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Fluctuations and scattering of electromagnetic waves in ferromagnets are studied. Expressions
are obtained for the correlators of the fluctuations of quantities that describe the antiferromag-
net (the magnetic moment, the magnetic field, the density, the displacement vector), both far
away from magnetoacoustic resonance and close to resonance.

It is shown that the correlation functions have sharp maxima near the frequencies of
characteristic oscillations of the crystal—spin and acoustic waves. Far from magnetoacous-
tic resonance, there are on spin waves large fluctuations of magnetic quantities (the mag-
netic field, the magnetic moment), and on acoustic waves large fluctuations of nonmagnetic
quantities (the density, the displacement vector); near magnetoacoustic resonance, there
are large fluctuations both of magnetic and of nonmagnetic quantities. Scattering of electro-
magnetic waves in antiferromagnets is studied, with allowance for the coupling between elas-
tic waves and oscillations of the magnetic moment. It is shown that far from magnetoacous-
tic resonance, there appear in the spectrum of the scattered radiation four pairs of lines:
longitudinal and transverse sound satellites, caused by scattering of the electromagnetic
wave on elastic oscillations, and two pairs of magnon satellites, caused by scattering of the
electromagnetic wave on the two branches of the spin waves. An appreciable contribution to
the intensity of the magnon satellites comes from interaction of the electromagnetic wave with
the fluctuations of elastic quantities that accompany the spin wave. It is shown that in the vi-
cinity of magnetoacoustic resonance, there appears in the spectrum of the scattered radiation,
instead of the pair of weak lines, an additional pair of bright lines; but the total intensity of

the scattered radiation does not change.

INTRODUCTION

IN this paper, a study is made of combinational
scattering of electromagnetic waves in antiferro-
magnetic crystals. In such crystals, along with
sound waves, still another type of weakly attenuated
oscillations is possible—spin waves (magnons).
Hence in the spectrum of radiation scattered in an
antiferromagnet, along with sound satellites, there
occur also magnon satellites, distant from the fun-
damental line by the spin-wave frequency.“

In studying the scattering of electromagnetic
waves in magnetically ordered crystals, it is nec-
essary to take account of the coupling between elas-
tic waves and oscillations of the magnetic moment,

Da qualitative treatment of combinational scattering of
light in magnetically ordered crystals was given by Shen and
Bloembergen ['].

by virtue of which a spin wave is always accompa-
nied by oscillations of the elastic quantities and,
conversely, a sound wave is accompanied by oscil-
lations of the magnetic moment.?” This is due pri-
marily to the fact that two processes contribute to
the scattering cross section of electromagnetic
waves in magnetically ordered crystals: interac-
tion of these waves with oscillations of the defor-
mation tensor and interaction of the electromag-
netic waves with oscillations of the magnetic mo-
ment; and an electromagnetic wave interacts more
strongly with elastic oscillations than with oscilla-
tions of the magnetic moment. Consequently, as is
shown in the present paper, the intensity of the
magnon satellites is in many cases determined by

2)Coupled magnetoelastic waves and magnetoacoustic reso-
nance in antiferromagnets were treated by Peletminskif [?] and
by Savchenko [°].
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the scattering of the electromagnetic waves on the
elastic oscillations that accompany the spin wave
(and not on the oscillations of magnetic moment
themselves).

The coupling between elastic waves and oscilla-
tions of the magnetic moment manifests itself par-
ticularly strongly in the vicinity of magnetoacous-
tic resonance. Thanks to this, as we show, the char-
acter of the distribution of scattered radiation
changes appreciably on approach to the resonance
point. Specifically, instead of a pair of bright lines
(sound satellites) and a pair of weak lines (magnon
satellites), there appear in the spectrum of the
scattered radiation two (or three) pairs of bright
lines, caused by scattering of the electromagnetic
wave on coupled magnetoelastic oscillations. What
changes, however, is the distribution of the scat-
tered radiation, not its total intensity.

The intensity of scattering of electromagnetic
waves in crystals is determined, as is known, by
the level of fluctuations in them. In this paper,
therefore, along with the scattering of electromag-
netic waves, we study the fluctuations of the quanti-
ties that describe the antiferromagnet, with allow-
ance for the coupling between elastic waves and
oscillations of the magnetic moment.

1. DETERMINATION OF THE CORRELATION
FUNCTIONS

The scattering cross section of electromagnetic
waves in magnetically ordered crystals is ex-
pressed, as is known (see [“), in terms of the cor-
relators of the fluctuations of the permittivity of the
crystal and of the magnetic-moment density. There-
fore we shall determine, first of all, the correlators
of the fluctuations of the quantities that describe the
antiferromagnet. In accordance with the general
method of fluctuation theory, based on the fluctua-
tion-dissipation theorem, it is necessary for this
purpose to introduce into the equations that de-
scribe the system under consideration additional
auxiliary quantities—the so-called ‘‘random forces’’
(Landau and Lifshitz'% 1), On introducing random
forces w and y into the equations of motion of the
magnetic moments of the sublattices and into the
equation of elasticity, we get

