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Quantum field theory methods are used to evaluate the transverse components of the magnetic
susceptibility tensor of a ferrodielectric, taking both the exchange and the relativistic inter-
action between spin waves into account. We find the ferromagnetic resonance line width. We
show that a knowledge of the magnetic susceptibility enables us to study the relaxation of the
magnetic moment of a ferrodielectric, and we evaluate the transverse relaxation time.

].. In ferromagnetic resonance theory the line
width is usually introduced phenomenologically by
adding to the equation of motion of the magnetic
moment a relaxation term either in the Landau-
Lifshitz or in the Bloch form. The aim of the
present paper is to find the ferromagnetic reso-
nance line shape starting from a microscopic
theory of the interaction between spin waves.

It is well known that one can find the average
lifetime of a spin wave and the relaxation time of
the magnetic moment of a ferrodielectric by using
a transport equation which determines the change
with time of the spin wave distribution function.
The transport equation method does, however, not
enable us to determine completely the magnetic
susceptibility tensor as a function of frequency
and wave vector, since the transverse components
of the magnetic moment can not be expressed in
terms of the spin-wave occupation number.* To
find the magnetic susceptibility we use therefore
here field theoretical methods and we connect the
magnetic susceptibility with the double-time spin-
wave Green’s function.

To evaluate the spin-wave Green’s function we
start from a Hamiltonian which takes both the ex-
change and the relativistic interaction between
spin waves into account; the interactions between
the spin-waves and the lattice vibrations will,
however, not be taken into account. The method
applied is particularly .convenient to evaluate the

*Akhiezer' and Kaganov and Tsukernik® used the transport
equation to evaluate the longitudinal component of the mag-
netic susceptibility tensor. Kaganov and Tsukernik® evaluated
the imaginary part of the transverse magnetic susceptibility
far from resonance, but their result is incorrect (private com-
munication from the authors), owing to an incorrect applica-
tion of perturbation theory.

transverse components of the magnetic suscep-
tibility tensor, which are alone of importance for
studying the ferromagnetic resonance line shape.
Knowledge of the magnetic susceptibility as a func-
tion of the frequency and wave vector enables us to
determine the behavior of the relaxation of the
magnetic moment and, in particular, to track the
rotation of the magnetic moment when it approaches
its equilibrium value.

2. We first connect the magnetic susceptibility
of a ferrodielectric with the spin-wave Green’s
function.* The average value of the magnetic
moment density is well known to be defined by the
formula

B (r,t) = SpM(r)p (1), (1)
where M (r) is the magnetic moment density
operator in the Schroedinger representation and
p (t) the system density matrix, which satisfies
the equation

igpp =12+ 5], (2)

where # is the total Hamiltonian of the ferrodi-
electric when there is no external field and H€ (t)
the Hamiltonian of the interaction between the

ferrodielectric and the variable external magnetic
field h(r, t):

9 (1) = —\M () h(r, 1) dr. ®3)

To find the magnetic moment in weak magnetic
fields we change in Egs. (1) — (3) to the Heisenberg
representation. In the first approximation in the
external field, the density matrix in the Heisenberg
representation is of the form

*Kubo* developed a general theory of irreversible processes
using the density matrix.
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p()=po—i | 1# (), poldt’, (4)
where py =exp (2 — #)/T is the equilibrium den-
sity matrix when there is no external field, 2 the
thermodynamic potential of the system, and T the
temperature. Using (4) one obtains easily the
following expression for the magnetic moment
density
m;(r, t) =W (r, t) — M)

(o]
= S dt' de' KR (r — 1/, t — ) by (', t), (5)
—00
where @} is the equilibrium value of the magnetic
moment at the given temperature and KE (r, t) is
the retarded double-time Green’s function

KE(r—r', t—t) =0 —t)M(r, 1), M, (', ),

0, t<0
wo={y S0  <>=Spal. (6)

Expanding the quantities mj (r, t), hj (r, t) and
Ki%(r, t) in terms of the Fourier integral,

(o]

KE(r, t) =T2;7 g et KR (1 0) dk do,

—00

we can rewrite Eq. (5) as
m; (k, ©) = K5 (k, ) 4 (k, 0). (7)

The magnetic susceptibility tensor yxj; (k, w)
is thus the same as the retarded double-time
Green function:

% (k, ©) = K5 (k, ©) (8)

