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One-magnon inelastic scattering of light in the antiferromagnet EuTe by thermal magnons
belonging to both branches of the excitation spectrum is studied. The dependences of the
magnon frequency and of the intensity of the scattered light on the magnetic field are
measured in the entire region of existence of the antiferromagnetic phase at T = 2 K. The
contribution of the intensity of one-magnon light scattering from the exchange mechanism,
which is of decisive importance for strongly canted magnetic sublattices, is separated.

1. INTRODUCTION

Brillouin scattering (BS) of light by magnons is one of
the few methods that permit direct study of excitation in
magnets. An investigation of BS yields information on the
magnon frequency, on its dependence on the magnitude and
direction of the magnon wave number q, on the external
magnetic field H, etc. (see Ref. 1) . A productive productive
application of this method, however, is usually limited by the
extremely low intensity of inelastically scattered light. A
typical value of the extinction coefficient is 10-'-10- "
cm-'. Besides the small relative frequency shift (AY/
Y- lo-'), this circumstance makes observation of BS by
magnons a very complicated experimental task. Much attention is therefore paid in the study of BS to theoretical and
experimental investigations of various scattering mechanism~.~-~
The intensity of BS by magnons is known to be directly
connected with the magnitudes of the magneto-optic effects
(MOE) present in the crystal. Scattering mechanisms can
therefore be classified in accordance with MOE that are connected with various microscopic interaction mechanisms between a light wave and magnetic system.
Brillouin scattering has by now been used to study the
spin-wave spectra in certain ferro-, ferri-, and antiferromagnets.' Contributions of MOE that result from the presence of
a large spin-orbit interaction in a magnet and are therefore of
relativistic origin (the Faraday effect ( F E ) , magnetic birefringence, circular and linear dichroism). A new singlemagnon scattering of exchange origin was recently observed.' The MOE corresponding to it-isotropic magnetic
refraction (1MR)-describes the dependence of the refractive index on the crystal magnetization.
We use here the method of BS by thermal magnons to
investigate the excitation spectra of both branches in the
easy-plane antiferromagnet EuTe at T z 2 K. The dependence of the magnon frequency on the external magnetic field
is obtained in a field interval 0-80 kOe that includes the
entire region in which the antiferromagnetic phase exists.
Investigation of the dependence,of the magnon frequency on
the direction of the wave vector q has made it possible to
separate the contribution made to the excitation spectrum
by the magnetodipole interaction. A strong relaxation of one.
of the modes is observed when the spin-flip transition is approached. We have also investigated the intensity of BS by
thermal magnons as a function of the external magnetic
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field. We succeeded in separating the contributions of the
principal MOE that determine the extent of the light scattering, and obtained good quantitative agreement between the
experimental data and the calculated extinction coefficient.
Raman scattering of light (RS) by individual Eu2+ ions was
recorded in the paramagnetic phase ( T = 300 K ) .
2. THE SAMPLES

