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The double-time Green’s function technique is used to develop a theory of resonance and relaxation
spin-phonon absorption of ultrasound in paramagnetic crystals. A chain of equations is obtained for

the Green’s functions of the spin operator components for S =%, and S = 1. This chain is found to be
closed if only one-quantum phonon absorption and emission processes are considered. The absorp-

1968

tion coefficient is found as a function of the frequency and the applied magnetic field. A relation is
established between the absorption coefficient and the paramagnetic spin-lattice relaxation times.

THE resonance absorption of sound by paramagnetic
spin systems is established as the most effective
method for studying the spin-phonon interaction (see,
for example,*»3J), Comparatively recently, Kutuzov 3}
discovered the relaxation paramagnetic absorption of
ultrasound, which depends on the value and direction
(relative to the axes of the crystal) of the constant ex-
ternal magnetic field.

Theoretical consideration of the resonance effect
and its quantitative estimate were first published by
Al’tshuler as early as 1952.[4] Further theoretical re-
searches were principally devoted to detailed calcula-
tion of the probabilities of spin-phonon transitions for
specific paramagnetic crystals. However, the formula
obtained by Al’tshuler(*) for the coefficient of reso-
nance sound absorption contains, in addition to the
transition probabilities, also the function g(w) of the
absorption line shape, which was not computed; certain
assumptions made relative to its shape made it possi-
ble, for example, to compute the moments of the ab-
sorption curves.t5d It is especially important to know
the function g(w) in detail to find the frequency de-
pendence of the relaxation sound absorption.

The goal of the present research is the quantum
statistical calculation” of the sound absorption coef-
ficient as a function of the frequency for arbitrary di-
rection and polarization of the sound wave relative to
the crystallographic axes and applied external magnetic
field.

In analogy with the tensor of paramagnetic suscepti-
bility, we introduce the fourth rank tensor Xj.im (w) of
paraacoustic susceptibility, the imaginary part of which
determines the sound absorption coefficient as a func-
tion of frequency in an anisotropic crystal. Both the
resonance and the relaxation interactions of the sound
wave with the paramagnetic centers are described by
certain combinations (determined by the experimental
conditions) of the corhponents of this tensor.

The experimental determination of the components
of Xjkim essentially reduces to the measurement of
the constants of spin-phonon interaction.

D A semi-phenomenological calculation of the relaxation sound
absorption for the one-dimensional case has been performed by
Kochelaev.[¢]
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1. GENERAL RELATIONS

In the approximation of the deformation potential, it
is convenient to connect the general expression for the
operator of interaction of the electron spin S with pho-
nons with the spin Hamiltonian in the following way:

Heo = BH:dgmSk + Si8DuSx (i, k =z, y, z), (1)

where 0gjr and ODjk are the variations of the tensors
g and D of the spin Hamiltonian with the elastic vibra-
tions of the lattice, which depend linearly on the de-
formation tensor ejk:

8gik = Finmeim;  6Din = Gintmeim. (2)

The tensors F and G can be found from experi-
ments on the sound absorption LJ or by the method of
uniaxial static deformation.[®d The problem of the
number of independent components of the tensors F
and G permitted by the symmetries of the crystal was
considered in detail in[%:1°], It was shown in[®J that
one can always neglect the tensor 6g (for spin S > %2)
in comparison with 6D. Obviously, 6D =0 for S = 7a.
In what follows, the cases S = %> and S > Y, will be
considered separately.

By means of (1) and (2), it is easy to write down the
operator h(t) of interaction of the electron spins with
the sound field. For this case, it is necessary to sub-
stitute in (2) the values of the deformation created by
the standing ultrasonic wave

at the point of location of the spin. ( Aj are the com-
ponents of the polarization vector and q is the wave
vector.)

