
PHYSICAL REVIEW 8 VOLUME 51, NUMBER 2 1 JANUARY 1995-II

Two-magnon absorption of electromagnetic waves
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The two-magnon absorption of electromagnetic waves in the noncollinear magnetic phase of the four-
sublattice antiferromagnet Nd2Cu04 has been considered. The crystal is shown to exhibit a distinguish-
ing feature that the electric dipole moment associated with the pair of spins has an exchange nature.
Consequently, the two-magnon absorption of the electromagnetic waves is electrodipole active in the ex-
change approximation. We have studied theoretically both the magnetic-dipole and electric-dipole
channels of the two-magnon absorption and analyzed the frequency dependences of the coefficient of the
absorption. The intensities of the absorption processes involving the exchange magnons are shown to be
of the same order of magnitude as that involving the acoustic magnons only.

I. INTRODUCTION

A theoretical analysis of the two-magnon absorption of
electromagnetic waves in ferromagnets has been carried
out in Ref. 1. The microscopic mechanism of this
phenomenon consists in the decay of the quantum of elec-
tromagnetic radiation into two magnons. It follows from
the laws of conservation of energy and momenta for this
process that the wave vector of light may be considered
as negligibly small. It means that the absorption process
gives rise to magnons with opposite wave vectors corre-
sponding to different points in the Brillouin zone. At the
same time the combined energy of the magnons is fixed
and equal to the energy of the photon. The absorption
intensity is directly proportional to the density of the
magnon states. That is, the absorption will be higher for
those regions of the spectrum which correspond to the
Aattened portions of the curves describing the depen-
dences of the magnon energies on the wave vector. It is
apparent that quasi-one- and quasi-two-dimensional mag-
nets are the most suitable for experimental observations
of such phenomenon because of the existence of flattened
regions of both the acoustic and exchange branches of the
spin-wave spectrum.

In order to avoid any possible misunderstanding, we
shall give the definition of the acoustic and exchange
branches of the spin-wave spectrum of a many-sublattice
magnet. The most convenient way to do it is to consider
homogeneous oscillations corresponding to those
branches called the modes of the magnetic resonance
spectrum. The modes whose activation energies co (0} [v

is the mode number, and co,(k} is the energy of the corre-
sponding spin-wave branch] tend to zero in the exchange
approximation will be referred to as the acoustic modes.
There are three such modes in the case of a magnet non-
collinear in the exchange approximation The precession
of the magnetic moments of the sublattices taking part in
the oscillations corresponding to the acoustic modes may
be described in the following way. The magnetic struc-
ture formed by the spins of sublattices entering the mag-
netic unit cell rotates as a whole without inducing
changes of the angles between the spins. The spin-wave
branches corresponding to the acoustic modes are called
acoustic spin waves. The rest of the n —3 modes of the
resonance spectrum of the exchange-noncollinear n-
sublattice magnet have the name "exchange modes. "
The activation energies of these branches are nonzero in
the exchange approximation and are determined by
different combinations of the inter- and intrasublattice
exchange interaction parameters. The precession of the
spins taking part in the oscillations corresponding to the
given exchange mode leads to changes of the relative
orientations of the spins inside the unit cell. The magnet-
ic structure of the unit cell does not rotate as a whole in
the case of oscillations corresponding to the exchange
mode. In this respect exchange magnons are analogous
to optical phonons because the spins of the sublattices
entering the magnetic unit cell oscillate out of phase.

One has to distinguish between the terms "exchange"
magnons and "optical" magnons. The last was used re-
cently for the excitations which exist in magnetic crystals
with S) 1 and strong single-ion anisotropy. These exci-
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tations correspond to transitions with nonconservation of
the spin projection and their energies may be of the order
of the exchange energy. The presence or absence of opti-
cal magnons is in no way connected with the number of
magnetic sublattices in a magnet. They can, for example,
exist even in a ferromagnet which has only one magnetic
atom in the unit cell.

It is also necessary to note that in earlier papers in the
1960s and 1970s the exchange magnons under the above
classification scheme were usually named optical mag-
nons because of their analogy to optical phonons.

The order of magnitude of the absorption frequencies
for acoustic spin-wave branches may be estimated to be
co ~ &JA, where J is the intersublattice exchange interac-
tion parameter and A is the anisotropy parameter,
whereas two-magnon absorption by exchange branches
takes place at the frequencies co ~ J. In the case of three-
dimensional magnets, the flattening of the dispersion
curves takes place only for exchange magnons because of
the changes of the structure of the spectrum under the
action of the external magnetic field. It has to be
remembered that in three-dimensional magnets two-
magnon absorption by acoustic magnons at the frequen-
cies co ~ &JA may be observed only under the conditions
of the so-called parametric excitation of spin waves. It is
caused by the small value of the density of the magnon
states in this region of frequencies. The absorption inten-
sity during the parametric excitation of the spin waves
has the threshold character of the dependency on the in-
tensity of the incident radiation (for details on the para-
metric excitation of the spin waves in antiferromagnets,
see Ref. 5).

The coupling between the electric component of the
electromagnetic radiation and the spin system of a mag-
netic crystal is stronger than that of the magnetic com-
ponent. Thus, in crystals whose symmetry allows the ex-
istence of the so-called electric-dipole channel of the
two-magnon absorption, the intensity of it will be much
greater. One of the important advantages of the method
of two-magnon absorption is that it allows one to study
those branches of the spin-wave spectrum which cannot
be observed in experiments on direct absorption (magnet-
ic resonance) or on Raman light scattering. A similar sit-
uation takes place, for example, in Nd2Cu04. The ex-
change mode in this compound is determined by the
product of the quadratic with respect to spin exchange
interactions and four-site (biquadratic) one ' (see Sec.
II of the present paper). The four-site exchange interac-
tion in turn is responsible for the stabilization of the
plane-cross noncollinear magnetic ordering in this anti-
ferromagnet. Because of the magnetic symmetry of
Nd2Cu04 the exchange mode cannot be excited by exter-
nal alternating magnetic field (see Ref. 23); that is, it can-
not be observed by the magnetic resonance method.

