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The temperature correction to the mechanical moment of the spin system in a ferrodielectric
is calculated. It is shown that at a sufficiently low temperature, when the spin-spin interaction
is appreciable, the temperature dependence of the magnetic and mechanical moments are dif-

ferent.

IN gyromagnetic experiments on the determination
of the electronic g factor, use is generally made of
the fact that the ratio of the magnetic moment of the
sample to the mechanical moment is equal to the
corresponding ratio for the free electron. In ferro-
dielectrics, at sufficiently low temperatures, all the
microscopic characteristics are determined by the
spin-wave branch of the spectrum, which is due both
to exchange and to relativistic magnetic interaction
of the spins.

In the present paper, a formula is obtained in
the spin-wave approximation for the temperature
part of the mechanical moment of the spin system,
and it is shown that in the range of temperatures
where the dielectric interaction is appreciable, its
ratio to the corresponding contribution to the mag-
netic moment differs from the single-electron g
factor and depends on the temperature.

We note that because of the dipole interaction of
the spins, the total magnetic moment of the system
is not conserved, whereas under suitable symmetry
of the lattice, the total mechanical moment should
be conserved. Therefore, the mechanical moment
of the system must be an integral of the motion,
connected with the invariance of the spin system
relative to the corresponding rotation.

1. We consider a uniaxial (or cubic) ferrodielec-
tric in which a constant and homogeneous external
field is applied along the chosen axis. The mag-

to the magnetization:
Heff = —08& IGM.

The energy of the system has the form
g=s(a,k oM M |3 H?

 Fe Ty W MH— )dV.
The first term of the integrand describes the ex-
change interaction, which is characterized by the
tensor «ji; the second term is the anisotropy en-
ergy density (8 > 0 is the anisotropy constant, and
4 is the component of the magnetization vector per-
pendicular to the easy axis); the last two terms cor-
respond to the magnetic interaction of the spins
with the external field H, and with one another.

The magnetic dipole-~dipole interaction is con-
veniently described by introducing the field h. At
low temperatures, when the principal role is played
by the long wave perturbations, one can neglect the
retardation and assume that the field h satisfies
the equations !’

roth=20, divh = 4ndivM.
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The field H entering into Eq. (3) is the sum: H
=Hy +h.

2. The spin-wave approximation corresponds to
an expansion with accuracy up to quadratic terms
of the energy density (3) in powers of the quantity u,
which is small in comparison with My —the mag-
netization —near the ground state.?) As a result of

netic state of such a system can, as is well known,t!] such an expansion, Eq. (1) becomes linear in u:

be described classically by introducing the field of
the magnetization vector M(r,t) which satisfies

the equation
oM [ 9t = —g[MHeg], 1)*

where g is the single particle gyromagnetic ratio
and Hegp is the effective magnetic field, equal to
the variational derivative of the energy with respect

*[MHeff] =MxH

2 —g[Mon—

. (2 >+ )t oyt aagx] )

1)The description used for the energy of magnetic interac-
tion corresponds to the choice of M and H as independent vari-
ables.

*rot = curl.
2)Equation (1) describes the change of the magnetization

only in direction.
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The dynamic characteristics of the system can
most simply be determined by means of the La-
grangian density. If we introduce the components
of the vector u and the magnetic potential ¢ (from
Eq. (4), h=Ve¢) as generalized coordinates, then
it is easy to establish the fact that Egs. (4) and (5)
can be obtained as the Lagrangian equations for the
field (¢, u) if we choose the following expression
as the Lagrangian density:

1 . aip. Op 9y
L=—_-TuM —_ 7
2gMoz[u 0] w 2 a-l'i axh
1/ H, h2
STaTY 6
+p 5 M0+ﬁ W +8n (6)

Then, by means of standard procedures,tz] we can
find the components of the energy-momentum ten-
sor. In particular, the momentum density is shown
to be equal to

- = 7
p 2l [uMo] oz, )

This makes it possible to determine the ‘‘orbital’’
magnetic moment of the field

Jorb= S [rpldV. (8)

Differentiating (J,pp )z With respect to the time
(the z axis is the same as the axis of easy mag-
netization) and using Eq. (5), we find, in the case
of a uniaxial or cubic crystal,

d
= (Jorb), = S[hu]z av.

On the other hand, it follows from Eq. (5) that

0 gy — — hplav.

_d7 ZgMo
Therefore
d
—(J sp), =
dt( orb‘f‘J P)z O, (9)
where
. w
(o) = § g9V 10

The moment (10) can be regarded as the spin mo-
ment of the field. It is equal to the time dependent
contribution to the z component of the total spin of
the system.