3. We shall show that a knowledge of the mag-
netic susceptibility tensor enables us to study the
relaxation of the magnetic moment. Let there be
initially at time t = 0 some distribution of the
magnetic moment m®(r) in the system which
would be an equilibrium distribution if there
were present a constant magnetic field h® (r)
which is connected with the initial magnetic
moment distribution through the relation

m? (k) = X'il (k7 m) h(I) (k) ’u=0~

The magnitude of the magnetic moment at
t> 0 is determined by Eq. (5), where we must
take for the variable magnetic field

h(r, t) =0(—¢t)e*ho(r), e— -+ 0. 9)

Such a choice for h(r, t) corresponds to an
adiabatic switching on of the field at t = — « and
an instantaneous switching off at t = 0. Using
Eqgs. (5), (6), and (9), we get

) .
m(r, t) =i S dt’ dr’est’ (M, (r, t), M, (r', £')]> b (). (10)

—0oc
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Noting that according to (6)
IV (r, 8), Mu (0, £)1)
=Ky(r—r1, t—t)—KE @ —r, t'—1),
and using Eq. {{8) for the Fourier component of

the function Kj; we get the following equation for
the relaxation of the magnetic moment

e 20 pag p—iot
Sdke' K (k) S do <

—00

i
T @yt

m; (r, t) = [Xa (k’ (D)

— X (k, 0)l. (11)
We see that the relaxation of the magnetic moment
is determined by the anti-Hermitian part of the
magnetic susceptibility tensor xj;. It is well
known® that the anti-Hermitian part of the Xil
tensor determines also the absorption of energy
from a variable magnetic field. One can check
this by differentiating the energy of the system
Q (t) with respect to the time

Q1) == Sp {p () 15 + D

— —Sp e () | M, )55 har, 1) dr.
Using Eq. (4) for p (t) we find
Q6= — Spfeo| B:(r, 1) 5 hur, y dr}

¢ ok, (r, t
— S dt’ dr’ drh; (v, t')—‘é';—) KR(r—r, t—t). (12)

—o0

If in the case of a magnetic field which is
periodic in time

1 ikr—io

hi(r, t) = W?Sdkhi (k, ©,) e’Xront

/ 2nn \
Kco,.:t—, n=0, :l:l,.../

0

we average Eq. (12) over the period t;, we get
the final expression for the average absorption of
energy from a variable magnetic field per unit
time

O=—i(@n)® Sdk D 0ty (K, ©n) [Xsz (K, @)

;>0

— X (k, @n)]hs (K, ©n). (13)

4. We shall now connect the retarded double-
time Green’s function K?i (r, t) with the
Matsubara Green’s function &7 (r, 7), for the
evaluation of which we shall apply a diagram tech-
nique. The function #j;(r, 7) is defined by the
equation

HKiyr—r', 1—71)=<T- (M (r, ©) M, (r, T,

M;(r, ) = "M, (r) e ", (14)

where T; is the chronological operator for the
variable T.
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We expand the function #i7(r, 7) in a Fourier
series in T

HKiy(r,t) = ‘@% kZS dkekr—ihe K (k, ky)

(kg =2nnT; n=0,%1,...).
Using furthermore a method similar to the one
applied by Abrikosov, Gor’kov, and Dzyaloshin-
skif® and Fradkin® we get, using (8),

% (k, ©) = K5 (k, ©) = %, (k, — io + 0).

Writing (14) in the k-representation we find
1/T
i ) = | drehs ST (s, ) (6, O,
=4 (16)

(15)

where Mj (k, T) are the Fourier components of
the magnetic moment density operator
N 1 ~ .
M;(r,1t) = — M; (k, ke
(1) =75 2 Mtk e
(V is the volume of the system).

5. We turn to an evaluation of the magnetic
susceptibility of a ferrodielectric. Following
Holstein and Primakoff and introducing spin-wave
creation and annihilation operators cf‘ and ck we
write the Hamiltonian of the ferrodielectric in the

form*
H = o+ Hs+ Ha, (17)

where #, is the basic Hamiltonian
= 2 SkCE-Ck
k

(€k is the spin wave energy) and 3 and #, are
the Hamiltonians of the spin wave — spin wave
interaction‘r

Sy = V” S AD (1, 25 3) 6 e A (kg + ke — ko)
1,2,38

+ compl. conj.