Op [ 01 = g[He] — (pepe*tm) ~* [ [wHv]] + Wy,
Pu/dt=1f—u/ts+y (u=0du/dr),
where u, is the magnetic moment per unit mass
associated with the v-th sublattice (v = 1, 2), H§ is
the effective field, u is the displacement vector,

1

¥ HP) =y x HE.
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f is the force acting on unit mass, g is the gyro-
magnetic ratio, “(2) and p, are the equilibrium val-
ues of the square of the magnetic moment associ-
ated with each of the sublattices and of the density
of the crystal, and 7., and 74 are relaxation con-
stants (a more exact form of the relaxation terms
is not important for us, since in the final results
the limiting process Ty, — 75 —« will be carried
out). On taking into account that the square of the
magnetic moment per unit mass of each of the sub-
lattices is an integral of the motion, p? =pu =pui, we
can express the random force w,, in terms of the
transverse random force y,: w, = Ho_i luy xy,l.
The expressions for the effective fields and the
force £, with allowance for the coupling between the
oscillations of the magnetic moments of the sublat-

tices and the elastic oscillations, have the form
(Bar’yakhtar and Gann' 7])

Hy* = H + apoAps + a’poApz +- Bpon (mim)

+ B’pon (uzn) — mpopz + 1/5h,
Hy* = H + apoApe + o/poAps + Bpon (uzn)

=+ B’pon (mm) — npops — Y/2h,

fi = Aip,in-0%u;/0zndzr + fi™,

h = — fpo{V (A°w) + (A°V)u}

+ (B— #)00(nV) {n(A%u) 4 u(An)},
£ = 1/,fpo {Adiv A + (A°V)A}

—1/5(f — B') 00(nV) {A°(An) + A(An)},
where H is the magnetic field, satisfying the equa-
tions of magnetostatics

div (H + 4znpop) = 0,

(2)

rotH = 0; (3)

B = pq + Wy is the magnetic moment of unit mass;
A=y — Py AY is the equilibrium value of the vec-
tor A; o, o', and i are exchange-interaction con-
stants; B and B’ are magnetic anisotropy constants;
n is a unit vector along the anisotropy axis (the z
axis); f is a magnetostriction constant; and A is
the elastic-constant tensor, which we shall here-
after choose in the simplest form

Ainyine = (52 — 25¢2) 0indims + 52 (8inOin + OiiOnn-)
where s; and s; are the velocities of longitudinal
and of transverse sound (the external constant mag-
netic field is supposed to be zero).

Following the general method of fluctuation the-
ory, we must now determine the time derivative of
the internal energy of the system and express it in
the form

U= Z va(r,t)Xv(r t)dr,

v=0,1,2
where Xx are the ‘‘generalized thermodynamic ve-
locities’’ and X are the corresponding ‘‘generalized
thermodynamic forces’’ (the index v = 0 refers to
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elastic quantities, the indices v =1 and 2 to mag-

netic quantities connected respectively with the first

and second sublattices). On differentiating with re-
spect to time the expression for the internal energy
of an antiferromagnet,t?]

ou,; duyr

H? 1
- 32 L. i iy e 2
S g TP + szu.u 92, ax,-,+"p bz

+goor () () ]
o o _ 1

32, 93, 3 po%[(wm)2+4 (p2n)?]

U=

+o'p?

ou;

1 .
— Bt B W et A
B'p* (wm) (nan) + 5 fo*hiks oz;

X (p—B)p(kn)ha(nV ) us

4)

using equations (1)—(3), and taking into account that
because of the closed character of the system the
energy flow across the surface vanishes, we get

. 0 1

PoTmMho
u
+ pou( :c: -y >} dr.

We choose as ‘‘generalized thermodynamic
forces and velocities’’ the quantities

(5)

Xy = = (PoktoTm) ~[vHy] + yv, Xy = popo~{uHye] (v =1, 2),
5(0 == — Ts_ill + Yo, Xo = Poﬁ, (6)

and put x into the form
xv=—wXet+p (v=012), yi=y2=po2tm},
Yo = (pots) .

The ‘‘kinetic coefficients” vy, directly determine,
as is known, the normalization of the random forces.
Allowing for the connection between the quantities
w, and y,, we get

(wﬂ’w,-"’)m o = 2(8s; — A0/ 4pe?) Oyl (No 4 1) po2tm ™,
Wiy a0 = 28:i0 (Na + 1) (poTs)

(W¥yi)a,0 = Yiw* q.0 = 0. ™
where N = (ehw/ T _ 1)1 is the Planck distribu-
tion function.

To find the correlation functions, we must now
express the magnetic moment vectors, the dis-
placement vector, the density, and the other quan-
tities that describe the crystal in terms of the ran-
dom forces and then carry out an averaging over
the random forces with the aid of formulas (7).
Without quoting the complicated general expres-
sions for the correlation functions, we shall dis-
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cuss only the most interesting cases of fluctuations
near magnetoacoustic resonance and fluctuations in
the nonresonant range.

2. FLUCTUATIONS AND SCATTERING OF
ELECTROMAGNETIC WAVES FAR FROM
MAGNETOACOUSTIC RESONANCE

The correlators of the fluctuations of quantities
describing the system have, as is known, sharp
maxima for values of the frequency and of the wave
vector that satisfy the dispersion equation of the
characteristic oscillations of the system. For this
reason sharp maxima, due to the possibility of
propagation of characteristic oscillations in the
system, occur also in the scattering cross sec-
tion for electromagnetic waves.