Thus, for S = s,

u; = 24; cos qr cos ot

(8) = Fiptm H;Si3 enm(r;)cos of = o e cos wt, (4)
for S > Y,
B (t) == Girtm S5 Sk e,:,o.‘(rj)cos ot = 659 et cos wt, (5)
where
eiw (r;) = —| A| |k| (@gn + @),

a;=A7/IAl, 9¢ = ax/lq| are the direction cosines of
the polarization and of the wave vector of the sound
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(G)
and % im

(F)

wave. The tensors ¢ Im can be called the

the magnetoacoustic stresses. Finally, we introduce
the tensor xjj 7y, —the paraacoustic susceptibility,
which connects the magnetoacoustic stress with the
static deformation:

Ui(l?l)m (rj) = Xi(lgzm elm(ri) . (6)

In an alternating acoustic field (3), this tensor be-
comes the complex function x(w) = y'(w) - ix“(w)
and its imaginary part determines the energy of ab-
sorption as a function of the frequency:

CEY = ofinim (@) € (r) e (r)* (7)

By (E) is meant the mean energy absorbed in a
unit volume of a paramagnet whose transverse dimen-
sions are much greater than the wavelength of the
ultrasound (this condition is always satisfied). The
superior bar indicates the averaged value of the prod-
ucts of the components of the deformation tensor pro-
duced by the standing wave in a unit volume:

&9 (r)el® (r) = A% {a,q4} {a19,n) sin®kr. (8)

{ajbi } = ajbk + bjay is the symmetrized product.
The average. elastic energy passing through a unit
area in one second is equal to I = %pv®

= pA%% cos®k-r (v is the speed of the sound wave).
From (7) and (8) we get for the absorption coefficient
K(w)= ~<—}IE—)- = —!-)% {1} {@gm) Kimm(©). 9)

Using the linear quantum statistical theory of irre-
versible processes,t!] it is easy to obtain an, expres-
sion for Xjim (@) in terms of the double-time re-
tarded Green’s function.l*?] For this purpose, it is
sufficient to find the solution of the equation for the
matrix density p (t) of a paramagnetic system with
‘the Hamiltonian # + h(t), which is linear in the ex-
ternal field of deformations ejx(t). We have

Yirim (©) = 20T inm(0), (10)
where Jixim (w) is the Fourier component of the
retarded Green’s function:

g—ihlm(t, t/) = —iﬁ_ie(t — t')Q—1 Sp {exp (—H / ]CT) .
(11)

X[0in () om (¥') — 0w (') 01 (8) 1} = COin(8) | Oum () ).

Here Q is the statistical sum for the canonical Gibbs
ensemble,

1 v>0

0 v<<0

o () == exp (ih™151) oin exp (—ifi 1)

0(t) =

are the Heisenberg representation of the operator ojy
with the Hamiltonian # which does not depend explicitly
on the time.

The imaginary part of the retarded Green’s function
can be found with the help of the limiting relation H24:

ImJ (0) = o lim {T (0 +ie) — T (0 — ic)}. (12

In the next section, we obtain the equation of motion
for the Green’s function (11) and find its solution for
the specific form of the total Hamiltonian 5 of the
paramagnetic system. As a model, we select an ideal
crystal with small concentrations of paramagnetic
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centers. In such a dilute paramagnetic, we can neglect
the magnetic dipole-dipole interactions, and assume
that each spin interacts with the crystalline lattice as
with a thermostat.

2. EQUATIONS OF MOTION FOR THE GREEN’S
FUNCTION

1. 8 = Y,. The total Hamiltonian for a single-parti-
cle spin-phonon interaction has the form

A1 = w0 D} Sf 4+ D) 0qv(bavtbey -+ 1/2)
i q.v
+ D eqv®S—ai[bgvexp (iqr;) — bgvt exp (— iqry)].
q.v,0,3
The first term is the Zeeman energy of the spins in
an external magnetic field H, ( hw, = gfH,); the second
term is the energy of the lattice; bgy and by, are the
creation and annihilation operators for phonons of fre-
quency wg, with the wave vector q and polarization v;
the last term is the energy of spin-phonon interaction,
where S}, is a component of the spin localized at the
point r; (@=0,=x1),
eqv® == ol Fiumt [ wgy | 2Mvi?] " {a1gm},

(13)

(14)

M is the mass of the crystal, uy, is the speed of
acoustic phonons of polarization v.

The function (11) which we need reduces to the
Green’s function of the components of the spin opera-
tors

T inim (t t’): 2 FpathqumHPHq<Saj(t) ISﬂj’(i/)>-

3i

(15)

For convenience in subsequent calculations, we have
introduced

Frooin = Fpuin,  Fprin = Y2(Fpxin & iFpyir).

The equations of motion for the operators S]a have the
form

idSei ) j .