As already noted, the intensity of two-magnon absorp-
tion is proportional to the density of magnon states.
Thus the study of two-magnon absorption gives informa-
tion about the density of the magnon states, which in
turn allows one to make certain conclusions on the char-
acter of the critical points of the magnon spectrum.

The following note is also in order. Since the com-

bined energy of the magnons excited during the two-
magnon absorption process is fixed (equal to the frequen-
cy of the electromagnetic wave) in the experiments with a
fixed frequency of the incident radiation and variable
constant external magnetic field, one can study the
dependences of the magnon frequencies on the wave vec-
tor.

By now, two-magnon absorption by acoustic branches
of the spin wave spectrum has been investigated both
theoretically and experimentally in considerable detail for
quasi-two-dimensional two-sublattice antiferromag-
nets. The peculiarities of two-magnon absorption by
exchange spin waves have been considered in Refs. 10
and 11 and then in Ref. 3. Two-magnon absorption by
exchange magnons in the regions of the spectrum corre-
sponding to the Aattened parts of the dispersion curves
has been studied in these papers both theoretically and
experimentally for the case of the three-dimensional
four-sublattice antiferromagnet CuC12. 2H20.

The energy of exchange magnons in quasi-two-
dimensional antiferromagnets at zero value of the wave
vector, coE o-&JJ', may be of the order of magnitude of
the energy of acoustic magnons, co„~&JA, because the
inequality J' «J takes place as a result of the quasi-two-
dimensionality of the crystal. The theory of two-magnon
absorption for this type of many-sublattice antiferromag-
net has been considered in Ref. 12. In all these papers,
the case of so-called many-sublattice magnets collinear in
the exchange approximation has been employed. Two-
magnon absorption in these antiferromagnets had a
magnetic-dipole character. It means that the absorption
of the electromagnetic wave in these crystals is due to the
interaction of the magnetic component of the electromag-
netic field with the crystal. However, two-magnon ab-
sorption in exchange-noncollinear magnets has not been
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FIG. 1. Crystal structure of Nd2CuO4 in the paramagnetic
state.
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considered at all so far.
The exchange-noncollinear four-sublattice antifer-

romagnet Nd2Cu04 is unique from the point of view of
experiment. First of all, the spin-wave spectrum of this
antiferromagnet has a quasi-two-dimensional character
for some particular directions of the wave vector. '

Second, the special magnetic and crystal symmetry of
this compound leads to the situation that the two-
magnon absorption process is electric-dipole active in the
exchange approximation.

The main goal of the present investigation is to analyze
the peculiarities of two-magnon absorption in exchange-
noncollinear many-sublattice antiferromagnets which
symmetry allows the simultaneous existence of two chan-
nels of absorption due to electric-dipole and magnetic-
dipole mechanisms.

In Sec. II a brief description of the spin-wave spectrum
of the four-sublattice exchange-noncollinear antifer-
romagnet Nd2Cu04 will be given. Section III deals with
the calculations of the frequency dependences of the
coe%cients of two-magnon absorption and the numerical
analysis of the theoretical results obtained. Brief con-
cluding remarks are given in the final section.

II. SPIN-WAVE SPECTRUM

It is a common knowledge now' that Nd2Cu04 has
tetragonal symmetry (the crystal structure is shown in
Fig. 1) at temperatures above the Neel temperature
T&=240 K. Below the Neel temperature, it is the four-
sublattice antiferromagnet with the magnetic structure of
the "plane-cross" type in the absence of an external mag-
netic field. The sequence of magnetic phase transitions in
the copper subsystem of this compound takes place dur-
ing the lowering of the temperature. The ordering of
neodymium subsystem occurs in the helium temperature
region. ' ' ' The theoretical analysis of the magnetically

ordered phases possible in Nd2CuO4 and conditions of
their stability in the absence of an external magnetic field
has been carried out in Ref. 23. The behavior of the mag-
netic structure under the action of the external magnetic
field has been studied in Ref. 24.

The general expression for the quadratic with respect
to spins part of the Hamiltonian of the many-sublattice
magnet may be written in the from

H= g I J&(m, n)S; (m)S~(n),

where I JI3(m, n ) are the parameters of the sublattice in-
teractions. The indices a,P label the sublattices; the in-
dices i,j are the Cartesian coordinates, and the indices n

and m number the magnetic unit cells. Following Refs.
23 and 13, we introduce the linear combinations of the
spins of the sublattices in Fourier representation:

F(k) =S,(k)+ S2(k)+ S3(k)+S„(k),
&1(k)= S 1(k)+S2(k) —S3(k ) —S4(k),

L2(k) =S,(k) —S2(k)+ S3(k)—S4(k),

L3(k) =S,(k) —S2(k) —S3(k)+S„(k).

We use here the same numbering scheme for the copper
ions as in Ref. 23.