In antiferromagnets, far from magnetoacoustic
resonance, characteristic oscillations of two types
can be propagated: spin waves and sound waves.
We consider first the fluctuations and scattering of
electromagnetic waves on spin waves.

Spin waves in a crystal with anisotropy of the
easy-axis type. In an antiferromagnet with aniso-
tropy of the easy-axis type, there can be propagated
two branches of spin waves, with dispersion laws
wi(q) and wy(q), where

o(q) = (gMo)*{(B—B') + (e —a’)¢%}-

x{2n+ (B +p') + (a4 a') ¢ + 8nsin?y},
0?(q) = (gMo)*{(B— ) + (e —a')¢*}

X {2n+ (B+B) + (e + ) ¢?},
where M, = pgug and X is the angle between the
wave vector q and the anisotropy axis. On these
waves the large fluctuations are those of the mag-
netic quantities (the magnetic moment, the vector
A, the magnetic field). The nonvanishing compo-
nents of the tensors (ujuj) and (AjAj) have the
form

(Hx2>q,m = (M;z)q,m(

® >‘~"
2gMm
= 27af|No + 1| po202n 8 (0* — 01?),

2
(e a0 = AaPlq0 ( 2g;)4071 > (9)

= 21| No + 1| po20>n~*6 (0% — o2?),

where the y axis is chosen perpendicular to the
(n, q) plane. (We have taken into account that

n > B, 8 and aq® ~ a’'q* ~ n(aq)? < n, where a is
the lattice constant.) The fluctuations of the mag-
netic field are connected with the fluctuations of
the magnetic moment by the obvious relation

CHH3q. 0 = (4100)2qiqiq 2 sin? y(ua®q. o0 10)
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The correlators of the crystal density and of the
displacement vector ut =u —q~2q(q-u) have the
form

(PP q,0 = 211 | No + 1| (gMo) MM?q* (0? — s2g%) 2
X sin2 2y (2f — B + B')20 (0? — 02?),
(uy? q,0 = 8auh|No + 1| (8Mo) *nM*g*po—2 (0® — 5:2¢%) =2
_ )28 (02 — o42),
(g () e — g e (1D
= 8nh|No + 1| (§Mo) M2g%p02 (0?2 — 5:2q%) 2sin?y
X [fsin?y — (f — 8 + B’) cos? I8 (0? — 0?),

where s; and sy are the velocities of longitudinal
and transverse sound (the remaining components of
the tensor (ut u%) vanish).

We see that the quantities puy, Ay, H, and u
fluctuate on a spin wave of frequency wi(q), whereas
the quantities Rys Axs> P, ug(, and u% fluctuate on a
spin wave of frequency wy(q). On both spin waves,
the correlators of the elastic quantities contain (in
comparison with the correlator of the magnetic mo-
ment) the small parameter %, where ¢~ M2 pols?
(s is the velocity of sound).

We now estimate the contribution of the fluctua-
tions of the magnetic moment and of the fluctuations
of elastic quantities to the cross section for scatter-
ing of electromagnetic waves on spin waves. As has
already been mentioned, the correlators of the fluc-
tuations of elastic quantities are proportional to the
small parameter gzn; on the other hand, the contri-
bution of magnetic fluctuations to the scattering
cross section contains, as was shown earlier,“]
the additional small parameter (gM,/w)?, where w
is the frequency of the incident electromagnetic
wave. Therefore in the low-frequency region
(w< gMyn -1/ Zg'i) the chief contribution to the
cross section for scattering of electromagnetic
waves on spin waves comes from the interaction of
the electromagnetic wave with the fluctuations of
the magnetic moment; in the high-frequency region
w > gMon'i/zg'i, the scattering of electromagnetic
waves originates chiefly on the fluctuations of elas-
tic quantities that accompany the spin wave.

To determine the cross section for scattering of
electromagnetic waves on spin waves in the low-
frequency region (w < gMon_l/zg'i), we substitute
(9) into the known expression for the differential
cross section for scattering of electromagnetic
waves on fluctuations of magnetic moment: 4]
a3y = glc2ep?{sin 042 (u2)q, rw

4 4

=+ 2 cos Ok;k; Re {piiq, Ao) do Z::) ’
where k is the wave vector of the incident wave,

k' and o’ are the wave vector and frequency of the
scattered wave, Aw = w— w’, ¢ =k —k’, 6 is the

(12)

A. AKHIEZER and Yu.

L. BOLOTIN

angle of scattering (the angle between the vectors k
and k'), do’ is an element of solid angle of the vec-
tor k', and € is the permittivity of the crystal. We
get as the result

i)
dZm =|Nao + 1 I(g_ck >2t:ﬁ (8Mo)? [B — p’+ 4(a—a’) 2 sinz_z_]

X {v1d (A 0% — 02) + v20 (A 02 — 022) }do’dw’, (13)
where v; = sin® 6 + 2 cos ok k' Tkyky s vy = sin? ¢
+ 2 cos Ok-2k§7.