(18)

+ @ (1, 2, 3)01 02 C3 A(kl + ks
-+ k) + compl. conj.},
K= 3 (T, 23, Heofec (ki + ke — ko — ko)

1,2,3,4

+ ¥, (1,2, 3; 4) ¢ e cald (ky + ke + ks — ky)
+ ¥ (1, 2, 3, )i e e A (ky + ke
(19)

+ compl. conj.
+ ks + k,) +compl. conj.}.
The spin wave energy is €k

k
where
*The Holstein-Primakoff model presupposes that the Hamil-
tonian and the moment operators are expanded in the parameter
1s. We note that Dyson® has shown that in fact the expansion
in the exchange interaction is in a parameter ~(1/10)s (s is

the spin of the atom).
fSee, for instance, reference 10.
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Ax = 6, (ak)? + p (Ho + BM,) + 2nuM, sin? b,

By = 2mpM, sin? Oye?%k.

Here p is twice the Bohr magneton, a the lattice
constant, ®c a quantity of the order of the Curie
temperature, M, the saturation magnetic moment,
B the anisotropy constant, H; the constant external
magnetic field, and 6k and ¢k the polar angles of
the vector k.

The quantities & and ¥, describe the splitting
of one spin wave into two or three, respectively,
&, and ¥, describe the creation of three or four
spin waves, respectively, and ¥ describes the
spin wave — spin wave scattering process. The
quantities ® and ®; are relativistic in origin
while the quantities ¥, ¥, and ¥, are caused by
exchange and relativistic interactions.

For actual calculations we restrict ourselves
to the range of large wave vectors (1> ak
>> VuM,/@c¢ ), when the exchange interaction is
the main agency, and to the region of small wave
vectors (ak « vuM;/®c), where the relativistic
interaction plays the main part. In these regions
the quantities &, &, ¥, ¥,, and ¥, are determined
by the following asymptotic formulae

T (1, 23, 4) = — p (4Mo) ™ 6,0% (ks -+ ksks) 1 /1M,
¥ | << | Wy [ <Y }whenl>ak>> 5,
20)

D (1, 2; 3) = — mu V 2puM, (sin 20, (e~ g -+ €% 0}) (ualts

+ 0305) -+ sin 20, (71, + €"03) (uitts -+ v1vs)

+ s5in 205 (" ug + € vg) (V115 -+ vyuy)}, @1
(O~ 1@ [V~ ~|Y]
1,25 8, 4) = — Yo n3B {ugugusits + 4uuj0,0sUs + U;U,Us0G}
when ak <& ]/“Mo (22)
where*

ux =V (Ax + x)/2ex,

Vg = — emk V (Ak — Bk)/28k.

In the present paper we shall be interested in
the transverse components of the magnetic sus~-
ceptibility tensor; to evaluate these it is sufficient
to know the transverse components of the magnetic
moment. Restricting ourselves to the first terms
in the expansion of the moment operators in the
spin wave creation and annihilation operators, we
have

*To eliminate the indeterminacy in the quantities uy, and
v, as k » 0, it is necessary to take the shape of the sample
into account.'*
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M (k, 1) = M, (k, 7) + iM, (k, T)

== VoM, (i€ 2k () + vk (1)},
M (k, 1) = My (k, T) — iM, (k, )

= VM, {wi () + vicu (V)); @3)
where
o (1) = " epe T, Cx (1) = "o,
We introduce the single-particle spin-wave
Green’s function:
Gk, DA k—K)=<T-{c (W Ci (0.  (24)

Its Fourier component G (k, k,) satisfies the
Dyson equation

G (k, k) = Gy (k, kq) + Gy (k, kg) Z(k, k) G (k, ky). (25)
Here

Gy (K, ky) = (ex — iky)™" (26)

is the zeroth-approximation spin-wave Green’s
function and X (k, k) is the mass operator. Sub-
stituting (23) into (16) and taking into account that
<T7{&(7)E (0)}> and <T;{Ck(7)8ks(0)}>
are equal to zero in the zeroth approximation in
the interaction, we express the function & iz (k, k,)
in terms of the single-particle Green’s function

G (k, k4)

A, (K, ky) = 2uMoilo, (G (k, ks) + G (— K, — )},

K, _(k, k) = 20My { |0k PG (k, ko) -+ | uk [P G (— k, — &y},

K (K, ky) = 20Mo {| tsc[* G (K, ks) + |0k [ G (— k, — ka)},

H__(K, ks) = 2uMou 0} (G (K, ka) + G (—k, —kJ}.  (27)