= 90080 + 2 (—1)Veqy? (@ + V) Say [0qv exp (iqr;)

vy

— bgvt exp (— iqr;)]. (16)
In the derivation of (16), we have used the commutation
relation

SaISyl — Sp7Sal = 63 (—1)*+8(a — B)Shys (@, =0, £1). (17)

We also introduce the Green’s function
€SI (2) |87 (¢) Y+ = (u?| 6"y

of the anticommutator of the spin operators. The
Fourier component (18) is connected with the Fourier
components of the Green’s function in (15) by the rela-
tion [43J

€83 (1) |87 (1)) = th(hw [ 2kT) o’ |67)-

(18)

(19)

Using (16), we find the equation of motion for the
Green’s function (18):

d .1
1= () = 5880 (1 + @) 8(2 — )

— a0 (a?[67y + D (—1)% V(a4 ) egv {{d; v]8”) exp (igr;)

v,y

= (e 87 exp(—iary)}. (20)
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In (20) there appear the ‘‘mixed’’ Green’s functions of
the products of spin and phonon operators:
<uj—vb;'85}> = <'lj—v; 3:'|le>- (21)
We first write out the equations of motion for the
product of the operators:

d .
iz (Samy b)) = [(—1)% (¢ — y) 00 F g} Say by

+ 2 (=)%Y (@ — v+ v') equSd—y—y: [gvbgv exp (iq'r;)
- bqt' bq:: exp(—iq'r;)}F Z eqv® Si’a‘ S;—v exp (igry). (22)

o,

The last term in (22) corresponds to the two-particle
interaction of spins by means of the field of the pho-

nons. This interaction was considered in detail int**~*1,

where it was shown that it falls off with the distance as
|ry = rj |®. Inasmuch as we consider a dilute paramag-
net, the last term in (22) will be discarded in the equa-
tions of motion for the Green’s functions (21):

d ] jl g
= a8 ) = [(— 1) (6 = V)00 F 0] Can vl )

+ 2«

VY

— ) V(a—y+y )qu {(a—v—v qvs; qVIﬂ ) exp(iq'r;)
— (avvi avi w8y exp(— ig'my) ). (23)

In Egs. (23), the inhomogeneous term with & func-
tions has also been omitted. This term is linear in the
operators b® and averaging gives a result that is dif-
ferent from zero only in higher order in the spin-pho-
non interaction. If we limit ourselves to the approxi-
mation that is quadratic in the spin-phonon interaction,
it is possible to disconnect the chain of equations (20)
and (23), assuming

Camrmys v |BY ~ Sgqboms (nay + 1) Clr—re 3, (24)

D b o
<¢—v]—v'; qv' q\'h{ D ~ 8gq:8vvngy <°‘—{V-V’lé >
where

ngv = [exp (hogv/ 2kT) —1]-4

Using (24) with 3’ = —y in (23), we get a closed
system of three equations which we write down for the
Fourier components of the Green’s functions entering
into it:

(0 4 00)€a’[ 670 — X (—1)2* (o + ) egv{Camv; av| 8" Yo exp (igr;)

v Y
+ Cav v 18" Yo exp(—iar))} = 837 8a, p(1 + a?), (25)

G Eliye = = L7 (a—2y) eqv'exp (igr;)
"' 0 —(—1)%7(a — y) 0o 0gv

Then

(ngv+ /2% i/2)<uz|a Yeo-

89 8a, s (1 + a2)
Call67ho =1~ [m o Fao— (o)’ (26)

where
Ma(w)= X (—1)"(a+Y) (@—2y) e
v,y

nev—+1 ngv
X{ 0 —(—1)"V(a— )a)o+mqv+ o —(—1)*Y(a—y)mo

- (qu}

In Egs. (26) and (27), @ is the complex frequency. By
means of the limiting relation (12) we find

(2m
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7 8, p (14 0®)va(o) (28)
o+ awo— Ma(0) P+ yai(o)

=Mg(w) Fiya(w
Ma(0)=P 3 (—1)*(a+y) (a—2y) |eqv?|?