For w>gM, n'1/2 g'l we must use the expres-
sion for the cross section for scattering of electro-
magnetic waves on elastic fluctuations:t4!

dze = ch + dzs,

dZ. = (—(Z- )4 {[%‘ (14 cos¥)+ o2 cosﬁ]2+ 02? }po‘z(pz)q,
do’dw’
Aw (4.712)3 ’

(0] 1*0'12 . ks |
dzs=(_) 2 2R sint § (1) 2)a, a0 — (4= cos O)(ki + 1)
N\ C

do’de’ (14

X (k;+ ki) {uitustdq, ac} TR

where ¢y and oy, are quantities that describe the
connection between fluctuations of the permittivity
and fluctuations of the deformation tensor ujj,

8eij = o1tij + 0208ijUnn
(in order of magnitude, oy ~ g3 ~ 1). On introducing
the notation
1 2

Ry=2 {[—2 a1(1 4 cos 8) 4 ozcos & ] + 022 }(1 — cos¥)

X sin?2x (2f — B + B’)2,
Ry = o[sin?® — 2(1 — cos &) k~2k,2] cos? 4 (f — B + B')2,
Ry = 04*[sin?® — 2(1 — cos ) k~2(kx cos  — k,siny)?]

X{fsin?x —(f — B + B’)cos?y],

we find

€
dZ. =|Nao+ 1| (% > el (gMo) Mo2q2p0—2{ (01 — s2¢%) =2

XR16 (A 02 — 042) + [ (022 — 5242) 2R + (w22 — s:2¢%) ~2R,]
do’dw’

gode’ (15)
(4n)?

X 8(Aw? — w2)}

In this expression (as in all other expressions for
a scattering cross section), q and x are to be re-
placed by their values

-1

(cos 6 — cos 6')}$16)

qg= 2ksin—g, § == arccos {<2sin% )

where 0 (6’) is the angle between the vector k(k’)
and the anisotropy axis.
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In the intermediate frequency range
w~ gMOn‘i/Zg'l, the scattering cross section sep-
arates into the sum of three terms:

The terms dZ,, and dZ,, describing the scattering
of electromagnetic waves on magnetic and on elas-
tic fluctuations, are determined by formulas (13)
and (15), whereas the interference term dX.,, has
the form

Aw [ o\~
@Zem = | Nao +1| — (— > e (gMo)2po=1k2{ (012 — si2g?) 1

4

X R{8(Aw? — 0:2) + [ (022 — s2¢%) ~1Ry’

+ ((022 — stzqz)—iRZ']
do’dw’

4n
where Ry, R{, and R; are functions of the angle
variables and are of order of magnitude unity (we
shall not present here the complicated expressions
for the functions R’).

We remark that the expressions given above for
the scattering cross section (and also for the cor-
relation functions) do not take account of the atten-
uation of spin waves. In order to take account of the
attenuation of the spin waves, it is sufficient in
these expressions to make the substitutions

8(A0 — o) a-12y50,{(Ac* — 0)? + (2450}, (18)

where Yj is the damping decrement of the spin-
wave (j = 1, 2).

We shall discuss briefly the relation between the
frequency and the direction of propagation of the
scattered wave. The 6-functions contained in ex-
pressions (13), (15), and (17) enable us to find the
frequencies of the radiation scattered in a definite
direction, if we know the frequency and direction of
propagation of the incident wave. By use of (8) and
(16) we get for the frequencies w’

o = o+ gMp {(B —p)+t4(a—a’)k? sinzﬁz— }‘/2

o
X {2Tl+(B + |3')—l—8n+4(a+a')lczsin2—2—

(17)
X8(Aw?— a2)}

2 19
— 27 sin—zg (cos @ — cos 6’)2 } (19)

or
' s
o = migMo{(fi — B )+ 4(a— a’)kzsinz—g}
Yy ’
x {on -+ p)+haraypesie o) 1)

We see that in the spectrum of the scattered radia-
tion there occur two pairs of sharp maxima (mag-
non satellites); the two Stokes satellites (and the
two anti-Stokes) are separated by a narrow gap with
width of order gMon'l/ 2 (and also if the resolution
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with respect to frequency or scattering angle is
low), then one pair of satellites is superposed on
the other.

We remark that because of the factor [Np, + 1]
that occurs in the expression for the scattering
cross section, at low temperatures (T < h|Aw|)
scattering occurs only with diminution of frequency;
if T 2 fi|Aw]|, the intensities of the Stokes and anti-
Stokes satellites are of the same order of magni-
tude.

Spin waves in a crystal with anisotropy of the
easy-plane type. In an antiferromagnet with aniso-
tropy of the easy-plane type, two branches of spin
waves can be propagated, with frequencies
w = wg(q) and w = Vq, where

02(9) = 0>+ Vg2, o= gM,|p— B’|"=(2n)",
V = gMo(2n)"(a — a’) ',

We shall give the expressions for the nonvanishing
components of the tensors <F’i“j> and (xixj):

(20)

( >q m_< q, o
Wz ) }\4 , )

(21)

(H_l_z>q,o) = (A}}q,m (2g]l(lon )2
0

= 27| No + 1| po~202n~18 (02—w4?),

where r| = (>\0)"1 r(n xA’]. For the correlator of
the fluctuations of the magnetic field we have

CHiH>q, 0 = 4(270) %1 No + 1] 0™n~9-2¢ig;

22
X {cos?xd (% — V2q?) -} sin? g sin? b (0% — 00:?) }, (22)

where ¢, is the angle between the vector A’ and
the x axis (the y axis, as before, is chosen per-
pendicular to the (n, q) plane).

