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A theory is given of resonance absorption of ultrasound in various paramagnetic salts
under the assumdption that spin-lattice interaction is caused by the modulation of the inter-

nal electric fiel

of the crystal by the elastic vibrations of the lattice. The coefficient of

sound absorption has been computed for salts of elements of the iron group (titanium-cesium
and chromium alums), for salts of rare earth elements ( cerium nitrate, praseodymium ethyl
sulfate ), and in salts whose magnetic ions are in the S state (iron alum). In certain cases
the coefficient 7 is so considerable that the effect of paramagnetic absorption of sound ought

to be easily observable.

1. INTRODUCTION

N the present work there is considered the re-

sonance absorption of ultrasound in paramag-
netic salts which occurs as the result of transitions
between the energy levels of a spin system placed
in a constant magnetic field. Such absorption takes
place if the resonance condition

hv = gBH, (1)
is satisfied, where v is the ultrasonic frequency,
g the spectroscopic splitting factor, 3 the magne-
ton, and / the intensity of the applied magnetic
field.

The phenomenon under consideration is analog-
ous to the effect of palramagnetic resonance, dis-
covered by Zavoiskii This latter phenomenon,
as is well known,consists of the resonance ab-
sorption of the energy of a radio frequency elec-
tromagnetic field by the spin system, as a result
of magnetic dipole transitions between sublevels,
brought about by a constant magnetic field applied
perpendicularly to a variable magnetic field.
Equation (1) must be satisfied in this case also,
but v now represents the frequency of the variable
magnetic field. The possibility of resonance ab-
sorption of the energy of sound vibrations by para-
magnetic salts was also discussed by Zavoiskii.

The nature of the mechanism which brings about
the transfer of the energy of sound vibrations to
the paramagnetic particles is evidently the same
as that in paramagnetic relaxation. In paramag-
netic relaxation thermodynamic equilibrium is
established by the transfer of energy of the magnet-
ic atoms to the thermal vibrations of the lattice.
This energy exchange between the spin system

1E. K. Zavoiskii, Sow. Phys. 10, 197 (1946)
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and the vibrations of the lattice is brought about
by processes of second order, i. e., by the multi-
ple scattering of phonons, at least down to liquid
helium temperatures. Single phonon processes play
a dominant role only at very low temperatures.

The resonance absorption of ultrasound can be
considered as the reverse phenomenon of paramag-
netic lattice relaxation, for it consists of the
absorption by the lattice of the energy of vibration
of a set of magnetic atoms. The forces which act
on the magnetic atoms will change periodically,
under the action of ultrasound, and transitions from
one magnetic energy sublevel to another will occur. The
high population of the lower sublevels causes the
number of transitions connected with the absorption
of energy to exceed the number of reverse proces-
ses. Equilibrium will be established as a result
of transfer of the excess energy of the paramagnet-
ic particles to the thermal vibrations of the lattice.

It must be kept in mind that the paramagnetic
sound absorption results from first order processes
which involve the complete absorption of phonons
whose frequency satisfies the resonant condition
(1). Therefore, calculation of the paramagnetic
sound absorption coefficient is analogous to the
computation of the relaxation time 7of the para-
magnetic lattice at liquid helium temperatures.

We can, therefore, immediately estimate the magni-
tude of this effect in solids.

The probability 4 of the absorption of a phonon
per second under the action of the thermal vibration
of the lattice is approximately 1/2 7. Furthermore,
this probability is proportional to the number of
vibrations per unit frequency interval, pov, at fre-
quency v, and to the mean value of the quantum
number n,, at the temperature T of the crystal,
since

A= A, oy, (2)
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po=4m*V /03 n,=kT,[h.

Here V is the volume of the crystal and v is the
velocity of sound. We shall consider the sound to
be virtually monochromatic. If the mean width of
sound frequency band is Av, the intensity of the
sound wave, i. e. the energy developed per second
per square centimeter, will be equal to / = [,Av,
where I, =vpn hv/V. Here p, and n have the
same meanings as p,, and n,, in (2) but refer to the
sound vibrations. The energy of these vibrations
absorbed per unit volume of paramagnetic material
per second at a temperature T is equal to

hv)?2 A
E == A’Aopana (k*\;)‘ Tlll‘ ’ (3)

where V is the number of magnetic atoms per unit
volume.