Im (ol Y0 =

Here M, (w *i€) ) (w is real),

Qv
o= (D a—patom  o—(—D7(@a—T)ar—ap )’
ya(@) =5 3} (—1)*(a+v) (@ — 2) [eqv?|2- (29)

V7
X {(ngv + 1)8{0 —(—1)*"(a — v) 0o + ©gv]
+ ngvdlo —(—1)%(a — y) 00 — 0ql},
P in front of the sum means that the corresponding
integral is taken in the sense of its principal value.
Finally, we get from (15), (10), (9) for the coefficient
of sound absorption,

N = L
K(o)= _pi:'}h (ho/2kT) Fpair Foaim {aiqr} - {agm} H,Hqga(m), (30)

where the shape function is

(1 + %) va (o)

ga(w) = [0 + awo— Ma("))]z'l"vaz(m)

It is seen from (30) that for @ = +1, a resonance
curve [2) of the Lorentz type should be observed; here
the shift of the resonance frequency My and the width
Yo are themselves functions of the frequency. For
a =0, the frequency dependence K(w) has a relaxa-
tional character. Thus, both the resonance and the
non-resonance absorption of sound are described by
completely definite combinations of the components of
the tensor Fjk/m which are determined by the wave
vector and the polarization of the sound wave, the
direction of the applied magnetic field and the sym-
metry of the crystal.

2. For an example, we consider a crystal of cubic
symmetry (classes Tq, O and Op). The Hamiltonian
(1) for S = ¥, has the formteJ

%sph— 3Fy (Sxerxx + SyHuem/ + Sz ze‘z) (3 1)
+ Ful{HyS:}ey: + {HxS:}ex: + {HxSy}exy].

It is seen from (30) and (31) that if the magnetic field

is directed along the z axis, then nonresonance absorp-
tion should be observed for a longitudinal wave propa-
gating along the z axis. From (30), we get for the ab-
sorption coefficient

OT

ottt (1 — A)+1 (32)

H 2
K(0)=36Fy? il v‘; th(he/2kT)

where 7, and A, in accord with (29), generally depend
on the frequency:

T =yo(0) =2 D) |eqvt|?
q,v,a

X {(ngv + 1) 8 (0 — awo + 0gv) + ngv 8(® — awo — 0g)},

p ngv+1 n
A =-— € +z{ i qv }
? q,zv,al v l w'—awn‘f‘lﬂqv-i_u)—au)o—(oqv (33)

The value of the relaxational shift A can always be

2)Resonances at & = =1 express the fact that the effect is symmetric

relative to the inversion of the magnetic field (replacement of w, by
—wyp).
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neglected. The & function in (33) expresses the laws
of conservation of the energy for processes, thanks to
which the relaxation spin-phonon absorption takes
place in the assumed approximation: namely, owing to
the nonsecular part of the operator '%sph’ spin-phonon
transitions take place with absorption of a magnon of
frequency w,, as a consequence of the reorientation of
the spin, and a phonon of frequency w from an external
generator, and with appearance of a phonon of frequency
Wwq = We + w in the lattice. Less probable (in the region
of growth of the spectral density of phonons as a func-
tion of the frequency) is the process in which two pho-
nons are absorbed with frequencies w and wgs and a
magnon is emitted with frequency wg (wq =Wy - w).
In relaxation experiments, one usually measures the
sound absorption coefficient as a function of the ampli-
tude of the applied magnetic field.l>J In the approxima-
tion of the Debye model, from (33), 7o* aH3 (w + wy)?

and in the region w < w,, the dependence of the relaxa-

tion time on the frequency is not important, i.e.,
T ~ Hs.

The formula (32) does not coincide with the result of
the semi-phenomenological calculation of Kochelaev,t®
according to which 7 = const, while K ~ N?H3. The
dependence of the absorption coefficient on the square
of the concentration of paramagnetic centers is en-
tirely incomprehensible from the viewpoint of the
physical model considered inté].

For a transverse wave propagating along the z axis
and polarized in the direction of the y axis, resonance
absorption is observed. The absorption coefficient
from (30) is equal to

NHg Z o th(he/2kT)ya (o)
pv? 7 [o 4+ awo— Ma(0) P + ya2(0)

(34)

K(0)=2F,2

Here y,(w) and My(w), defined in (29), are respec-
tively the width of the observed line and the shift in
the resonance frequency.

3. S = 1. We limit ourselves to a consideration of
systems with tetragonal and trigonal symmetry of the
internal crystalline field on a paramagnetic center.
Then the total Hamiltonian can be represented in the
form

A1 = Z {'ZL)wSoj + 0pQ0? +Z eqv=® Qa [bgv exp (igr;)
i v

— bgvt exp(—iqr;)] }-l- Dog (bt by +1/2),  (a=0,+1,+£2). (35)
q,v

Here wp = Dh* (D is the constant of fine splitting in

the spin Hamiltonian); Qo = So — (¥5)S(S + 1),

Q1 = {SeS+ L, Qiz =84Sy,

qu“ = i/Ziﬁ_1 [hmqv / 2MUV2] ‘/"Galm {alq"t}‘

where

Gatim = Y2(Grotm =+ 1Gyomm),
- nylm i tiylm) ’

Giotm = Yo (Goxim
Gom = Gaim.