The EuTe crystal is one of the europium chalcogenides
that have a cubic structure of NaCl type (space group 0 2 ).
The magnetic properties of these compounds are governed
by the strongly localized moment of the rare-earth ion Eu2+,
which has a spin S = 7/2 and an orbital momentum L = 0.
The magnetic properties and magnetic structure of EuTe
have by now been sufficiently well investigated. It has been
shown that below T, = 9.8 K it is an antiferromagnet ( A F )
with magnetic anisotropy of the easy plane
The spins
are ferromagnetically ordered in the ( 111) plane and their
directions in the two neighboring are reversed. The effective
anisotropy field HA is 10 kOe. In the antiferromagnetic
state, EuTe breaks up into four A F domains (T-domains)
corresponding to four equivalent ( 111) planes. It is impossible to bring the crystal to a single-domain state by an external magnetic field.'
The weak anisotropy in the ( 111) plane (effective field
Ha 10 Oe) leads to formation of six S-domains oriented
along axes of type [ 1121. This domain structure vanishes in
a field H > (2HaHE) ' I 2 (spin-flop transition) .' The effective exchange field HE is 36 kOe. The EuTe is transformed in
an external magnetic field from the AF state into the state of
a saturated paramagnet (spin-flip transition) .9 The saturation magnetization reaches then 0.92 kG.
Antiferromagnetic resonance (AFMR) in EuTe was
investigated in detail both by ordinary microwave metho d ~ ' , 'and
~ by using light scattering." It was found that as
the spin-flip transition is approached the frequency of one of
the AFMR spectrum branches is greatly lowered.''
At the light wavelength (A = 632.8 nm) used by us,
EuTe cyrstals in a magnetically ordered state exhibit, besides a relative transparency (penetration depth 0.3 mm),
strong magneto-optic effects. Thus, according to Refs. 1113, the FE reaches at saturation -2.105 deg/cm
( n + - n - = 0.07), and the isotropic magnetic refraction is
n = 0.005. The actual linear magnetic birefringence (LMB)
is smaller by two orders. The presence of large MOE along-
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side relatively small absorption is attributed to the fact that
the energy of a A = 632.8 nm photon is close to the fundamental absorption edge E, = 2.05 eV due to 4f-+ 5dt2, electrodipole transitions. The spin-orbit and d-fexchange interactions split the Sdt,,
Spectroscopic data yield for
EuTe values of the same order ( -0.3 eV) for this interaction. This substance is therefore subject to the different large
microscopic MOE described above (FE,IMR).
Crystalline EuTe is a semiconductor. The carrier impurity density in our samples was quite low, however, and the
impurities exerted no noticeable influence whatever on the
initial antiferromagnetic structure.
The samples were prepared in the form of plates, with
naturally cleaved two surfaces (parallel to (001 ) ) and one
end face. The plates were relatiely thin (4 X 4 X 1 mm) . This
shape made it possible to identify with sufficient accuracy
the produced demagnetizing fields. We used in our experiments EuTe crystals grown by L. A. Klinkova in the Institute of Solid State Physics of the USSR Academy of Sciences.
3. MEASUREMENT PROCEDURE. EXPERIMENTALSETUP

We inestigated in the experiment BS under backscattering ( 180")conditions, i.e., with the wave vectors of the investigated magnon q of the incident and reflected light k, and k,
paralel to one another. The value of q at A = 632.8 nm was
3. lo5cm- I. We used two experimental geometries, with the
magnon wave vector q parallel and perpendicular to the
magnetization.
The principal part of the experimental setup was an optical system comprising a high-contrast high-resolution
spectrometer. The setup construction is described in detail
in Ref. 1 1; we therefore describe its operation only in general
outline, without going into details.
The light source was a helium-neon laser of wavelength
A = 632.8 nm. The spectral instrument was a scanning multipass Fabry-Perot inteferometer manufactured by Burleigh, with a contrast exceeding 10'. A DAS-l system was
used to record and accumulate the data, and also for scanning and active stabilization of the interferometer. It consisted of a multichannel analyzer and a microprocessor to control the interferometer. The scanning period was 1 s, and
the entire accumulation of one spectrum took 20-30 min.
After the end of the accumulation, the content of the memory of the multichannel analyzer was transferred to the computer data bank. Next, after reduction, the spectrum could
be extracted to a plotter when necessary. Figure 1 shows a
typical plot of the scattering spectrum of EuTe at a fixed
magnetic field H = 25 kOe and at T = 2 K. The intense peak
with zero frequency shift (fundamental line) is due to elastic
scattering of the light by the crystal defect. The shifted satellites correspond to elastic scattering of the light by the magnons. Spectra of this form permit a rather exact measurement ( 1 %) of the frequency of the magnons participating in
the scattering, and the intensity ratio of Stokes and antiStokes satellites. The insufficient long-time stability of the
complicated optical system, however, hindered a sufficiently
50% ) measurement of the field deaccurate (better than
pendence of the scattering intensity. To be able to compare
results of different experiments at different magnetic-field
values, we changed over to relative-intensity measurements.
The reference was the anomalously high intensityI6 of scat-
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FIG. 1. Spectrum of light scattered in T = 2 K, q = 3.10' cm-',
911 [010]lM,H = 25 kOe.