We have assumed that the interval Av is much
less than the half width of the paramagnetic reso-
nance absorption line, v 1/9. The factorhv_

kT
defines the excess of absorption events over e-
vents of phonon emission. We obtain the sound
absorption coefficient & from (2) and (3):

c— £ _ R N
T 1 T B2 7T, Tv,/" (4)

All measurements of the relaxation time 7, car-
ried out for the compounds

CrK(SOy),- 12H,0, Gdy(SO,)s+8H,0,

FeNH,(SO,),+12H,0, " CuK,(SO,),6H,0,

at the temperatures of liquid helium 2 give values
for 7 close to 10 “ sec , increasing slightly with
increase in the applied magnetic field. Hence we
obtain a value of about 0.1 cm "1 for the coeffi-
ciento at room temperature. Of course it must be
recalled that frequencies higher than 10 9 /sec.
play a decisive role in the spin-lattice interac-
tions that define the quantity 7, because of in-
ternal magnetic fields. Therefore an estimate of
the absorption coefficient o can be made for
sound frequenices of the order 109 / sec., with
the aid of {4); for lower frequencies, one must take
into account the fact that ois ordinarily propor-
tional to the square of the frequency v.

2H. C. Kramers, D. Bijl, C. J. Gorter, Physica 16, 65
(1950)

Thus, the effect we seek is of measurable size.

We have therefore carried out calculations of the
absorption coefficient o for various substances.
In most paramagnetic salts the internal electric
field of the crystal plays a fundamental role in
spin-lattice interactions. In these substances. the
sound vibrations of the lattice alter the electric
field of the crystal and periodically react on the
orbital motion of the electrons of the magnetic
atom. Consequently a change results in the spin
direction of the atom relative to the external
magnetic field. We have considered only sound

absorption resulting from the mechanism of spin-

lattice interaction.

2. SALTS OF ELEMENTS OF THE IRON GROUP

First we introduce the usual formula for the
coefficient of absorption. The probability per
second that an atom undergoes transition from one
magnetic level « to another level B, absorbing in
this process one quantum of lattice vibration, is
equal to

42

A= W Pa| T a, g; ng—1, ng |- (5)

Here ', B;ng—1, n, is the matrix element

of excitation, consisting of spin-lattice and pos-
sibly other interactions. The energy absorbed per
unit volume of the paramagnetic specimen is

_ (hv)2 Av
E=ANTT (6)

Hence we obtain for the absorption coefficient

4n? NmW
= T2 2 )
h2 k'l;vna v‘l, l c%a, B; ng—1, ”al .

We assume that the sound absorption is related to
the periodic variations of the eleetric field of the
crystal under the action of the elastic vibrations
of the lattice. In many salts the magnetic ion is
surrounded by six water molecules, placed at the
corners of an octahedron. The normal vibrations
of such a group of molecules were investigated
by Van Vleck °. If we denote by ¢y the nor-

mal coordinates of the system Mex6H720,then itis shown
that the energy of the spin-ltattice interaction will
depend linearly only on some 6 coordinates, so that,
neglecting quadratic terms relative to O, we can
write

3J..H. Van Vieck, J. Chem. Phys. 7, 72 (1939)
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Ha, B; ng==L, ng = 2 (Fr)a, B(Qu)na—l. nge (8)

R=1

The quantities Q,  will be linear functions of all
3N normal coordinates §; which characterize the
elastic waves of the lattice:

QH = Z aki qi, (9)

where

ag; = O;

a1 = 1 Ay, + by, @y, — D, /V/'3;

a4i =u ()\xiq)yi + )\yiq)xi"i‘ )\ziq)xi + }:riq)zi
+ gy @y, 02) /Y35

@i = 1 (hgy @z + Xy @y, — oy, D,
— 1050/ VE

Boi = 1 (A, @, + Dy + 1y, Dy, + 2, Dy,
— 24y, @, — 2., ®,) /16,

(10)

and

1= (20vR [ v) sin &;. (11)

are the di-

Here @, , @ ®_ and )\x,)\ A
1

Y P

rection cosines of the polarization and the veloci-
ty of propagation of the wave, respectively, R is
the equilibrium distance between the molecule of
water and the magnetic ion, §; is a phase constant.

