latter will be low. Besides, the value of the
spin-phonon interaction which one gets from re-
laxation measurements in most cases claims only
to give the order of magnitude. The question of
the line shape under resonance conditions will be
treated elsewhere.

It would be of great interest to observe Ray-
leigh scattering with inverted spin level occupa-
tions (for example by using maser action). If the
rate of energy transfer from the spin system to
the resonant phonons is greater than that from
these phonons to others, the temperature of the
resonant phonons will increase sharply, which
will lead to a corresponding increase in the light
scattering. According to (8) the sign of the shifts
then changes. For saturation of the paramagnetic
resonance by equating the populations of the spin
levels, the shifts and broadening of the lines
disappear, but the scattered intensity still in-
creases. Such experiments enable one to study
the dynamics of the establishment of equilibrium
in the system of spins and phonons.

In conclusion we should like to mention that the
study of the Rayleigh scattering of light in para-
magnets is of particular interest for the case of
strong spin-phonon interaction, when the observa-
tion of acoustic paramagnetic resonance is im-
possible because of the broadening of the absorp-
tion line. The widths of the Mandel’shtam -
Brillouin components can be varied by changing
the concentration of paramagnetic ions.
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