The correlators of the crystal density and of the
displacement vector are determined by the for-
mulas

pDq, 0 = 87h|No + 1| (8Mo)qM2g4 (02 — s2g?) 2 sin%y
X {cos?y cos? o (2f — B + B’)26 (w2 — ws2)
+ sin? y sin? 2028 (02 — V242)}
@itua, 0 = B3| N+ 1] (gMo) MigPp= (0 — 5¢g?)
X {rinsb (0* — 02) + sin? %8 (02 — V2g?) }, (23
%y =(f — B + B) cos x sin g, %y’ = fcos 2qo,

%y = — tg Yux = sin x cos o(f sin?y — (f — B + B’) cos? y],
% = —tgxxs’ = !/of sin 2y sin 2u,.

We see that on both spin waves, the correlators
of the elastic quantities contain (by comparison
with the correlators of the magnetic moment) the
small parameter g% ~tw? (gMon)z. In the case of
a wave with frequency wg(q), the parameter g% is
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of order ;277; but in the case of a wave with a lin-
ear dispersion law, the parameter g% is appreciably
larger, and equal in order of magnitude to
inin {nﬁf; (aq)'z}, where 8| is a constant that
describes the anisotropy of different directions ly-
ing in the easy plane, and a is the lattice constant.
We shall now consider the scattering of electro-
magnetic waves on spin waves. In the case of a spin
wave with a linear dispersion law, the chief contri-
bution to the scattering cross section comes from
the interaction of the electromagnetic wave with the
fluctuations of density and of the displacement vec-
tor that accompany the spin wave., On substituting
(23) into (14) and introducing the notation

G B ) )
D=2 {{L—zi (1 4 cos¥)+ oacos G‘J -+ 62'-’} sin? y sin? 2o/,
’ n( . / . U ’ NG , ; .0
D/ = o1\ sin? 0x#? — sin? 5 EVE (b A KWy - & )xi‘,;JJl,

X siny,
we get

d¥ = lAL\C —+- 1l /C/l gﬁlo) l}iwo q7%0¢"2
X (V2 — s2) D) - (V2= s2)2D/'}8 (Aw? — V2g?)
do’dw’

4o do (24)
(Am)?

In the case of a spin wave with frequency wg(q),
the fluctuations of elastic quantities that accompany
the spin wave make the principal contribution to the
scattering cross section in the high-frequency re-
gion w > gMon'1/2 §_1. On substituting (23) into (14),
we find for the value of dZ in this range

dZe==|Nao + H\ >8ﬁ eMo) Moo~ {(0s* — s°¢*) 7Dy

do’dw’

e (25)
(4m)?

+ {0 — $2¢2) 2D} § (Aw? — 02)

where
D= —{[ ik (1 -+ cos¥)+ ozcosﬁ] + 02 }
X sin? 2y cos? ¢o (2f—B+p")3,

Dy = o {sin2 Gn? — sinz—z—ﬁk-ilc’-i(ki + &) (k5 + kj,)%i%j}.
In the low-frequency region w < gM n—l/z g'l,
the scattering of an electromagnetic wave on a spin
wave with frequency wg(q) is determined chiefly by
the interaction of the electromagnetic wave with the
fluctuations of magnetic moment. On using (21) and

(12), we get for the value of dZ in this range

a2 =|Nao+1] (5 Y enceno2] 1p—p'
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(}
+4(a—a )lczsxn2 :]’V(S(A(Oz—' ws2)do’dw/’, (26)

where
v =sin?® + 2 cos Ok~ 1k~ ([ .}’ sin? g + %,2 cos? o).

We shall discuss briefly the relation between the
frequency and the direction of the scattered wave.
The 6-functions contained in expressions (24), (25),
and (26) enable us to find the frequencies of the ra-
diation scattered in a definite direction, if we know
the frequency and the direction of propagation of
the incident wave. By use of (20) and (16), we get
for the frequencies w’

* '~
o = o = gMy(2n) {| B—B'|+4(a— a')k2.3i112—2 } 27T)
or

m’=(o-_¥—2—Vngsin—ﬁ. (27"
¢ 2

We see that in the spectrum of the scattered radia-

tion there appear two pairs of sharp maxima (mag-

netic satellites).