We assume that the magnetic field is parallel to
the z axis and that the sound wave is propagated
along the x axis. Then, substituting (8) in (7),
and making use of (9), (10) and (11), we get, for
the absorption coefficient of a wave propagated in
a direction perpendicular to the magnetic field,
the expression

2
At EEASAEN,

I

°L (12)
+7%(9z2%§+%§%3)
+ 2| P+ T+ 2|

+V/ 2 st + A

1 o * *
—ﬁ(‘%"“%e + TG s)
+ VR tsits+ 300

Here d is the dens:ty of the substance and P re-
presents the factor 7 ZN/k To 31/1/20,' which ap-
pears in all expressions for the coefficient of
sound absorption in solids. We have carried out
averages over all directions of polarization and
over all possible values of §;. Similarly if the
wave is propagated in a direction parallel to the
magnetic field we obtain the expression*

o= L PRRYA|H, |+ 2|7 + 8| (12)
1| |2+ 2 V2 (HaSs + o o)a -

We first consider the rather thoroughly inves-
tigated, (both theoretically and experimentally)
titanium-cesium and chromium-potassium
alums. The atom of titanium entering into the com-
pounds C2S Ti (504) 2+ 12H,0 is found in the

position D. The strong field of cubic symmetry,
created by the water molecules, splits the orbital
energy level into a doublet and triplet, separated
by an interval greater than 50, 000 cm ~1 The
trigonal field created by the remaining atoms of
the crystal and the spin-orbital interaction com-
pletely removes the orbital degeneracy. In the
absence of an external magnetic field only the
double spin degeneracy is preserved. We assume
that the magnetic field is applied parallel to the
trigonal axis of the crystal; the splitting of the
lowest energy level will be defined by a g factor, e
qual to /4 *. We are interested in the matrix ele-
ment of excitation which combines these two mag-
netic sublevels. It is possible to obtain it by
making use of the known calculations on the time
of paramagnetic relaxation 3, if we include in the
excitation operator the energy of the atom in the ex-
ternal magnetic field, the spin-orbit and orbit-
lattice interactions. The first approximation shows
this matrix element equal to zero. In the second
approximation the matrix element of excitation is
equal to

* Henceforth we shall denote by _l_ and H quantities

ielatini to wiilv?s propagatecll in directions perpendicu-
ar and parallel, respecti , to th i -~
4netic Ry pectively, to the applied mag

B. Bleaney and K. W. H. Steevens, Ann. Rep. Prog.
Phys. 16, 108 (1952) P &

5J. H. Van Vleck, Phys. Rev. 57, 426 (1940)
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Tt tting—sma = 7 g5 |V 62 (1 Qe Qy) (13)

1 .
— b (iQs —Qs)]?a_ ,

1, n,
where
12 25 rtyep |
a=—= (R2 18 ﬁ)k—“ (14)
25 (r* 5 rtyep
A

Here r is the mean distance of the 3d electron

from the nucleus, nis the effective dipole mo-
ment of the water molecule, 8 is the interval sep-
arating the two lowest orbit sublevels, A is the
constant of spin-orbit interaction. Hence we imme-
diately obtain the value of § |, the substitution of
which in (12) and(12") gives’us the following ex-
pression for the absorption coefficient .