tering by longitudinal phonons propagating along the C4
axis in a TeO, crystal. We observed in one experiment simultaneously scattering both by magnons in EuTe and by phonons in TeO, this was effected in the following manner: A
TeO, crystal was glued to the surface of the investigated
EuTe, as shown in the inset of Fig. 2. The optical system was
fitted to the common surface of the EuTe and TeO,. The
sharpness was sufficientto be able to observe in the spectrum
of the analyzed scattered light satellites corresponding to BS
in both samples. Typical plots of such a spectrum are shown
in Fig. 2. We measured the intensity ratio of these satellites,
obtained in one and the same scattering spectrum. We used
this method to study the intensity of the BS by magnons in
EuTe as a function of the magnetic field (it was assumed that
the intensity of BS by phonons is independent of the field).
The measurement accuracy could be raised to f 5%. These
investigations were made only in the first geometry, with the
wave vector of the magnon (and of the phonon in TeO,)
parallel to the external field, meaning also to the magnetization in the EuTe.
All the measurements were made at a temperature z 2
K, using an optical helium cryostat with a sectionalized horizontal solenoid. The cryostat could be operated in superfluid 4He. The maximum magnetic field produced by the
solenoid was 8 1 kOe and was mesured with a low-temperature Hall pickup. The field H was applied in the experiment
along the [001 ] axis of the EuTe crystal. At this direction,
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FIG. 2. Spectrum of light scattered in EuTe and TeO,: T = 2 K,
qll [OOl ] llM, H = 45 kOe.
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all the T-domains in the sample were in equivalent positions
relative to the field. The energies of magnons of given q,
which depended on the angle between H and the easy axis,
were therefore the same in the different domains, and one
series of satellites was observed in the scattering spectrum.
Deviation of the magnetic field by more than l o from the
[001 ] direction would lead to a smearing of peaks in the BS
spectrum. The orientation error therefore did not exceed lo.
The necessary adjustment was made by reflection of a laser
beam from the cleaved surface of the sample.
In the study of the RSL at room temperature, the external magnetic field was produced by a permanent magnet and
was measured by replacing the end pieces of this magnet.
4. EXPERIMENTAL RESULTS

The measurements were performed on two EuTe samples synthesized in different melts. Similar results were obtained with both samples. More experiments were performed with the sample having a deeper light penetration
( 3 mm) and accordingly a higher scattering intensity. We
cite below mainly the results obtained with this sample.
Figure 1 shows a typical scattering spectrum. It can be
seen that we have suceeded in recording BS from magnons
belonging to both branch of the spin-wave spectrum of an
easy-plane AF. The satellites labeled M s and M f S on the
spectrum correspond to scattering by magnons of the lowfrequency branch of the spectrum (frequency shift v, = 50
GHz), and those labeled M s and M;\S correspond to the
high-frequency branch ( v , = 94 GHz). Thus, one such
spectrum yielded the magnon frequencies of two branches
for a given magnetic field and a given direction of the wave
vector q relative to the crystal magnetization vector. Figure
3 shows the field dependences of the magnon frequencies of
both branches for qllM and q l M . The abscissas of Fig. 3 (as
well as of Figs. 5-7 and 9 ) are the values of the crystal internal magnetic field, which differs from the external one by the
value of the demagnetizing field. We determined the demagnetizing coefficients assuming that a thin plate ( 4 x 4 x 1
mm) is close in shape to an ellipsoid having the same dimensions. The obtained demagnetizing coefficient is 0.7 in the