In terms of the vectors (l), the Hamiltonian of the
copper magnetic subsystem of NdzCu04 may be
represented as'

H=g [H' '(k)+H' '(k)I,

where H' '(k) and H' '(k) describe the two- and four-site
spin-spin interactions, respectively,

3
Hl l(k) Joj(k)F'( k)F'(k)+ g J '(k)L '( k)L )(k)+d1(k)L1 ( k)L2 (k)+d2(k)Lly( k)L2 (k)

+d3(k)F„(—k)L3 (k)+d4(k)F (
—k)L3„(k).

Jo (k) =Ill yl(k)+I12'Y2(k)+I13y3(k)+I, 4y4(k),

Jl~(k) =I'1'1')

l(k)+Ilail

2(k) —I,', Y3(k) —I 1'43 4(k),

J2$(k) =I'1'1'Yl(k) I12y2(k)+I 1'3'Y3(k) I'1'4y4(k)

( )=I, , ( ) I, ( ) —I, (k)+I, ( )

(4)

The J (k) and d(k) values in expression (3) are the pa-
rameters of the so-called two-site exchange interactions
and Dzyaloshinsky-Moriya interactions, respectively.
The z axis of the coordinate system is chosen to be paral-
lel to the tetragonal crystal axis. In this case the x,y
planes coincide with the Cu02 planes of the crystal lat-
tice.

In the nearest-neighbor approximation, the following
expressions for J .(k) may be obtained'

Here

k (a+b) k (a —b)
y, (k) =cos cos

k-a k.c
y (k)=cos cos cos2(k 6 ),2 2 2

kb k c
y (k)=cos cos cos2(k b, ),3 2 2 x

k.a k.b
y4(k) =cos cos

where a, 1, and c are the lattice vectors directed along
the x, y, and z axes, respectively; the h„,h are the lattice
distortions which appear as a result of the structural
phase transition' above T~. The role of the structural
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distortions in the formation of the magnetic ordering of
Nd2Cu04 has been discussed in Ref. 23. The coefFicients
d (k) may be represented by the expressions'

d i(k) =2[Iffyi(k) —I i:yak) —»By5(k)]
d, (k) =2[IPy, (k) —I i~y (k)+2IP2y, (k) ],
d (k) =2[I,i y i(k)+I „'y,(k) —2I i2 y6(k) ],
d (k)=2[I„y,(k)+I,~y (k)+2I", y (k)],

in which

k c k.(a+b) k (a —b)
y~(k) =cos cos cos

k c . k.(a+b) . k.(a —b)
y6(k) =cos sin sin

2 4 4

Later on, we will neglect the small values 5; in compar-
ison with the lattice parameters where appropriate.

Considering the four-site exchange interaction, we re-
strict ourselves to the interaction of the two nearest pairs
of spins of the copper ions from the adjacent x,y layers.
The expression for H' '(k) in this approximation may be
written in the form'

2+0 L' (~=o)

2+

cu (z=c/2)

FIG. 2. Magnetic unit cell for the noncollinear magnetic
phase. Solid and open circles denote the copper ions located in
the e/2 distant crystal planes.

has the form'

H= —y Iql (k)QL, (k)QL, ( —k) —pL(k)PL(k)PL( —k)] .
1

L, k

H' '(k)= —g D[[S,(k).S2(k2)][S3(k3) Sg(k4)]
1

k~, k3, k4 In this expression,

(7)

where

+[Si(k) S3(k3)][S2(k2) S4(k4)]]

X@(k,k2, k3, k~),
Ql (k) = —[aL (

—k)+aL (k)],1

2

PL ( k ) = —[al (k ) —al (
—k )],1

2

and

a.K2 b-K) c.K3
@(k,k2, k3, k4)=cos cos cos b(Ko),

4 4 4
where al (k), aL(k) are the linear combinations of boson
spin-deflection operators of the sublattices, I =Lo, L„
L2, and L3, and Lo =F. The coefficients qL (k) and pL (k)
from (7) are determined by the expressions

Ko=k+k2+k3+k4 K& =k+k2 k3 k4

K~ —k —k2+ k3 —k4, K3—k —k~ —k3+ k4 .
pL(k) 2E=L, (k),

qL (k) =E2 (k)+E, (k) —4Sd~(k)

(8)

X is the number of the unit cells of the crystal, and b, (k)
is the Kronecker symbol.

A comprehensive analysis of the spin-wave spectrum of
Nd2Cu04 in the noncollinear magnetic phase (see Fig. 2)
which corresponds to the ~2 irreducible representation of
the D4I, symmetry group has been carried out in Ref. 13.
%'e will present here the main results of this analysis. As
has been revealed by neutron experiments, ' ' ' ' ' the
noncollinear magnetic phase of Nd2Cu04 has been real-
ized in the temperature intervals 4 K & T & 30 K and 70
K& T & Tz. The magnetic structure of this phase is
formed by two antiferromagnetically ordered x-y planes
of copper ions (see Figs. 1 and 2). The nonzero equilibri-
um values of the antiferromagnetic vectors of these
planes are equal to L &„=L2=4v'2S in the absence of an
external Geld.