= (3] )

=) [n (@ - 75 + T (R)]

The absorption coefficient does not depend on the
angle between the constant magnetic field and the
direction of propagation of the ultrasound. Making
use of the following values for the quantities en-
tering into this formula:

(15)

where

=154 cm7; 0=

v =2.340° cm/cek.; d =2 r/cmd;

R=2x10"% cm; r? =1.23x1071 cm?;

ri=2.46x10"% cm%; = 2X107® CGSE;
vu, = 1.8X10% cex.!; 7T = 20°K,

(taken in large part from Bleaney and Steevens *
and Van Vleck °), we get for o:
o = 2.4X10738%* cm7L, (16)

In estimating o, we have taken T = 20°, since
titanium-cesium alum possesses an anomalously
short time for spin-lattice relaxation, so that reson-
ance absorption is found only at low temperatures.
We proceed to chromium alum. The basic state
of the triply ionized atom of chromium is *F. The
splitting scheme of the energy levels by the elec-
tric field of the crystal and the external magnetic
field is shown in Fig. 1. The strong cubic field
produces a splitting of the orbit energy level in-
to three sublevels, the lowest of which is single.
The overall splitting A, according to Bleaney and
Bowers® is 50,000/cm. If electron spin is taken
into account, the degeneracy of the basic energy
level associated with it is preserved in a field of
cubic symmetry. The trigonal field splits the spin
quadruplet into two Kramers doublets, the interval
6 between them lying in the range 0.12 to 0.18 em™!
for chromium alums of various types. The magnet-
ic spin quantum numbers +3/2 correspond to the
lower doublet, the numbers +1/2 to the upper.

Fig. 1. Scheme
of the successive
splitting of the
basic energy lev-
el of the CrH+
ion because of its 4
presence in the
electric field of
a crystal of cubic
symmetry, in a VA
w)(’eak fleylyd of

P S— G

; /]
trigonal symmetry ) 7
g in an external 72
magnetlc field.
~Jz

The matrix element of excitation, which con-
sists of spin-orbit and spin-lattice interaction,
differs from zero only in the third approximation,
and can be represented in the following form 5,

{2 [Qs (282 = SE —S3) (17)
+V¥3Q, (S;l' —SH] + & [Qq (S:Sy + Sy Sy)
+ Q5 (SiS: + S:S)
+ Q4 (SyS: + S:Sy)la. 65 ng—1. ng

z%a. B ng~1, n, =

where
22 rs
0= 54V3 5 () fo
_12.324 32 fep\[r?
f2= 75 ar (ﬁ> (EE—

6B Bleaney and K. D. Bowers, Proc. Phys. Soc.
(London) 64A, 1135 (1951)

EE)
36 R’
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/g, +3/2.

In our approximation, only transitions between
sublevels of different Kramers doublets are non-
vanishing. Therefore the location of the absorption
line will no longer be determined by Eq. (1), which
refers to transitions between sublevels that are
produced upon the imposition of an external mag-
netic field. With the help of (17) and (12), calcula-
tion leads to the following expression for the ab-
sorption coefficient:

ol (3P

For transitions~1/2 53/9 and 395 1/2, the co-
efficient is equal to
55 rort

a1=3(%4)2[(;1) 2o s (5] 09

3(5 324) (rz ﬁfﬁ)?

) \RTBR)

For transitions between sublevels —3/2 > — 1/2,
Ve, 3 2, the coefficient « does not depend on
the direction of the applied magnetic field, and is
equal to 8«

If, in estimating the numerical value of the ab-
sorption coefflclent we assume that A = 88 em™1;
d=1.7gm/em3, 11/, = 1.03x 10° sec™!, T =
300°K, and that the other quantities have the same
values as for titanium-cesium alums, we get

S is the spin moment operator, =, 3 =+

(18)

GiL = 0.80)(10_21 v2 CM*I; s'" (20)

= 0.56X10723v2 cm7L.

For salts of titanium and chromium we obtained a
different dependence of the magnitude of the ab-
sorption on the frequency of the sound. This be-
havior is explained by the fact that in the ease of
chromium alums the spin degeneracy is partially re-
moved even in the absence of any external magnet-

ic field.

3. SALTS OF RARE EARTH ELEMENTS

Spin-lattice interaction in salts of rare earth
elements possesses a number of peculiarities which
were considered in an earlier work of the author 7.