According to (5) and (11), it is necessary to calcu-
late the Green’s function of the quadrupole components
of the spin operators

T ikm(t,t') = >, Gain Coim {Qo? (£) | Q67 (¢') ).

X

(36)

Similarly to (18), we shall write the equations of

[Sei, QL. = 817 Ca Qasar
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motion for the anticomn}utator of the quad.r;upole
operators ({(Q} (t) IQE; (t)Ne = (ad |BIY) S| The
superscript (s) in lieu of (q) will be used for the func-
tions ((SJ(t) 1QL (£))+ = ((ad | B1Y) ) which appear
in the chain of equations. The operators Qu(t) and
Sa(t) satisfy the following equations of motion:

i% o = —awe{a’ — aaple’ + 2 e;v"'(—-i)“‘”(a - y).Sf;H.v'

Ve
-[bgv expiqr;) — bov+ exp (—igr;)},

d . : ;
iWSa’ = —awoSe! — awp Q(z’

4 3 6qy Ca¥Qiiy [bow exp (igr;) — by exp(— iqej)}

qv, v

(37

In the derivation of (37) we used in addition to (17) the
commutation relations

[Qu?, Qo) = 85 (—1) %+ (0 — a’) Soter
(a,0/ =0,%+1,%2; |a4ad'|=1),

(a=0,%x1; ¢/ =0,x£1,+2; |[a+a|=2),

(38)

where the coefficients Cgﬁ/ = —C:g/ are taken from the
following table:

i 0 —1

2 0 2 | —2
1 -2 1 | —6
0 —1 0 1

(39)

From (37), we get the equations of motion for the
corresponding Green’s functions:

i—;i-;(,za | 87 YD = 83 §q, —p {{Qa, Q-8}) — cwo & | 879 — awp & | 83y

+ 2 (—1)® (a— a')eqy [{aras | 67)® exp(iqr;)
v _ (40)

p — arar v |67 )0 exp (—ir;)],

i (ol | B0 = 037 B, —p (S, Q) — 0000 €] 7Y —~ 00 a5 )@

+ 2 Caoqy (s |07 )@ exp (i5) — Chsas o] 07 )@ exp (—iary)].
X4
If we write out the equations of motion for the mixed

) i i =13y @8 -
Green’s functions (( ara’sqr | B » and make ap

proximations of the type (24), we obtain a closed set of
six equations which, after simple transformations,
reduce to two equations for the Fourier components:

[0 4 awo + Pa(0)Kal |67) D4 (a0p — Ra(w) ) {al|7)6"
1

= —256 0a, -84 {Qa, Q—a} 7, (41)

[0 + ao + Mo (0)14a|67)S + (00 — Na(0) ) (o |67)S

= —1- 847'8a, < {Sa, Q—ar} 7,
2n

where  Ma(0)= 2 (—1)%(a+ 2y)Ca?|eq |2 far® (0),

VY

Na(0)= X Ca¥Cary|eqs | @ay® (©),

Pa()= D} (—1)** (a —y) Cary|eav” |2 far® (@),
v, v

Ro(0)=2 (—1)*(a—7v) (a+2y) |[e? | 2pay? (0) ;

v, Y
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[0 4 (a + y) 00 + 0] (ngv + 1)
o+ (a+v) e+ 0q? —(a +v)? 0r?
[0 +(a + v) @0 — 0gv] ngv
[o +(a+ v) 00— 0gl2 —(a + y) 0p?

fay? (0) =

. (a+v) on(nev + 1)
P e F (@ + ¥) 00+ 0pP — (a + ) 202
(a4 v) opngv. (42)

T eI No—opf— @+ oz

It is expedient in what follows to seek a solution of
(41) separately for the values |@ |[=2 and |a| =0, 1,
inasmuch as the Green’s functions with index (s) are
identically equal to zero if |a | = 2.