The quantization of the Hamiltonian (2) along with (3)
and (6) was carried out with the help of the approach
developed in Ref. 25. The part of the Hamiltonian (2)
quadratic with respect to boson spin-deAection operators

+8S D[2 y( )k—y~(k) —y3(k)],

qL (k) =ED (k)+E3 (k) —4Sd&(k)

+8S D[2y4(k) —y, (k)+y3(k)],

ql (k) =Eo „(k)+E3(k) —4Sd3(k)

+8S D[2y4(k)+y2(k) —y3(k)],

ql (k)=E, „(k)+E2 (k) —4Sd, (k)

and

+8$ D [2y4(k)+ y2(k)+ y3(k) ],

El =4S[J (k) —J,„(0)——,'d, (0)], j=x,y, z . (10)

The standard Bogolyubov transformation of the aI (k)
operators into g (k) and g (k) operators of creation and
annihilation of a magnon of the vth branch of the spec-
trum,
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Ql. (k) = —tL,(k)[f,( —k)+ g (k)],2'
&I (k)= —dl. (k)[g (k) —

g ( —k)],
2 '

spectrum of Nd2CuO4 may be represented as

ni„(0)=co„(0)=16$+—Ja2,

co„(0)= 16SQ—J(a2 —a4),
(13)

~& (k) = QpL (k)qL (k),

~~ (k)=+pL (k)qL, (k),

~~ (k)=+pL (k)qL, (k),

coE(k)=+pl. (k)qL, (k) .

(12)

At k=0 we get four modes of magnetic resonance with
v=AI, A2, A3 and E as obtained in Ref. 23. The ener-
gies of the two acoustic modes A, and A2 are degen-
erate.

Let us brieAy discuss the dependences of the spin-wave
spectrum branches on the wave vector for different orien-
tations. In the case k~~[001], the energies of the modes
A& and A2 are degenerate and do not depend on the
wave vector. This particular case of the absence of the
dispersion dependences of the A i and A2 branches is
connected with the specific crystal and magnetic symme-
try of NdzCu04 (see Ref. 13 for details). Thus in the case
k~~[001] the spin-wave modes A, and A2 manifest a pure
two-dimensional behavior. As to the exchange E mode,
it has a very weak dispersion and its energy is approxi-
mately equal to the value corresponding to niz(0). That
is, the dispersion relation of this mode also has a quasi-
two-dimensional character.

In the case when the wave vector is oriented in such a
way that it has components in the plane parallel to the
Cu02 layers (the x-y plane in our case), the dispersion re-
lations of the spin-wave branches are typical of a three-
dimensional magnet. Similar to all the parent com-
pounds of the high-temperature superconductors, the in-
tralayer exchange interaction is much greater than the
others. As a result, the spin-wave frequencies have a
linear dependence on the wave vector in a wide enough
region of the wave vectors, coocoB, «(ak ) « 1, where coo

is the value of the frequency at k=0 and coB, is that at the
edge of the Brillouin zone.

The values of the parameters which describe spin-spin
interactions in the copper magnetic subsystem of
N12CuOz [see expressions (3) and (6)] may be roughly es-
timated on the basis of the experimental results of Refs.
26—28 (see also Ref. 13). These parameters allow us to
carry out the illustrative numerical calculations of the
dependences of the spin-wave frequencies on the wave
vector. The frequencies of the homogeneous vibrations
corresponding to the acoustic branches of the magnon

has been used. The tl (k) and dI (k) coefficients are
determined by

t,.(k) = [p, (k)/q, (k)]'",
d .(k)=[q (k)/p (k)]'" .

The following expressions for the energies of the spin
waves have been obtained

where J=I&4 is the combination of the exchange parame-
ters, and a; (i =2,4, 6, 8) are the anisotropy constants (see
Refs. 23 and 13 for details). The value of the intralayer
exchange interaction I,4

=870 cm was obtained in Ref.
26. As already noted, the interlayer exchange interaction
is supposedly the largest in the given crystal. Using the
experimental results ' and the formulas (13), we es-
timated the values of az and (a2 —a4) and obtained'

~az~ =2.87X10 cm ', ~az —
a4~ =3.32X10 cm

Other anisotropy constants have to be of the same order
of magnitude, because each of them contains the "large"
intralayer anisotropy. ' The differences a 2

—a 4 and
a6 —as in turn are determined by the weaker interlayer
anisotropy. The values of the parameters of the four-site
D and I,2 of the interlayer exchange interactions are un-
known at present. The results of the estimations allowed
us to suppose that the inequality

(14)

is satisfied, where A is the combinations of the anisotropy
constants.
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FIG. 3. Spin-wave spectrum for the wave vector oriented

along the tetragonal crystal axis k~~ [001].



51 TWO-MAGNON ABSORPTION OF ELECTROMAGNETIC WAVES. . . 1015

;3 —I
(li0 urn )

i~I1OOI

We give here the results of the calculations of the
spin-wave spectrum of Nd2Cu04 for the values of I&2 and
D related to the known value of the exchange parameter
I,4 as follows:

I)2 =10 'I)4, D =10 I(4 .

During the calculations, we have neglected the value I&]
in comparison with I&4.

The dependences of the energies of the acoustic and ex-
change spin waves on the wave vector oriented along the
direction [001] are shown in Fig. 3. The directions of the
wave vector, [100] and [010], are equivalent, and the cor-
responding spectrum is given in Fig. 4. The dependences
of the spin-wave frequencies on the wave vector along the
[111]direction are depicted in Fig. 5.

III. TWO-MAGNON ABSORPTION
OF ELECTROMAGNETIC WAVES

0
0 0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1/k,
FIG. 4. Dependences of the spin-wave energies on the wave

vector oriented along the [100]or [010]direction.

W (10 CII1 )

The interaction Hamiltonian of the magnetic system
with a uniform external electromagnetic field may be
written as

H,„,=VN I
. g,~ ps&, F—~(0.)+e&P~ (0)], .

where h; and e; are the components of the magnetic and
electric vectors of the electromagnetic wave, i,j=x,y, z;
g;~ is the g-factor tensor; F, (0) is the zero Fourier com-
ponent of the magnetization vector of the many-
sublattice magnet [see formulas (1)];and P;(0) is the zero
Fourier component of the electric-dipole moment associ-
ated with the pair of spins. According to Ref. 29, the
general expression for the electric-dipole moment associ-
ated with the pair of spins of a magnetic crystal may be
represented as

P/ =~t (SI S )+Q I ('" (S(„S +S „S()

+g dt' "[S,XS ]„.