It follows from (15), (27), and (26) that the trans-
verse components of the magnetic susceptibility
tensor tend to infinity in the zeroth approximation
of the spin wave — spin wave interaction, if the
frequency of the magnetic field and its wave vector
are the same as the spin-wave frequency and wave
vector:

ox = *+ ey, (28)
6. We use Eq. (25) to evaluate the complete
Green function G (k, ky):
G (K, ka) = (o — iks — 2 (K, k)™ (29)

The magnetic susceptibility near resonance is de-
termined by the quantity G (k, — iex + 0); we shall
not be interested in the small correction to the
position of the resonance line, which is caused by
the real part of the function . Introducing there-

fore a quantity v (k):
v (k) = Im = (k, — iex + 0}, (30)

we get from (15), (27), and (29) for the magnetic
susceptibility near resonance
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Xex (K, ©) =51 MoUy (k) {[ex — © — iv (k)]
+ [ex + o + iy (k)]

Xy (K, ©) = %P MoUs (k) {[ex — o — it (k)]™
+ [k 4 © + it (K)I7Y,

Xy (K, ©) = — 3 ip Mo (U (k) [ex — 0 — iy (k)] ™
— U* (k) [ex+ o +iv(k)]™},

Xox (K, ©) = 5 ip Mo (U" (k) [ex — © — iy (k)]

— U (k) [ex + o + iy ()} (31)
7y (k) = | ux > + | v 2 + up o + uxoy,
U, (k) = |uk|? 4 | vk |* — up o — uxvy,,
U (k) =1 + uyox —ugv,. (32)

We consider now the relaxation of the trans-
verse part of the magnetic moment. Substituting
(31) into (11) and integrating over w, we get

my(r, 1) = o E—kefk'“Y(")t {ho (k) U, (k) cos eyt

o (1) Im [U (k) e~iext y,

M, Cdk .
my(r,t) = :“2“)‘; Se_kezkr-v(k)t {h‘; (k) Im [U (k) efex? ]
+ K (k) Uz (k) cos ext}. (33)

We see that the quantity y (k) determines the
relaxation time of the transverse components of
the magnetic moment. That the quantity v (k) is
positive follows from the Lehmann representation
of the Green’s funcgon

Gk, —io+0)= | do'p(k, 0)/(0 +o+i0), (34)

—00

where
p(k, ®) = 2) [exp {(2 — Ex)/ T}

n.n’

—exp{(R— Ew)/T}Kn|ex|n")n" e n) & (0 + En — En)

(Ep are the energy levels of the system). One
sees easily that the quantity p (k, w) is real, an
odd function of w, and positive for w >0. From
(34) it follows that the imaginary part of the
Green’s function is of the form

ImG (k, — io 4 0) = — np (k, — o).

From Eq. (29) it follows that the sign of the
imaginary part of £ (k, — iw + 0) is the same as
the sign of the imaginary part of G (k, — iw + 0);
the quantity vy (k), which is the same as
Im * (k, — iw + 0), is thus positive for w =€k > 0.

7. We turn now to finding the resonance line
width v (k), which is connected with the mass
operator I (k, k4) through Eq. (30). We use
perturbation theory and diagram methods to
evaluate the quantity Z (k, ky). We show in Figs.
1 — 5 the diagrams of the first and second approxi-
mation for the quantity £. The solid lines in the
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Q R D A Dy

FIG. 1 FIG. 2

diagrams correspond to the function G, and the
vertices to the functions &, &, ¥, ¥, ¥y, and a
6 -function expressing the conservation of k and
ks. One integrates over the momentum k of
internal lines and sums over k,. The general co-
efficient in front of the analytical expression cor-
responding to an arbitrary diagram is equal to
(— 1)™1qTP (27)7°P, where q is the number of
equivalent diagrams, n the number of vertices,
and p the number of independent momenta of
virtual spin waves.

In the first perturbation-theory approximation
(see Fig. 1) the mass operator is equal to

3, (k) = — 4 (2m)-sfdk’ ¥ (k, ks k, K'Y me,  (35)

where ny = [exp (€g/T) — 1]7! is the Bose distri-
bution function of the spin waves. The quantity

— 2,(k) is real, independent of k4, and is a small
correction to the spin wave energy.