Moreover, for |a | = 2 (transitions with Am = +2),
the right side of the second equation in (41) vanishes,
whence we immediately find

i@ 07 6a-p  {{Qua 0-a})
(oY’ =—5, o+ awo+ Pa(e)

(43)

Finding the imaginary part of (43) is completely ana-
logous to (28) and we write down the final result for

the coefficient of resonance absorption due to resonance
transitions with Am = +2:

K(0)= %’th(nm/m) S Cain C-aim (@01} {014} ga(0),  (44)

where 445 yaz(0)

g2(0) = [0 == 200 — Maz(0) P + yi?

Resonance transitions with Am = +1 correspond to
solutions (41) with |a | = 1. Carrying out summation
over y in (42) with the use of (39), we find that in this
case

Py = Ma(0)= D |€a®|2 fas?¥ (0), No=sRa(w)= 2 | €gv® |2 Pao? ().

Qv q,v

(45)
The solution of (41) and finding the imaginary part
with the help of the limiting relation (12) lead to the
absorption coefficient (44) with @ = +1, and the shape
function

3400 v& (@)

ga(w)= o + 0w — wp + MO 1 [y TF

 [/58(S + 1)+ Qs
[0+ awo + op + MO+ [yOP

(46)

corresponds to two resonance lines at frequencies
w = wp = wp. Here M’ = Re[Mg(w) + Ny (w)],
ygt’ =Im[Mg (w) + Ny (w)].
And, finally, for @ =0, the system (41) reduces to
the equations

[(o + Po((.l))] <0jl 5j:>>m((1)_ Ro((l)) <<0j‘ﬂj’> (gs) — ﬁj;’nﬁoﬁ

B,

370 (0) 1034+ o + Ma(@)] ol w0 = 2 20 o, (4)
where

=428 +1) —¥LKQo>, € =2/(So>.

The solution of (47) reduces to the shape function
go(w) in (44) corresponding to relaxation absorption
of sound:

Bty (14 11/72)

or2(1— Ag)+ 1 (48)

&o(0)=

The relaxation times 7, and 72 and the value of the
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non-resonance shift in (48) are determined from the
expressions

=4 (va 5 (a= =+t +2),

wt= 2 {4(vs 4+ vz )+ (1 + /By +(1 — ¢/B)y& ),

Q==t1

8P
A°=wT D leg |2 foat(0) (0= =1, +2), (49)

v, @
where

Y (@) =1 D) |egv®|? {(ngv + 1)8(0 + awo & 0p + 0gv).
q,v

+ 14y 8 (0 + awo &= ©p — wgv) }.

In (49) the reciprocal values of the relaxation times
are expressed in terms of linear combination of the
probabilities of all possible spin-phonon transitions
between the spin levels S = 1. The frequency depend-
ence of the absorption coefficient for S =1 is shown
to be the same as for S = %2(7/72~ 1), while the ob-
served relaxation time 71* =4 2 Tj (7ik ' is the

i>k
probability of transition per unit time between the
levels i and k). However, the dependence of 7; on the
external magnetic field will be essentially different
from the case of half-integer spin. If w K w, K wp
(initial splittings in a zero field greater than the
Zeeman splitting), then 7, generally does not depend
on the field. In strong fields, when w <K wy 2> wp,
T~ H2

4. The paramagnetic ion is found in a crystal of
trigonal symmetry (Csy, Ds, Dsq). Then the Hamilton-
ian (1) for S = 1 can be represented in the form

Hsph = Qo{Gsse:: — (Gt + Gi2) (exx + €yy) }
+ Yz D)Qa{Gutlery — ia(exx — eyy)] + Gulexs — iaey)}

a=z=1

1
+ 52 Qea(Gu —Gr) [2(ex: —ey) — iaeay],

=%

(50)

For a longitudinal wave along an axis of third order,
the relaxational absorption (@ = 0) should be observed
and, in accord with (44),

No (ho/2kT) go(0). (51)

K(0) = 46—

If the wave vector of the longitudinal wave is directed
perpendicular to the C; axis, then resonance maxima
should be observed against the background of the relax-
ation curve; in accord with (44) and (46), these reso-
nances should be proportional to G& g+1(w) and

(G = Giz)?gze(w).

The coefficient G44 is connected with the resonance
absorption of transverse waves propagating along Cs.
Here, the resonance transitions with Am = +1 are
excited in the spin system, and the absorption coeffi-
cient aGLgil( w). Resonance transitions with Am
= +2, can be excited by a transverse wave with wave
vector parallel to the y axis besides the longitudinal
waves in the xy plane.
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