The

As an example, we consider cerium nitrate.

7S. A. Al'tshuler, J. Exper. Theoret. Phys. USSR
24, 681 (1953)

33

free triply ionized atom of cerium is in the state
2F 5/9. The six molecules of water which sur-
round the magnetic ion evidently produce a field of
cubic symmetry. This field splits the fundamental
energy level into a doublet and a quadruplet,
separated by a difference A (Fig. 2). A weaker
trigonal field, produced by the remaining atoms of
the crystal, splits the quadruplet into two doubly
degenerate sublevels. Further splittings of the
levels ab, cd and fg in an external magnetic
field, applied parallel to the axis of the octahedron,
have the values 1 3gﬁH gPBH, 5/3g,8H re-

spectively.
b
a
é
4
d
(4
Y]
o S
g
Fig. 2. Scheme of the successwe split-
ting of the basw ener, evel of the
Ce ion because oﬂts presence

in the electric field of a crystal of cub-
ic symmetry, in a weak field of trigonal
?ymmetry, and in an external magnetic
ield

We first consider absorption due to transitions
between levels f and g . The matrix element of the
interaction, which included the spin-lattice inter-
action and the potential of the trigonal field, dif-
fers from zero in the second approximation, and is

9 rt\2

equal to
‘zis‘(fe‘:)(;; &T‘) (1)

s 2BH) 8
X — s ¢ gB ) (Qs + le)na—l. ng-

%f. & ng—1, np =

For absorption coefficients we get, by the usual
method,

_—1—(;'2 9 Fa\2/p
— 18 \ﬁ“ﬁﬁ) (Rz)

oy =1a0y.

wepP

v 22

If we take V1/y= 1.6 x 10 9/sec. as the half width

of the absorptlon line, and use the values given in
reference 7 for the other quantities, we get (at
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T =20°K)

o= 3-107% v4cMm 1,

The matrix element of excitation for transitions
between the sublevels ab has the same form as that
for fg.. The only difference is that the interval
ab is /5 times larger than the interval fg. As a
consequence the absorption coefficient obtained
for fg must be multiplied by (5/11)2,

Calculation shows that the probabilities of
transitions between levels cd are zero. This
result is related to our choice of a field of low
symmetry (relative to the fundamental cubic field).
With a field of another type we would have obtained
absorption of the same order as for the other pair
of levels.

Thus the absorption coefficient for cerium ni-
trate is shown to be very small. Such a result
isexplained by the low symmetry of the electric
field of the crystal, which leaves only the Kramers
degeneracy of the energy level. This cannot be
connected with changes in the electric field pro-
duced by the vibrations of the lattice. Otherwise
it would be as if the electric field of the crystal
had possessed such great symmetry that it could
preserve the non-Kramers degeneracy of the energy
levels. In such a case the spin-lattice interaction
would differ from zero even in the first approximation
and the absorption coefficient would be far larger.

Among the salts of the rare earths, most atten-
tion has thus far been given to the ethyl sulfates.
In these cases the crystalline field possesses hex-
agonal symmetry. The Ian-Teller effect, which
contributes to the low symmetry of the field, is so
small 3 in the salts of the rare earths that it can
be neglected. In atoms which have half integer
spin, the field of hexagonal symmetry splits the
energy levels so that only the Kramers degener-
acy remains °. Therefore, in salts of cerium,
neodymium and other elements, whose ions possess
an odd number of electrons , the effect of reso-
nance absorption of sound must be small. In atoms
with an even number of electrons, the hexagonal
field leaves certain energy levels doubly degener-
ate. For example, in praseg’_(‘i_xmium ethyl sulfate,
the fundamental level of Pr exhibits a non-
Kramers doublet®. It is easy to estimate the
sound absorption as a result of transitions between
this pair of levels. If we assume that the matrix

8
H. Bethe, Ann. Physik 3, 133 (1929)

9B. Bleaney and H. E. D. Scovil, Phil. Mag. 43, 999
(1951)

element of spin-lattice interaction for this doublet
differs from zero in the first approximation, we get

(22" ! for the absorption coefficient,

= op(5) ()

where y is a numerical coefficient of order unity.
Taking vy ~2x10%/sec as the width of the ab-
sorption lide, we get, for 20°K,

(23)

g~ 107352 et (23"
We note that for salts of rare earth elements, the
time of spin-lattice relaxation at room temperature
appears to be very short 7. Therefore observation
of the sound absorption effect is possible only at
low temperatures.