0 0. 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1/1

FIG. 5. Dispersion relations of the spin waves in the case of
the orientation of the wave vector along the [111]direction.

In this expression the indices r and p are Cartesian coor-
dinates; the indices I and m number the positions of the
ions. Possible forms of the tensors farl, I ~&'"~, and dl'" are
determined by the positional symmetry of the ions and
the pair of the ions l and m. Several microscopic mecha-
nisms can give rise to the electric-dipole moment associ-
ated with the pair of spins. These mechanisms have
been discussed in Ref. 29 where one can also find refer-
ences on the original papers where they have been pro-
posed. These mechanisms are the interionic Coulomb in-
teraction of the exchange type and multipole-multipole
type, the spin-orbit interaction, and some others. Mag-
netic symmetry of Nd2Cu04 permits the existence of the
exchange contribution into the electric-dipole moment
associated with the pair of spins. With respect to Ref. 29
(see also Ref. 30 where this mechanism was considered),
it is given by the second-order perturbation including
nondiagonal exchange energy and electric-dipole mo-
ment. The contribution of this mechanism is described
by the first term in the above expression. In what follows
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we are not going to consider any other mechanisms
which contribute to the vector P.

Thus the electric-dipole moment associated with the
pair of spins in our case may be written in the form

in the previous section by formulas (8)—(10) where
o- =0, 1,2, 3 correspond to L =F,I-„I-2,I.3. The Hamil-
tonian H,'„t"represents the electric-dipole channel of
two-magnon absorption,

P (0)=g~~p(k)[S ( —k) Sp(k)] .
k

(17) II; t
= e ~ y Iq' (qo po'ql pl CA, (kent, (

k

Py(0) =—g I [m Ily I(k)+ nI2y2(k) ]F(—k)L2(k)
1

k

+ [~llyl(k) ~12y2(k))L1( k)L3(k) }

(18)

The P, (0) component of the electric-dipole moment asso-
ciated with the pair of spins is equal to zero in the ex-
change approximation. Note that in obtaining (18) we
have utilized the relations

m „(0)=+~II(0)=m. l„vrfq(0)=~~)2(0) =~I2 .

Quantization of the Hamiltonian (16) along with (17) and
(18) has been carried out with the help of the same quant-
ization procedure of the Hamiltonian (2). The quadratic
with respect to the creation and annihilation operators of
the spin-wave part of expression (16) maybe represented
as the sum of two contributions:

int int int

=y [[f„','(k)+f„"(k)]g(k)gt(—k)+H. c. } .
k

The Hamiltonian H,'„t' ' describes the magnetic-dipole
channel of two-magnon absorption,

g PBA
X [~'(qo po'qi pl)k~, «)k~, ( —k)
k

+C (q2, p2,'q„p3)g~ (k)gz( —k)+H. c. }

+[x ~ ql pi —q2 p2 ~2 ~1] (20)

where

@(q.p. qp pp) =(q.q~/pup)'" (pw~/q. q~)'" . —

The expressions for p =p (k) and q =q (k) are given

The Greek indices numerate the magnetic sublattices in
this expression. The tensors 7r~&(0) are nonzero for those
pairs of copper ions which cannot be permuted by the in-
version operation and also for ions the positional symme-
try of which does not contain an inversion. That is why
for the crystal symmetry under consideration the tensor
m~&(0) is equal to zero in the case where the structural
distortions h, , are absent.

Using relations (1) and the structure of the tensors rr~ p
as discussed above, one can get the following expression
for the components of the polarization vector (17) in the
nearest-neighbor approximation:

1P (0)= —y [ [lTIIyl(k)+7r]2y2(k) ]F(—k)L I(k)
2 k

+[~&lyl(k) —vr&zy2(k)]L2( —k)L3(k) },

+4'+ '(qz, p2,'q3, p3 )g„(k)gz(—k)+ H. c. }

+[X -~; ql pl-q2 p2 ~2 ~l, y2 yl]

(21)

where

+'(q—,p;q&,p&) =~» [1 y,—(k)][(q q&/p~&)'~

—(pu p/q. q p)
' "]

+m. ,zy2(k)(q qp/p~&)'~

K„' '(co)=const XcoJ d k
~
f„"„(k)~2

X5(co—co„(k)—co (k)), (22)

in which p, v = ( A I, A 3,
' E, A 2 ). For the same direction

of the propagation of the incident radiation, but with the
orientation of the electric component e

~ ~

ox, two-magnon
absorption by the branches A &, A3 and E, A2 will be due
to the electric-dipole mechanism only:

Two-magnon absorption does not take place when the
magnetic component of the electromagnetic wave is
oriented along the z axis. To obtain this contribution in
the interaction Hamiltonian for this geometry, one has to
take into account three-magnon processes at second or-
der of perturbation theory. ' It follows from expressions
(20), (21) that the processes of the photon decay have the
same types for both the magnetic and electric-dipole
channels. The exchange magnon participating in the ab-
sorption process is always accompanied by one acoustic
spin wave which corresponds to the two-dimensional irre-
ducible representation at k=0. In contrast to three-
dimensional collinear magnets, the amplitude describing
the two-magnon absorption process with the participa-
tion of the exchange magnon does not contain any small
parameter. The absorption of the electromagnetic wave
leading to the generation of magnons corresponding to
the same branches of the spin-wave spectrum is absent.