Sound waves. The correlators of the fluctuations
of the crystal density and of the components of the
displacement vector on sound waves are determined
by the formulas

(0 >q o == Zﬂﬁle 4+ 'll poqzﬁ((oz bt 312(]") (28)
<L1rl'tllj q,0 = Zﬂjﬁ,le + 1]()0—1 (611' —q 2Qz(1;)5((ﬂ“_‘ 5;° q- )

The correlator of the fluctuations of the magnetic
moment of unit mass has the form

(ing> == 8ath|No + 1] (gMo) 20?no’g® 00 {Ri'6 (02
+ Ri;t8 (0® — sfg?) },

where the nonvanishing components of the tensor R
are determined in the case of anisotropy of the
easy-axis type by the formulas
Ryl = (02 — ) 2(f — 12 -+ B sini2y,
xat = (m2 — 0®) 2(f — B 4 B) > cos?y,

Ryt = (02 — 02)2[fsin?y — (f — B + B) cos? 4],
and in the case of anisotropy of the easy-plane type
by the formulas

Ry ! = (0 — o) =2(f — /2B + /28")? sin? 2y cos? ps,
Roif = Rt = — (02— 02) (02 =V2g) (T — /2 + 1/2f)
X sin?  sin 2y cos @ sin 2,
R = (02 — V2g%)~2f2 sin’ y sin? 2,
Ry P =(0*—od)?{(f — B + B’)?sin® g cos*
+ [/ sin?x — (f — B + B’) cos? xJ cos? qo},
R, 1t = R,;} = (0?®—0s)~!(0?—V2¢2)~1f sin 2y sin
X @o{!/2(f—B-+p’) cos 2¢o
+ Usin?y — (f — B + B) cos? x]cos? go},
R.;t = (0 — V2g2)~2f2 sinZy (cos? 2 -} cos? x sin2 2¢p) .

— S°¢°)
(29)

We see that the relative fluctuations of the magnetic
moment on sound waves are in order of magnitude
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smaller by a factor n'/? than the relative fluctua-

tions of the nonmagnetic quantities, ou /u,
~fn1/2 8p/py-

By substituting (28) and (29) into (12) and (14),
it is easy to satisfy oneself that the scattering of
electromagnetic waves on sound is caused chiefly
by interaction of the electromagnetic wave with
fluctuations of the density and of the displacement
vector. Therefore the scattering cross section of
electromagnetic waves on sound in antiferromag-
nets is determined by the same formula as in the
case of ordinary (not magnetically ordered) crys-
tals,

45 = |Naw+1] (% )68ﬁpo‘1{([ % (14 cos 9)+ aacos ﬁ]z

1
1 oz )(1 — c0s 9)8(Aa? — 24%) 4 - 01 sin? 88 (Ao?

do’ dm
J— stZQZ)}

In closing this section, we remark that in the
high-frequency range, the sound satellites surpass
the magnon satellites in brightness. The intensities
of the magnon satellites distant from the principal
line by frequency wj;, w,;, or wg are comparable
with the intensities of sound satellites at «?
~ (gMy)? (n¢)7}; the intensities of the satellites
with Aw = + 2Vk sin (6/2) are comparable with the
intensities of sound satellites at «? ~n!¢cta™?

(a is the lattice constant). In the lower-frequency
range, the magnon satellites surpass the sound
satellites in brightness.

(30)

3., FLUCTUATIONS AND SCATTERING OF
ELECTROMAGNETIC WAVES IN THE
VICINITY OF MAGNETOACOUSTIC
RESONANCE

As was shown in the previous section, far from
magnetoacoustic resonance, on one set of branches
of the oscillations of an antiferromagnet—the spin
waves—there are large fluctuations of the magnetic
moment and magnetic field and small fluctuations
of the density and the displacement vector; on the
other hand, on the other branches of the oscilla-
tions—longitudinal and transverse sound—there are
large fluctuations of the displacement vector and
comparatively small fluctuations of the magnetic
quantities. The situation is otherwise near mag-
netoacoustic resonance, when the frequency of one
of the spin waves is close to the frequency of one of
the sound waves. In the vicinity of resonance, in-
stead of sound and spin waves, there are propagated
in the antiferromagnet coupled magnetoelastic
waves, on which there are large fluctuations both
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of the magnetic and of the nonmagnetic quantities.
Because of this, on approach to a resonance point
there is a change of character of the distribution of
the radiation scattered in the antiferromagnet (but
not of its total intensity).

Longitudinal magnetoacoustic resonance. The
dispersion equation of coupled spin and longitudinal-
sound waves has, near resonance, the form

((02 —_ (0+12)2((02 —_— m_lZ)Z + ((0+12 —_— m_IZ)Z (2Yﬁ’)2 — 0.’

where in the case of anisotropy of the easy-axis
type
02 =1/5(022 + s2¢%) = 1/2{ (022 — sPq?)?

+ 40 (gMo) 200~ Me?q? (2f — B + B’)? sin® 2y} 2

and in the case of anisotropy of the easy-plane type

(31)

0s? =y (0f + s7¢%) £ '2{(0s — s7¢°)® (31')

+ 4n (gMo)2p0~Mo?q*(2f — B + B')*sin® 2y cos® @o} ',
in both cases, y = (2'1'8)'1 +nT 1_1; This equation has
two solutions, corresponding to the two branches of
the magnetoelastic waves with frequencies w£ and
w! and with damping decrement vy.

We give the expression for the correlator of the
fluctuations of density near the point of longitudinal
resonance (| wi — qzszl <el/20¢ or Iwzs - s;qzl
<¢t /2 wzs ):

<p2>q;m = 2fiw (Nm + 1) poquy{[(wz — 042)2
+ (2y0) 2t 4+ [(0? — 0-2)2 4 (2y0)Z-1}.