-

direction perpendicular to the plate plane and 0.15 along the
plane. The measurement conditions were such that in a
strong magnetic field ( H > 50 kOe) it was possible to implement only the first scattering geometry (qllM). The experiments have shown that at qlJMthe scattering intensity on the
upper branch of the magnons decreases abruptly with increase of the magnetic field. As the spin-flip transition point
was approached, BS was therefore observed only from the
magnons of the low-frequency branch. In fields H > 50 kOe,
however, this branch is of greater interest, since it is the soft
mode of the spin-flip transition. In fact, a strong relaxation
of this magnon branch was observed in experiment. In a zero
magnetic field, both spectrum branches have gaps. The gap
A, = y(2HaHE ) ' I 2 in the low-frequency branch is due to
the pressure of intraplanar anisotropy H a , and in the high
frequency branch A, = y(2HAHE ) "*-to the presence of
easy-plane anisotropy HA.As seen from Fig. 3, the frequencies of the magnons propagating along the field differ from
those of the magnons propagating in the perpendicular direction.
Attention is called to the difference between the intensities of the Stokes and anti-Stokes satellites on the spectrogram of Fig. 1. This difference is due to the different probability of the processes of absorption and emission of a
magnon by a photon when the scattering conditions are such
-kT. It is due to the statistics of the magnons,
that hv,,,,
which are Bose particles. The ratio of the intensitiews of the
M S and M A Ssatellites can be easily shown to be

''

where n, = [exp(hv/kT) - 11-' is a Bose distribution
function proportional to the number of thermal magnons of
frequency v a t a given T. It can be seen from Eq. ( 1) that the
for the second branch should be larger than for
ratio Is/IAs
the first, since v, > v,. With change of the external field, and
changes.
hence of the magnon frequency, the ratio I, /IAs
Using Eq. ( 1) we can determine the temperature of the investigated volume of the sample. The obtained value
( T = 2.5 to 3 K ) shows the extent to which the investigated
volume is superheated relative to the helium bath. This superheat is due to absorption of radiation power ( -40 mW)
in a light filament measuring 0.1 X 0.1 X 0.5 mm.
Figure 4 shows a typical plot of the spectrum of Raman
scattering of light (RSL) in paramagnetic EuTe at T
a = 300 K. In this spectrogram the Stokes and anti-Stokes
satellites have the same intensity, as follows from the equal
populations of the paramagnetic levels at kT$ hv. ) The RSL
experiments have shown that the scattering is accompanied
by 90" rotation of the polarization plane. The obtained field
dependence v ( H ) is described by the simple law
1
2n

(2)

v = - ~ P B H ,

FIG. 3. Spin-wave spectrum in EuTe for Hlj[001]:0-ql/m,0-qlM.
Solid lines-results of theoretical calculation.
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wherep, is the Bohr magneton, a n d g = 2.0 corresponds to
the pure spin magnetic moment.
The measured field dependence of the intensity of BS by
magnons of the low-frequency branch at qllM is shown in
Fig. 5. It can be seen that the scattering intensity is large in
weak fields, decreases rapidly with increase of the field, and
begins to increase again only at H > 10 kOe. This I ( H ) dependence agrees with the calculation given in Sec. 6 and will
be discussed in the last section of the article.
Demokritov eta/
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gated sample is somewhat different ( H A = 8.8 + 0.2 kOe).
Disparities in the anisotropy constants of different samples
were also noted earlier."
It is noteworthy that the v ( H ) curves for the upperbranch magnons, which correspond to the cases qll[001] IIM
and 411 [OlO]l M , cross. This is due to the change of the symmetry of the oscillations of the vectors M and L. It is
known" that the magnetodipole contribution to the magnon
frequency depends substantially on the angle between the ac
component of the magnetizations m and q. It is the variation
of this angle with the field that leads to the crossing of the
v ( H ) curves for qllM and qlM.
FIG. 4. Raman scattering spectrum in EuTe: T = 300 K, 1-H = 8.8
kOe, 2-H = 7.5 kOe.