The separation of the electric- and magnetic-dipole
channels of the absorption may be carried out with the
help of the proper choice of the orientation of the polar-
izations of the electromagnetic Beld components and the
direction of the propagation of the incident radiation.
For example, in the case when k~~oy and e~~oz only
magnetic-dipole absorption by magnons of the A I, A3
and E, A 2 branches takes place. The absorption
coefficient at low temperatures is described by the expres-
sion
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K„",(co ) =const X co Id k f„",(k )
~

X5(co —ci)„(k)—ai (k) ) . (23)

2
(&) (gPE)

IC ~ „(co) =const X
4' co

[co, sgn(a4)+coE(l —t)]
XJ, dt. (24)

to(co) 1 —t
The structure of the amplitudes f„'"'(k)and f„",(k) may
be obtained from expressions (19)—(21). During the cal-
culations of the absorption coefficients (22) and (23), the
interlayer exchange parameter I,2 has been neglected in
comparison with the intralayer exchange I,4 where ap-
propriate for simplicity's sake. This approximation does
not change the qualitative behavior of the absorption
coefficients K„(co).

For magnetic-dipole absorption by the 3, and A3
branches in the frequency region co « co,„,where
co,„=8SII4, one can get

Here we introduced the notation co, =16SQI(4 a4~; the
4

frequency coE=16SQI(~S D is slightly different from
the energy gap of the exchange spin-wave branch, which
is equal to coE(0)=16S+2(I(~—I,z)S D. Also, we use
the notation co~, ~z, and co~ for the energy gaps of the

1 2 3

acoustic spin-wave branches which are determined by
formulas (13).

The electric-dipole contribution to the absorption by
2 I and A 3 in the same region of the frequencies,
cu «co„,is given by the expression

[co +co, sgn(a4)+coE(1 t)] t-
IC~" ~ (co)=constX

2 2 J1' 3 16',„co 'o(") 1 —t' dt .

The limiting value to(ai) in formulas (24) and (25) is determined by the expressions

(25)

(coE —co +co, sgn(a4)+2coco„)coE at coo co co„
4

(26)

in which

0=~a +~a ~I=~~ + ~E+2 2
3 1 1 3

The coe%cients of the magnetic- and electric-dipole absorption by the A2 and E modes may be represented as

(&) (gp )2, (~( [co, sg n( a6) +co E(1+ t )]
K~ E(co)=const X J

co a

4co~xcc) 1 —t'

and

(27)

(28)

Kz' E(ai) =const X
27

(S~ )2, (~) [co +a~, sgn(a6)+coE(1+t)] t
dt . (29)

The limiting value to(co) in these formulas is determined by

( co co~ coE 2coco ~ )coE at coo co co(&
2 2 2 —2

6 2

1 at co( co, (30)

and

coo=co„"ycoE+co62sgn(a6 —a2), co, =co„+"~ 2coE+co6~sgn(a6 —a~),2 2 2 2 (31)

where co62=16SQI,~~a6 —az~. The calculations of the
electric-dipole absorption in the region co «cu„was car-
ried out without taking into account the contributions to
fz' ~ proportional to vr(([1 —y((k)]. The omitted term
contains the factor 1 —yi(k), which is of the order of

—,'[(k a) +(k b) ] «1 in the region of low frequencies,
ai~~ JA.

Following from formulas (24)—(27) and (28)—(31), the
absorption coefticient due to the electric-dipole channel
increases with increasing frequency, whereas the frequen-
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cy dependence of the coefficient of magnetic-dipole ab-
sorption is nonmonotonic. Such a behavior of the ab-
sorption coefficient is connected with the specific features
of the spin-wave spectrum and the structure of the ampli-
tude f„'"'(k)describing the magnetic-dipole part of the
interaction of the electromagnetic wave with the crystal.
The quasi-two-dimensionality of the spin-wave spectrum
of Nd2Cu04 leads to different behavior of the appropriate
tL (k) and dL (k) coefficients of the unitary transforma-
tion in the two regions of the wave vector k space. In the
first region determined by the inequality
(k a), (k, b) «Q(D+a )I,4', the tL (k) and dL (k)
coefficients (11) do not depend or depend weakly on the
k, component of the wave vector, which varies from 0 to
m/c. So these coefficients are approximately equal to
tL (0) and dL (0) in this region of wave vectors. The
second region of the wave vector k space is determined

by the inequality Q(D+a )I,~' &&(k a), (k b) &&1. The
tL,(k) and dL (k) coefficients each tends to unity in this
region, and as a result, the f '"'(k) amplitude is propor-
tional to the inverse square of the frequency. This non-
monotonic behavior of the dependence of the magnetic-
dipole absorption coefficient on frequency will still retain
even if one takes into account the interlayer exchange in-
teraction coefficient 112 during the calculations.

The frequency dependences of the absorption
coefficients It~"' „(co)and K„"„(co)in the interval ofi' 3 1' 3

the frequencies co(&cu,„arepresented in Fig. 6. These
curves are obtained by numerical integrations of the ap-
propriate expressions using the values of the parameters
for the copper subsystem of NdzCu04 given in Sec. II [see
(15) and the text before formula (14)]. In particular, for
the dependences shown in Fig. 6 we have used the simpli-
fying assumption that S~» —-gp~ and I» =0. Generally
speaking, in spite of the exchange nature of the m

&
ten-

sor the values of its components may be small because, as
already mentioned before, the exchange contribution to
the vector of the electric-dipole moment P is equal to
zero for the crystal with Nd2Cu04 type of magnetic sym-
metry if the structural distortions are absent. That
means that the components of the m

&
tensor may be

small by virtue of the small value of the structural distor-
tions 6;. The assumption Svr, 2 gp~-—has been adopted
with the only purpose to provide the possibility of com-
parison of the frequency dependences of the K'"'(co) and
K"(co) coefficients in the same scale. The dependences
of the absorption coefficients IC„'"'z(co) and E„"E(co) are

given in Fig. 7. The dependence of the coefficient of
magnetic-dipole absorption does not follow the frequency
dependence of the density of magnon states in the low-
frequency region. This discrepancy between the frequen-
cy dependences of the absorption coefficient and the
spin-wave density of states is caused by the structure of
the f '"'(k) amplitude as discussed above.