If the damping of the waves is small, y<¢
then this expression takes the form

02q, 0 = nh|No + 1] p0g2{8 (0* — ©42) + 8(w?

(32)

1/2w

— 0 )},
(33)

But if the damping is not small (w >y > §1/2 w),
then (32) reduces to the first of the relations (28),
describing the fluctuations of density on a sound
wave far from resonance.

In the case of a crystal with anisotropy of the
easy-axis type, near resonance, we have
(P-yz>q, 0= (A:;?‘}q, m( "2%
X {8(0?— of) +8(0*—0-2)};

2
V= wh| N + 1] po-2win-t
(34)

in the case of a crystal with anisotropy of the easy-
plane type,

2
(i?q,0 = APq, (n( >= aft|No + 1] po20?n~!

o
2gMom

X {8(w? (3¢

— 04%)+ 8 (0 — 0-2)}.
As for the remaining components of the tensors
(pipj) and (A52; ) and also the components of the
correlator of thb displacement vector, (u )
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these quantities near a point of longitudinal magne-
toacoustic resonance are determined by the same
formulas as in the nonresonant range.

Passing to the study of the scattering of electro-
magnetic waves near a resonance point, we remark
first of all that magnetoacoustic resonance can
manifest itself in the scattering of electromagnetic
waves only in the high-frequency region. In fact,
from the condition for resonance it follows that
q>s? gMOnl/z, and therefore the frequency of the
incident wave must satisfy the inequality w
> gM, n1/2 ¢/s. By using relations (12) and (14) and
by taking into account that, in accordance with (33)
and (34), near magnetoacoustic resonance 6y /u,

~ (ne) Y2 8p Jp,, it is easy to see that in the fre-
quency range w > gM, n %2 ¢/s the principal contri-
bution to the scattering cross section of electro-
magnetic waves comes from the interaction of these
waves with the fluctuations of the elastic quantities;
this interaction is characterized by the scattering
cross section (14). On substituting (32) into (14) and
on taking into account that the fluctuations of the
displacement vector near longitudinal resonance
are small, we get

s = —1(Nm+1)ﬁAow< )spo—’(l—cosG){[———(l—l—cos(—))

2 P
1 63008 ] + 022}{[(A@2— 02)2 & (2yAw) Tt

Idm/
(4m)?”

+[(A0? — 0_2)2+ (2yAe) 71} (35)

If the damping of magnetoelastic waves is small
(y < §1/2 Aw), then this formula takes the form

5 = — |NA(,,+ 1 ( )eﬁpo‘i {[—“-2’- (1 + cos 9)

—I—Gzcosﬁ] + 022} (1 —cos®) - {8(Aw*— 1)

do’dw’

+6(Am2——a) )} )

(36)

On comparing this formula with the relation (30),
we see that each of the longitudinal-sound satellites
splits, on approach to the longitudinal-resonance
point, into two lines of equal intensity.

If, however, y 2 gi/ZAw then the satellites with
frequencies w + wf and w + w’ (and 11kew1se the
satellites with frequencies w — w} and w— w )
are superposed on one another. The scattering
cross section of electromagnetic waves is then de-
termined by the same formula (30) as in the non-
resonant range.

Transverse magnetoacoustic resonance. In crys-
tals with anisotropy of the easy-axis type, two
transverse magnetoacoustic resonances are possi-

A, AKHIEZER and Yu.
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ble: resonance between a spin wave with frequency
wy(q) and transverse sound polarized perpendicular
to the (n, @) plane, and resonance between a spin
wave with frequency wy(q) and transverse sound
polarized in the (n, q) plane. In the first case, the
frequencies of coupled magnetoelastic waves are
determined by the expression

0112 = 1/2(02 + sfg?) £ V/2{(0f — 5i¢%)*

Y 37

4 (4gMo) 205 Mt cos? 1 ( — B+ B)%} (37)

in the second case, by the expression

022 = p (02 + 52¢%) == Yo {(022 — 52¢2)2 (37)
+ M (4gMo) 200~ M?q?[f sin® x — (f — B + B’) cos*x ]2} .

We give the formulas for the correlators of the
fluctuations of the magnetic moment and of the dis-
placement vector near the first of the resonances

(|l - sta® < £'/2w}):

(D a0 = 12 °
Ua/q;,0 = Y q,m<2g—]u(m>

=nh|No + 1| po 20 1{6 (A0® — cotii) + 6(Ao?— u)tiz_)},

(P a0 = a1t |No + 1] po~ {8 (0? — 01+2) 4 6 (0? — 01-2) }.
(38)

Near the second resonance (| w} — siq?| < £1/2 o),
we have

® \?

<My2>q 0 = (7 >q m< D) MOT] )

= atht| No + 1] po202~ 1 {8 (A 0? — wzt) + 8 (Aw® — 0z2) },

((uzt)2>q,m = tgz X((uxt)2>q,m = tg x(ux’u2t>q,m (38,)
= rfi| Ny + 1] po~* sin® 4 {8 (@2 — @2+'2) -+ 8 (0% — @2-12) }.