4. SALTS WITH MAGNETIC IONS IN THE S STATE

A special place is taken among paramagnetic
salts by the salts of doubly ionized manganese and
triply ionized iron and gadolinium. The magnetic
ions of these salts are in the S state, for which
reason the electric field of the crystal produces
very small splitting of the fundamental level, not
exceeding 1 em™1, It is also appropriate to con-
sider the salts of iron whose ion is in the 6§
state. The Hamiltonian operator which gives the
effect of the electric field of the crystal and the
external magnetic field has the following form 10

H=[sD[S:+ Sy +S:—=sS(S+1) (24),
X (38*+ S — 1)1+ gBH.
For iron rubidium alums, D = 0.0134 em™ ! 1L 0f

the magnetic field is applied in the [100] direction,
the non-vanishing matrix elements of G have the
form

'%i'/n +5, = D i5/2 G’
«%i’l,, +3, = T 3/2 D isllz G,
‘%il/zv +1y, = DiI/Z G:

(25)

p V5
‘%_./n . T ‘%‘_’[n‘/: = —2—_

lOK. W. H. Steevens, Proc. Roy. Soc. 214, 237 (1952)

1 B. Bleaney and K. S. Trenar, Proc. Phys. Soc.
(London ) 65A, 560 (1952)
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Here G = gBH.
The solution of the secular equation leads to the
following eigenvalues and wave functions:

Es=—"/D—,G+ V(D + . D%
‘Fa = aI(I)_s,, + az@a/q‘;

Epy=—1,D + 1/20+ V(D+QG)2+5/4D2;
\Fb = blq)__:]’ + bzq)u/l;

—2G)?

(26)

E.=D—1,G
V=0,
Es=D +1/,G;
‘Fd == (I);[’;

Ef=—1Y,D—1,G—V(D—2G) +

= J1 P/, + J2DPsy,;
Eg=—D+,G—V(D+2G)* +
Vo= g:10—, + 5Dy,

5/, D*

3y D%

The triply ionized atoms of iron and cerium have
a similar energy level structure, owing to the fact
that in their ground state both ions have a %uantum
number of total angular momentum equal to
Therefore, making use of Egs. (8) and (9) of our
work, which illustrates paramagnetic relaxation in
cerium salts 7, we get for the matrix elements of
the operator of spin-lattice interaction ( with the
help of the wave functions (26)):

Har= — S V5 (@1, — ashs) (1 _6%7;4’1) @7)
X (5)(Qs + Q) =F @, b);
Hou=2V3(3 (]/5a1+3a2)(R2 o

—2(/5a,— 3a) (1 + & ) Q4}

:) @

xR ”l 1‘.'

=F(a, ay);
Hoa =3 V2 |aa g+ 135 1V a5 1)
X (7%) (@5 — iQe) = F (a5, ay);
oy = — 2 V3{6afy — anf) 2
— & [5a,f, — 1525, — 14V5(a,f2+a2fl)]§+}
* (%) Q@=F.(a 1

v%ag = Fl (a’ g)a %bt = Fz (bz, bl);

Hva = F3 (b1, b2); Fos = F, (b, f);
Fog =Fy(b, 8); FHea=0

FHep = Fo(fr; f2); Hee =F3(81,89);
-%df—_—Fs(fz,fl); %dg=F2(g2’ g1)-

With the help of (12), we get the sound absorption
coefficient o:

= oP (ep | R?)™. (28)

If the magnetic field is appliedsperpendicularly
to the direction of sound propagation, then the nu-
merical coefficient will have the following values
for the various pairs of levels:

dor =5 |(@b,—asty) (o — ) )
= (@, b);

ge = 2 [“2;: 128 (7V5 a;+ 5ay) ;F]z
=y (a3, &1);

o= |5 VB art 3a,) (ot 5 2
= oy (ay, az)

%{(Salfl —asfe) 1 Rz

_ %‘Z [5a.fi — 15a,f.