5.5 25.5 45.5 65.5 85.5 105.5 125.5 145.5

~ (cm )

114 124 134 144 154 164 174 184 194 204

tV (cm )

FICx. 6. Frequency dependences of the absorption coefficients
EC~("' ~ (co) and Kq' ~ {co).

FICx. 7. Frequency dependences of the absorption coefficients
Kz"' E(co) and Ez' E{co).
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To be certain, let us consider the spin-wave density of
states for acoustic magnons. For the A3 branch of the
spin-wave spectrum, we get

8CO
g~ (co)= arccos

&COex

where

2 2
CO~ CO

2 2
CO ) COO

(32)

2 2
COO

—CO A, CO
~
— COE + CO A3 3

For the exchange E branch of the spin-wave spectrum,
we have, correspondingly,

8CO
gE (co ) = arcsin

m COex

here

CO COO
2 2

2 2
CO

~ COO

(33)

J at coA & co coe»
8CO I

Al~A2 2 0 at CO~CO
(~)=

COex A)
(34)

where

dphil

—g cosy IisJ=
1 —2 cosy 1+ cosy 2I &4

It follows from formula (34) that the density of states of
these modes has a step shape which has a height of the
order of 4coA /co, „and increases linearly with increasing

1

frequency. If one takes into account the dispersion of the
anisotropy, the step will be smeared in a very narrow in-
terval of the energies of the order of coo AI, 4'.

Thus, in the frequency intervals corresponding to the
linear dependences of the densities of states g„(co)and

3

gE(co), the coefficients of the magnetic-dipole channel of
the absorption K„~(co) and IC~ E(co) are inversely

proportional to the square of the frequency.

coo="y coE+co62sgn(a6 —a2),2 2

co, ="y 2coE+c062sgn(a6 —a2) .2 2

During the calculations of (32) and (33), the spin-wave
spectrum has been expanded in the power series of the
small parameters (k a) « 1 and (k b) « 1, but dispersion
with respect to k, has been taken into account explicitly.
The density of states g~ (co) and gE(co) have square-root-

3

type singularities at the co& points because these points are
the saddle points for both spin-wave branches. This is a
well-known result ' for such kinds of the singular
behavior in the spectrum of quasiparticles. The frequen-
cy dependences of the densities of states of the spin
waves, g„(co)and gE(co), are given in Fig. 8. As one can

3

see from formulas (32) and (33) and Fig. 8, the region of
the nonlinear dependence of the density of states of the
2 3 and E modes on frequency ( ~ co, —coo ) is determined
by the value of the four-site exchange interaction D.

The density of states for the spin-wave branches 2
&

and A2 is described by the expression

0 20 40 60 00 100 iPO 140 160 iHO BOO

W (cm )

FIG. 8. Frequency dependences of the density of states for
the A3 acoustic and exchange branches of the spin-wave spec-
trum.

The main peculiarities of two-magnon absorption with
the participation of the exchange mode are similar to ab-
sorption by acoustic magnons. They are as follows: The
behavior of the frequency dependence of the coefficient of
the absorption through the magnetic-dipole channel in
the region of the frequencies near the activation energies
of the exchange and acoustic magnon is nonmonotonic,
while it is monotonic for the coefficient of the absorption
through the electric-dipole channel in the same region. It
is important to note that the peak height of magnetic-
dipole absorption with the participation of the exchange
mode is of the same order of magnitude as the peak
height of magnetic-dipole absorption by acoustic modes.
Thus two-magnon absorption by exchange modes in
exchange-noncollinear magnets in the absence of an
external magnetic field has a substantially larger intensity
than in many-sublattice collinear magnets. It is caused
by the fact that at co «co„the heights of the step of the
density of magnon states for the exchange and 3 3 acous-
tic modes coincide.

Let us consider an example of the crystal in which the
four-site exchange interaction is negligibly small. In this
case the "plane-cross" magnetic structure is fixed by the
"strong enough" relativistic interactions. The expres-
sions for the two-magnon absorption coefficients (without
taking into account the I,2 exchange parameter) may be
obtained from formulas (24) —(27) and (28)—(31). For ab-
sorption by the A& and A3 modes, one can get
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( )2 COa /COe„Rt COp &CO «COex,4 2

gp 04 ex

K~ ~ (co)=const
1' 3 8' at co cop,

and

[co +co, sgn(a4)] co,„atcop&co«co,„,S~12) 4
K~" „(co)=const X1' 3 16m2 at co cop

(35)

where

COp
—

CO g +CO g
1 3

In the case of absorption by the E exchange and A2 acoustic branches, the absorption coefficients have the form

CO~ /COex Rt COp & CO && COe„,
(h) ~(gpss ] 6

KE „(co)=constX
2 8' at~

[co'+co', sgn(a, )]'co,„'at cop&co«co,„,D 7Ti2) 6

KF'~ (co ) =const X
7 2 0 at co cop.