5. ANALYSIS OF THE OBTAINED MAGNON SPECTRUM

We turn now to an analysis of the v ( H ) dependence.
We estimate first the contribution of the dispersion term to
the magnon frequency. For magnons with a Brillouin wave
vector qB- lo8 cm- this contribution is Y kT,/h 200
GHz. For the magnons with q- 10' cm- ' that participate in
the scattering, this contribution is much smaller ( Y <0.2
GHz). The experimental error of the magnon frequency is
0.3 GHz. In our calculation of the magnon spectrum there is
therefore no need to allow for the dispersion. It is impossible,
however, simply to use the results of Ref. 1 1 , where the spectrum of the AFMR (of magnons with q = 0 ) was calculated.
The reason is that, as shown by experiment, the magnetodipole interaction makes under our conditions a substantial
contribution to v ( H ) .A suitable calculation that takes this
circumstance into account is based, as in Ref. 1 1 , on the
macroscopic Landau-Lifshitz equations. The calculated
v ( H ) for both branches in the cases q11[001] 11M and
qJI[010]lM are shown by the solid lines in Fig. 3. The constant HE that enters in the calculated v ( H ) dependence was
taken from Ref. 9, while the values of the effective anisotropy fields HA and Ha were determined by a best fit of the
experimental points for both magnon branches to the calculation result. The values obtained were HA = 10.2 + 0.2
kOe and Ha = 15 + 1 Oe. It should be noted that the value
of HA determined in the same manner for the second investi-
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6. CALCULATION OF THE INTENSITY OF INELASTIC LIGHT
SCATTERING BY MAGNONS

To analyze the experimental results, we calculated the
intensity of one magnon scattering of light for an easy-plane
antiferromagnet. The calculations were based on the Landau-Lifshitz macroscopic equations for the precession of the
magnetic moments, in analogy with Ref. la., for the case
when the magnetic field has arbitrary magnitude and direction.
We introduce the extinction coefficient defined as the
ratio of the total intensity of the light scattered into a solidangle element do in a unit volume of the medium, in a frequency interval d f l , to the incident-light flux density. According to Ref. 19, the differential extinction coefficient in
the long-wave limit is given by
dh

-dQ do

J

w1
32n3c'-_

- - tAeij(0)Aci,(t)) em' d t ;

where w and w' are the frequencies of the incident and scattered light, and f l = 2n-v = w' - w. The subscripts i and j
specify the polarizations of the incident and scattered light,
and E~ is the dielectric tensor. We express the magnetic part
of the tensor E in the form

( M , L ) =ifijkMk+gijhnLaLnS-asijw,

(4)

where the first term describes the Faraday effect and the
magnetic circular dichroism, the second the briefringence
along the vector L, and the third the isotropic magnetic refraction. The fluctuations of the dielectric constant, which
lead to the scattering of the light, are connected by Eq. ( 4 )
with the fluctuations of L and M. Let M ( t ) = M,, + m ( t ) ,
L ( t ) = L,, I ( t ) . The expansion of the tensor A&,, ( t ) in
powers of small deviations of m and 1 yields then

+

According to ( 3 ), the scattered-light intensity is proportional to the correlator of the dielectric tensor fluctuations
( f i ~ t . ) or,
~ ] with allowance for ( 4 ) and

FIG. 5. Field dependence of intensity of BS by magnons of the low-frequency branch of EuTe in geometry 1. Points--experimental results,
curves 1,2,3,-respective results of calculation of the contributions of the
linear magnetic birefringence, of the Faraday effect, and of isotropic magnetic refraction, +net result.
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where x = (m,.,my.,m,. ,I,. ,Iy. ,I,. ). In analogy with Ref. 1 1 ,
we use a coordinate frame with z' axis along the magnetic
field H and with y' axis in the easy plane (Llly').
The correlation function ( x , x , ), which determines
the light scattering is knownz0to be connected, in acordance
with the fluctuation-dissipation theorem, with the generalized susceptibility by the relation
Demokritov eta/.
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where N ( a ) = [exp(fiR/kT) - 11- I . The intensity ofonemagnon scattering of light is thus determined by the generalized susceptibility tensor (calculated for EuTe in Ref. 11).
Each term in ( 4 ) leads, generally speaking, to light
scattering. To keep the calculation simple, we consider separately the contribution of each term of ( 4 ) to the light-scattering intensity.
A. Brillouin scattering due to the Faraday effect and to
circular dichroism