(The remammg components of the tensors (uiuj),

(Ai2j), and (u ty, and also the correlator

(p?), are determmed near the resonance points by

the same formulas as in the nonresonant range.)
In crystals with anisotropy of the easy-plane

type, a single transverse magnetoacoustic reso-

nance is possible. Near a resonance point

(ol - s}| < g1/2 w?), the frequencies of coupled

magnetoelastic waves are determined by the for-

mula

msitz — 1/2((082 + St2q2) i 1/2

X{ (02 — s2g®)2 +n (4gMo)2po_‘M02q2‘1’} Ys
Y = (f — B 4 B’)2cos?y -} f2sin? ¥ cospe

—(f —1/2B + 1/2B) 2 sin? 2y cos? .
We give the expressions for the correlators of the
fluctuations of the magnetic moment and of the dis-

placement vector in the vicinity of transverse res-
onance:

(39)
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Qi a o= AP4q,0 (ngj%a )2

= wh|No+ 1] po—2o2n=1{8 (0 — Bet) + 8 (02 —"s-) },

i'uit) g0 = 1/2mh| No + 1] 051 (815 — 4724:45) {8 (0? — 0s+?)
+ 8 (0* — 05-1) 4 26 (0 — sig%) } (40)

(the remaining components of the tensors (uiuj)
and (1jAj) are small near resonance).

The differential cross section for scattering of
electromagnetic waves near transverse magneto-
acoustic resonance can be determined by substitut-
ing (38), (38’), and (39) into (14). In the case of ani-
sotropy of the easy-plane type we get

6
s — %E |Vao+ 1] (%) ehpo=io? sin? 0{6 (Aw? — w'%)
do’ dw’
(4m)?”

In the case of anisotropy of the easy-axis type, for
Aw ~ wi(q) ~stq we have

(41)

+ 8(Aw? — 0i2) + 25 (Aw? — s2g2)}

1
® \6
X (—z )aflpo“icnz{[sin2 O —2(1— cos ®) k~2k 7]

X [6(Aw?— 0ir)+ 6(Aw?— oi)]

do’de’
+ 4(1 — cos 0) k2,26 (Aw? — s2g?)} -(145;"_2 ;

(42)
for Aw ~ wy(q) ~s¢q we find

1
a2 = — [ Nao +1]

6
X ( 5”—> ehpo=to 2 {[sin? & — 2 (1 — cos 0) k2k,7]
c

X 8 (Aw? — s2g%) + 2 (1 — cos 8) k2,26 (Aw® — war)
do’ do’ 42!
-8 (Ao — wr) [} . (427)
+ 8(A0®— w2) ]} ()
On comparing these formulas with (30), we see that
each of the transverse-sound satellites splits into
three lines upon approach to a point of transverse
resonance,
We remark that the relations (41) and (42) are
correct if the damping of the magnetoelastic waves
is small (y < gi/zAw). fvy2 gi/zAw, then the
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value of dZ is determined by the same formula
(30) as in the nonresonant range.

We shall now discuss briefly the conditions for
observation of magnetoacoustic resonance through
the angular and spectral distribution of radiation
scattered in the antiferromagnet. In order that the
phenomenon of magnetoacoustic resonance should
manifest itself in the scattering of electromagnetic
waves, it is necessary that the angle of scattering
¢ be close to the angle 4, determined from the
equation w(q) = sq (w(q) = wy, wy, wg). The change
of character of the distribution of the scattered ra-
diation occurs in a narrow range of angles
d=d{1+ O(gi/z)} and of frequency changes

|Ao|= 2‘:—31/Esin?ﬁ {t+0(h};

detection of this effect therefore requires a reso-
lution in scattering angle of order 19(,;1/2 , and in
frequency of order |Aw|g!/2.

In closing, the authors express their thanks to
V. G. Bar’yakhtar, V. V. Gann, V. V. Eremenko,
and S. V. Peletminskii for helpful discussions.

1Y. R. Shen and N. Bloembergen, Phys. Rev.
143, 372 (1966).

3. V. Peletminskii, Zh. Eksp. Teor. Fiz. 37,
452 (1959), Sov. Phys.-JETP 10, 321 (1960).

SM. A. Savchenko, Fiz. Tverd. Tela 6, 864
(1964), Sov. Phys.-Solid State 6, 666 (1964).

‘1. A. Akhiezer and Yu. L. Bolotin, Zh. Eksp.
Teor. Fiz. 52, 1393 (1967), Sov. Phys.-JETP 25,
925 (1967).

5L. D. Landau and E. M. Lifshits, Zh. Eksp.
Teor. Fiz. 32, 618 (1957), Sov. Phys.-JETP 5, 511
(1957).

6. D. Landau and E. M. Lifshits, Elektrodi-
namika sploshnykh sred (Electrodynamics of Con-
tinuous Media), Gostekhizdat, 1957 (translation,
Addison-Wesley Publishing Company, Inc., 1960).

TV. G. Bar’yakhtar and V. V. Gann, Fiz. Tverd.
Tela 9, No. 7 (1967), Soviet Phys.-Solid State 9,
No. 7 (1968).

Translated by W. F. Brown, Jr.
30