— 14 lfg(alf2 + a,fy)] R—,} =04 (a, f);
Cag =, (a, 8); s =y (by, by);
%pg = oz (by, by); oy = oy (B, s
e =4 (b, g8); g =0;
%f =% (f1, fo);  %eg =3 (g1, &,);
aaf = oy (f, f1); %ag = a5(gs, £1);

%re = o (f,g).

If the magnetic field is applied parallel to the
direction of sound propagation, then the numerical
coefficient «, which we now denote by =, will be

determined, according to Eqgs. (27) by four func-
tions «_, if we give them the following values:

o =05 &g = % (V5 a,— 3a,)*

(30)
27 re\?
=Rw)
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’ 'ﬂ
X3 = Ug; Oy = 4“4.

In a strong magnetic field, which produces split-
tings much larger than does the electric field of the
crystal, it is appropriate to characterize the energy
levels by the values of the magnetic quantum num-
ber M. Thus, in this case,

al—':bz:fz:—‘gl: 1
02=b1=f1=g2=0,

and for the coefficient = we have

AMM=1 ay, ) =ay, . (31)

=5(E_ 9 rey?
T ERe)

2 Ta\2
% s :, 1/ = O 3 = L .42 L‘ .
[ D /2 ’/n /: Q(Rz +128 R‘ 3
wy, =0
AM=2: o_s;, 3, =y, 5,
_185/r2 | 45 re\?
=25 )

a._'/” D = a"‘l/n s = 3‘“1/3,‘/’ ;

AM’: 3: OC_I/., e = a‘/" = ]0 (16% §>2;
a"/i» ’,: = O;
. 315 r4\?
AM = 4' L./’v A = L./” = 5 (m% ’
AM=5: a—'/v ./’—:O. o

It should be noted that transitions between neigh-
boring sublevels are possible only under the ac-
tion of transverse vibrations, and transitions for
which AM = 2 take place only under the action of
longitudinal waves.

If a weak magnetic field is applied, then a

=by=—fy=-81= \/5/6; ag=by=f1=8
=1/ V6. In the limiting case of a vanishing mag-
netic field, the electric field splits the basic level
of the iron ion into only two sublevels, for which
the coefficient « is equal to

1

R (SR 0)

In order to compute the absorption coefficient
according to the formulas that we have developed,
the following circumstances must be considered.

In the previous cases, the energy of interaction of
the magnetic i%n with the water molecules is of the
order of e/ R*. The effect of the electric field of
the crystal on the ion, which is in the S state, is
even weaker. We take this circumstance into ac-
count by attaching correspondingly smaller values
of the dipole moment . In iron-rubidium alums,
the crystalline field produces energy splitting
approximately 1076 that in the same salts with an-
other cation. Therefore, taking u ~ 10724, we get,
for the absorption coefficient in the absence of a
magnetic field,

c = 10-24 VZ CM-I. (32!)

It is necessary to show that in some cases the
crystalline field creates a much greater splitting.
Thus, for the gadolinium ion 12 it is two orders
larger, which increases the absorption coefficient
o by 104,

As we have seen, the probability of phonon ab-
sorption depends very critically upon the magni-
tude of the spin-orbit interaction of the electrons
on the magnetic atom and, in particular, on the
character of the splitting of the fundamental energy
level of this atom by the electric field of the
crystal. Therefore the magnitude of the effect of
resonant absorption of sound can change over wide
ranges in going from one substance to another.
Contemporary ultrasonic techniques permit the ob-
taining of frequencies of 107 cps, which makes
possible the observation of the resonance para-
magnetic absorption of sound, at least in certain
substances.

12N S, Garifianov, Doklady Akad. Nauk SSSR 84, 923
(1952)

"granslated by R. T. Beyer