In Figs. 2 and 3 we give the second-order
diagrams for the mass operator which are caused
by the term X3 in the interaction Hamiltonian.
The analytical expression for the diagrams of
Fig. 2 is of the form

g (k, ka) = 2T (2) -3 ) { dk’ | D (K', k
Ry
— k5 k) PGo(K', k;)Go(k—K', ky—F})
+ 4T @y D dk’ | D (k, K5 K-
k's

+K)[PGo(K', &) Go (k + k', by + E)).
Summing over k;{ and performing the substitution
ky=—iw + 0 we get
So (k, — io 4 0) = 2(2n)3 [ dk’ |® (k', k — k’; K) |2 (rer

+ nk—x 4+ 1) (e + ex—r — 0 — i0)7?

+ 4 (2n)2 § dk’ | @ (k, k'; k + K')]? (ke — Akywr)

X (Ektk’ — €k — © — i0)7L.

(36)

The imaginary part of this expression which we
need to evaluate the ferromagnetic resonance line
width is equal to

S A

FIG. 4

Im Zg (k, — i + 0) = (2n)2 { dk’ | @ (k’, k — k’; k) |2 [(ner
+ D(nx—x + 1) — ngeng—i] 6 (0 — g— €x—x’)
+ 2(2n)2 [ dk’ | D(k, ks k+K')? [ruc(ngeqae+ 1)
— (e 4 1) ngx] 6 (0 + er — Exgier)- 37)
The terms of the mass operator which corre-

spond to the diagrams of Fig. 3 are determined by
the expressions

S (K) = — (exp g2 — 1)@ (k, 0; k) fdk' @ (K', 0; k') muc

(2m)y
+ compl. conj.,

18T ’ ’ 7
T D (ak' |, (k, k', —k —K)
hy

XGO (k,, k;)Go(—‘k——'kI,_k,;‘_k;).

2b (k’ k4) =

(38)

By integrating the first of Eqs. (38) over the
angles of the vector k’ we verify easily that the
quantity X, (k) vanishes. Summing the second
of Eqgs. (38) over k; and separating off the
imaginary part of the quantity Zp(k, — iw + 0)
we get
Im 3, (k,—io+0)=

9 Id

G ) AR 1@ (ks K, — k— k) (e

+ D)(rxqxr + 1) — Areneywe] 8 (0 + ey + i)

One sees easily that near resonance (w =€)
this quantity tends to zero and thus does not con-
tribute to the line width vy (k).

We show in Figs. 4 and 5 the second-order
diagrams for the mass operator which are caused
by the term H, in the interaction Hamiltonian.

We are led to analytical expressions only for those
diagrams the imaginary part of which differs from
zero for ky = — iw + 0 near the resonance point

w =€k (Fig. 4)

¥ ,”
¥ ¥ w
Q O */‘\
7 ¥ k7] ¥
FIG. 5
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By (k, k) =8T2 2™ D) {akdk| ¥ (k, K'; K", k

Ry, By

K —K") [ Go(K', £) Gy (K", E)) Go (k + k' — K",

+ b — )+ 18T% @) 3 VK’ k| ¥, (k, K, k3 K
h4 k4
£ K+ K) Gk, E) G (K, K.) Go (k + k' + K7, by +
+E)+ 6Tt S (k' ak’ | w, (', k", k— K
k4 kg
— k" k) 2G, (k', k4) G, (", k';) Go(k —k'—Kk", &y
— &k — k). (39)
For the imaginary part of the quantity
Zy(k, —iw + 0) we get

Im 2y (k, — io + 0) = )5 Sdk dk"| ¥ (k, k’; k", k

+k'—Kk") [? [ (e =+ 1) (g prr—rer + 1)
(nk + 1) nier nyge—x] 6 (@ + ek — ekr — Exqir—xr)
4o (Zn),, &dk' dk"| ¥, (k, k', k" k + k' -+ K")? | [

X (Akqrk + 1) — (nee + 1) (ner + 1) ey 1] 8 (0 + ey

- ek — Bkt k) + (2%) \ i di”| W (€, Kk — K

D(rer + 1) (nk——xr+1)

— NNy Nx—k'— k-] d ((._) — 8y — &k — ek—k’—k”)-

— k" k) P [(me+
(40)

One verifies easily that the imaginary part of the
terms of the mass operator which are given by
Fig. 5 tend to zero near resonance.

It is clear from Egs. (30), (37), and (40) that
the quantity vy (k) is proportional to the probability
that a spin wave makes a transition from an initial
state with momentum k to any of all the possible
final states.