(36)

In these formulas, cop=co~ +co62sgn(a6 —a2).
1

To illustrate the inhuence of the interlayer exchange interaction I&2 on the frequency dependence of the magnon den-
sity of states, we will consider an example of the 3 3 acoustic mode. In the case D —+0 and for I i2 & 0, one can get

(~2 ~2 )+~2 K2
A3 —arcsinK at co& &co&co& &I+K,

3 3
are sin

2
8co KCO

RiccosK Rt co~ 1+K co &&co„,COex K 3

where K= ~I,2 I,4 . In the same case, but for I,2 )0, the density of magnon states is described by the expression

(37)

co —co„(1—K )

KCO

—+arcsin
8'

coe„+1 —K

at co„v1 —K & co & co„,3 3'

2
+arcsinK at co co «coA3- ex

(38)

The density of states of exchange magnons in the case
D —+0 is not a6'ected by the interlayer exchange interac-
tion

1 at co62&m,8'
gE(co) =

0 at co A@62 .
ex

The peak of the coefficient of magnetic-dipole absorption
remains unchanged. However, its height is determined
by the ratio ( A /J ), whereas in the case of DAO the peak
height is of the order of (D+ A )/J. The region of non-
linear changes in the density of magnon states g„(co)"3
remains very narrow, of the order of coK. In the absence
of the interlayer exchange parameter I&2, the dependence
of the density of states g„(co)also starts from the region

3

linear with respect to co. It is necessary, however, to note
that in the limit I,2~0 the regions of the frequencies
which correspond to the first lines of the formulas (37)
and (38) become unphysical and have to be omitted. A
comparison of the dependences of K'"'(co) and g(co)
shows that the frequency regions in which the maximal
changes of the magnetic-dipole absorption coefficient
take place coincide with the regions of the linear depen-
dence of the magnon density of states. The last cir-
cumstance justifies our neglect of the interlayer exchange
interaction I&2 during the calculations.

It is necessary to note an interesting peculiarity of
two-magnon absorption originating from the structure of
the Hamiltonian (16). In the case when the radiation
propagates along the z axis, the absorption coefficient
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does not depend on the orientation of the polarization of
the incident electromagnetic wave with respect to the x
and y axes. It is connected with the fulfillment of the re-
lations for the spin-wave spectrum:

co~ (k, k, k, )=co~ (k,k„,k, ),
co„(k„k,k, )=co~ (ky, k„,k, ) .

(39)

observed in experiments, does not depend on the angle y
following from (39). The same phenomenon takes place
for the case of absorption by the exchange mode E be-
cause relations (39) and (40) are valid with the change
A3 --E.

IV. CONCLUSIONS

Let us briefly summarize the main results of the
present investigation.

The exchange-noncollinear antiferromagnet Nd2Cu04
may be referred to as one of the most promising magnetic
crystals for the study of the manifestations of the ex-
change branches of the spin-wave spectrum in two-
magnon absorption. The main distinguishing feature of
this antiferromagnet is that there exists an electric-dipole
moment associated with a pair of spins which has an ex-
change nature. As a result, two-magnon absorption of
electromagnetic waves in Nd2Cu04 is electric-dipole ac-
tive in the exchange approximation. It is necessary, how-
ever, to note that the exchange contribution to the spin-
dependent electric-dipole moment is nonzero only in the

The following equalities result from the above relations
and also the explicit form of the amplitudes f„(k):

(& ) (& ) (e ) (e )
&~", , ~, (~)=&A,', A (~) (40)

During the experimental investigations of two-magnon
absorption with the scheme of the experimental setup us-
ing the fixed frequency of the generator, the absorption
channels 3 &, A3 and A2, A3 will be indistinguishable
with respect to the energy. Thus for the radiation propa-
gating along the z axis k~~oz and with an arbitrary polar-
ization h =h cosy, h =h sing, the combined absorption
coefficient

case when spontaneous structural distortions are present
at temperatures below T~. These structural distortions
have appeared as a result of the structural phase transi-
tion which takes place in N12CuO~ above T~ (see Refs.
14 and 23). The exchange noncollinear magnetic order-
ing in the crystal with symmetry similar to that of
Nd2Cu04 may be realized also in the case when structur-
al distortions have not taken place. In this particular
case, the exchange contribution to the electric-dipole mo-
ment will be zero because of the presence of the anti-
translation operation in the magnetic structure. It is
necessary, however, to note that even in this case the in-
tensity of absorption with the participation of the ex-
change magnon will be of the same order of magnitude as
the intensity of absorption by acoustic magnons.

In spite of its exchange nature, the contribution in
question may be small because of the smallness in the
structural distortions. Nevertheless, despite the small
value of this exchange contribution to the electric-dipole
moment or even in the case when it is absent, the intensi-
ty of the absorption process involving exchange magnons
will be of the same order of magnitude as the intensity of
absorption by acoustic magnons only. This last cir-
cumstance is caused by the fact that the intensity of
magnetic-dipole absorption with the participation of the
exchange magnon is also of the same order of magnitude
as absorption by acoustic magnons. This is the main dis-
tinguishing feature of Nd2Cu04 in comparison with anti-
ferromagnets collinear in the exchange approximation.

The analysis carried out in this paper also gives a for-
mula for the separation of different contributions to two-
magnon absorption. First, the magnetic- and electric-
dipole channels can be distinguished by the proper choice
of the geometry of the experiment. Second, the qualita-
tive dependences calculated in this paper will provide a
basis for the separation of the contributions of difterent
processes into experimentally measured total absorption
coefficients.
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