The conserved quantity J = (Jorp + Jgp)z is
the total mechanical moment of the spin system in
the ferrodielectric. It is easy to see that when the
dipole-dipole interaction is neglected, the moments
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(Jorb)z and (Jgp)z are separately conserved.®

3. Quantization in the spin-wave approximation
is obtained by replacement of the projections uy
and uy by operators with the following commutation
rule:[3]

[ue(r), ny(r)] = ighMod (r —r'). (11)

Here the diagonalization of the Hamiltonian (3) in
the same approximation is carried out by means
of the generalized Fourier transformation:

pt=p, A+ i,

— ‘/gg_:i% Z {ukakei(kr_mk” + Uk'ak+€_i(kr_mkt)}, 12)
K

where ai'{ and a) are the Bose creation and anni-
hilation operators, and the coefficients u) and Vi
and the frequency wy are connected by the equa-
tions

Axux + By*vk = oxuy, Byux + Axvx = —oyy,
[ug |2 — ok |2 =1,
Jed? + hey?
Ay = gMoainkiky + g (Ho -+ pMo) + 2ngM, o
k ik,)?
By = 2ngMo~(4xZ;2—”)—~. (13)

Substituting the expansion (12) in Eq. (3) we get in
the quadratic approximation in u:

H =&+ 2 howaxtax, ox=TVAE—|By% (14)
k

The mechanical moment J, is reduced to the fol-
lowing form by means of this expansion:

]2=J01—iﬁ2 ak+[kvk]zak+ﬁz aytag (15)
k k
(Vi is the gradient in k-space).

The first component in (15) can be interpreted
as the operator of the orbital momentum of the
system of spin waves, and the second as the oper-
ator of the spin moment of this system. It is then
seen that the spin of the spin wave is equal to unity
(in units of 1), while only one (+1) of the three
projections of the spin on the z axis is realized.

As might be expected, the operator of the mo
ment Jz commutes with the energy operator (14)
when wg does not depend on the angle ¢k, that is,
in the case of a uniaxial or cubic crystal. For di-
agonalization of the moment, we transform from

3)The procedure for obtaining the total moment in our case
is similar to the introduction of the spin of the electron in rela-
tivistic theory, wherein the role of the spin-orbit interaction is
played by the dipole-dipole interaction.
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the quantum numbers ky, ky, ky to the quantum
numbers kj, kz, m, where k| = + kx2 + kf, and

m is the eigenvalue of the operator i[k x Viklz-
The transformation to the new representation re-
duces to the canonical transformation

[ee]

. ! imeop|

= —=—= 2 G ke, me",
231: m=—o0

as the result of which we get

Jo=Ju+h

k), kpm

(m + 1) a’:_L’ kg m@k | 1 kg, me (16)

4. Since the frequency wy in the new representa-
tion does not depend on m, averaging of Eq. (16)
with the equilibrium Gibbs distribution reduces to
the following result:

jz = Joz + hg nNg, nNx= (en“’k/T —_ 1)_1. (17)

Thus the temperature contribution AJ, to the
mechanical moment is equal (in units of h) to the
total number of spin waves at the given tempera-
ture T.

So far as the temperature contribution to the
magnetic moment is concerned, it is equal tol3]

AMZ=E§%%"—nk. (18)
It is seen from a comparison of (17) with (18) that
upon neglect of the magnetic dipole-dipole interac-
tion, the ratio AMy/AJ, is equal to g. Such a
neglect is valid when the temperature T is large
in comparison with the energy of the dipole-dipole
interaction, which is equal in order of magnitude
to 2mghM,.

In the case of low temperatures (T < 2rghM,)
the contribution of the dipole interaction becomes
important, as a result of which the ratio of the
temperature contributions to the magnetic and
mechanical moment of the spin system of the fer-
romagnet will depend on the temperature.

We shall write down the results of the calcula-
tions of the spontaneous magnetic and mechanical
moments in the region of temperatures T « 2rghM,.
As was shown earlier,[‘ﬂ the temperature contribu-
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tion to the magnetic moment is equal here to
Ma_Mﬂn==Mf_K,_Z_J%pﬂy. (19)
48Y2 a3 \2nghM,/ \ @,

It follows from Eq. (17) that for T « 27ghM,, the
temperature dependence of AJ, has the following

form:
T\
(a:)

where K is a numerical factor equal to the integral

KVh T

Jo— ()= —e —
* (1) 8n2a® 2nghM,

(20)

Va2 422 —z) %
Y2+ z2

zdzx

ex—1 )

K=§§M&(
0 0

Comparison of Egs. (19) and (20) shows that AM,
and AJgz actually have different temperature de-
pendences in the limiting case under considera-
tion.

The difference in the temperature dependence of
the magnetic and mechanical moments of the spin
system can in principle be found by means of a gy-
romagnetic experiment in which the change of the
moments takes place as the result of the change
in the temperature in the absence of an external
field.

In conclusion I express my gratitude to M. I
Kaganov for useful discussions.
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It must be noted that we have neglected the anisotropy
energy, which is proper only under conditions of smallness of
this energy in comparison with the temperature.