8. To determine the shape of the homogeneous
resonance line we must know the quantity y (0)
=Im Z (0, — i€y + 0) where €, is the homoge-
neous resonance frequency which is determined
by the shape of the body.?? If the ferrodielectric
has the shape of a disc and if the axis of easiest
magnetization lies in the plane of the disc, we have*

go =W (Ho+ BMo)"= (Ho 4 BMq + 4nMy)e.

The exchange interaction does not contribute to
the homogeneous resonance width. The quaternary
relativistic interaction is small compared with the
ternary relativistic interaction so that the main
contribution to the line width vy (0) comes from
the quantity Im Z & (0, — i€y + 0) which is propor-
tional to the probability that a spin wave with k =0
splits up into two spin waves

1)

*The x axis is along the normal to the disc.
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v (0) =Im Z¢ (0, — iy 4 0)

cth 7% S dk | D (k, —k; 0)[28 (2ex — 0).  (42)*

(Zﬂ}z

This quantity differs from zero in the region
where the anisotropy of the ferrodielectric and
the external magnetic field are sufficiently small:

Ho/ Mo+ B<4m/3.

We give the expression for the quantity vy (0) in
two limiting cases

2 73\ p.M ¥ (4 H 5/2
( EE(§> ”‘47‘( ef) <?_FOO_B> uMo,
b =
e
& /2 Ho \!
actn g3 (Yge ) (G+8) e, g +B<t (@3)°

n/6

A= I S cos?® V1 — 4sin? 9 d9.

If the anisotropy of the ferrodielectric and the
external magnetic field are such that

Ho/Mo+B>

then one spin wave with k = 0 cannot split into
two and vy (0) is determined by the quantity

Im Zy (0, — i€y + 0) and only the first of the
three terms in (40) is different from zero and is
proportional to the probability that a spin wave is
scattered by a background spin wave:

it (0) =Im Zly (0, — igg + 0) = 4 (25‘)—5 (ezo/T _ l)

4r/3,

x §dk’dk"| ¥ (0, k', k", k' —
X (&g + ex— ex"— Exk'—k~).

In the temperature range €; <« T « @, the
homogeneous resonance line width is of the form

M T \2 H
rO R () M T
2 M T 2
7(0)= S (g) wMo, B>?-

192n 8,

We turn now to the evaluation of the quantity
v (k) in the region of large values of the wave
vector k(ak » vpM,/®c). The main part is then
played by the quantity =g (k, — i€k + 0) which is
caused by the exchange interaction between the
spin waves. Using (40) and (20) we get

Sk )

. 1 w
7 (k) = Im Sy (k, — iex - 0) = 4(2n5)(M0) (

X a* gdk’ dk” (kk’ +kk"+ k'k” — k"?)? (nx + 1)

+ g kgae—ke 0 (Bx -1 ek — B — Exqir—io). (46)
When € ~ T the quantity v (k) determines the
time it takes to establish thermal equilibrium in
the spin system; in that case

*Cth = coth.

k") |2 (nr + 1) 7w e 8
44)

(45)
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7 (k)= (T / ©.)" 6. (47)

Comparing Egs. (47) and (45) we see easily
that v (k) for €x ~ T is much larger than vy (0)
if the temperature is such that T/@¢ > VuM,/@c¢.
This means, according to (33) that first, after a
time on the order of v (k)~!, a uniform distribution
of the magnetic moment is established in the ferro-
dielectric. Then, after a time on the order of
v(0)7}, the transverse part of the magnetic moment
m; slowly approaches its equilibrium value rota-
ting with the homogeneous resonance frequency €.
The end point of m; describes then the ellipse

m2 (£) | Uy (0) -+ m2, (¢) | Us (0) = const. (48)

9. In the solutions of the Maxwell equations
there occurs usually a tensor Yj; which connects
the magnetic moment density M with the total
magnetic field in the system h + h':

M; = Yu (hy + hi).

We shall connect the tensor xj; occurring in Sec. 2
with the tensor %j;. Solving the Maxwell equations
one finds easily the connection between the field

h! and the magnetic moment density M; in the
magnetostatics approximation we have

(49)

hf = — 4nk / k72 (kM). (50)

Eliminating the quantity hi from Eq. (49) and
using (50) we get

(6 4 4m Xim kmky | B72) My = it

Comparing this formula with Eqgs. (7) and (8)
we get the following equation which connects the
quantities xi7 and Xz

(Oim + 400 in knkm | K72) Ximt = Yt

In conclusion the authors express their grati-
tude to A. I. Akhiezer for valuable advice.
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