In crystals with cubic symmetry2'the magneto-optic effects linear in M are described by the following term of the
dielectric tensor:
(8)

FIG. 6 . Calculated field dependence of the intensity of BS by magnons of
the low-frequency ( a ) and high-frequency ( b ) branches in an easy-plane
[001] IJM,2--qjJ [010]lM.
A F on account of the Faraday effect: I--qJJ
Faraday constant @ = lo2 rad/cm, T = 2 K.

wheree,,, is a unit antisymmetric tensor;f =f ' if" ( f ' is a
constant that characterizes the FE and f" characterizes the
circular dichroism). If no is the refractive index of the light
in the crystal, we have

where g,,g,, and g, are the constants of the linear magnetic
birefringence. In analogy with Sec. A, expansion in small
deviations of L yields

b e i j ( M )=ifeijhMk,

+

(13)

Let us find the alternating part of the tensor A E (~M ) . From
(4) and (5) we obtain
G&ij

( t )= i f e i j k m k ( t ) ,

(9)

whence, according to ( 3 ) and ( 6 ) , we can find the intensity
of 180" scattering for light propagating, say, along z':

with ( 7 ) taken into account, Eq. ( 10) becomes

Similar equations can be written also for other directions of
the light propagation in the crystal. It follows from ( 9 ) that
in the case of MOE that are linear in M the scattering is
accompanied by a 90" rotation of the plane of polarization
(SE,) = 0 if i =j).Figure 6 shows the field dependence, calculated for EuTe, of the extinction coefficient, integrated
over frequency, for both branches of the magnon spectrum.
Here z'llHII [OOl]. Note that the BS connected with the FE
in an antiferromagnet can be different from zero at
k,,, IIM,, . This is due to the presence of longitudinal oscillations of the magnetization in the antiferromagnet.
B. Brillouin scattering due to linear magnetic birefringence
(LMB)

The second term in ( 4 ) shows that a contribution to the
BR can be made by fluctuations of the A F vector L. We
introduce a coordinate frame x,y,z connected with the plane
( 111), with z(([ 1111 and yllL and lying in the ( 111) plane.
For a crystal of cubic symmetry, birefringence along 1 leads
for a crystal of cubic symmetry to the following increment to
AE,]:
g1L,2 g2LxL, g,L,Lz
(12)
g3LxLz g,LvL* g,L,2
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Analysis of the dynamics of an easy-plane A F shows''
that the strongest are the transverse fluctuations of L in the
easy plane for the lower branch of the spectrum, and only
they can make a noticeable contribution of BS in EuTe. At
H = 0, for example, the correlator (1 2, ),
1/H, is bounded
from above only by the weak intraplanar anisotropy.
For the case k,,, Ilqllz, the extinction coefficient is

Expressing the correlator (12 ), in terms of the coordinates
x', y' andz' connected with the magnetic field, and taking the
fluctuation-dissipation theorem into account, we can express the right-hand side of ( 14) in terms of the components
of EuTe, which
of the generalized-susceptibility tensor
are given in Ref. 11:

x,,

X16

sin 2 q ) ,

(15)

where q, is the angle between H and the ( 111) plane. For the
particular case q, = 90°(H11( 111) ) we have at kT$h

We see by the same token that the BS intensity at H = 0 is
limited only by the anisotropy in the easy plane, and decreases like H - 2 with increasing field. Figure 7 shows the
calculated field dependence of the extinction coefficient for
different directions of H. It can be seen that the light scattering decreases strongly with increase of the projection of the
magnetic field on the easy plane.
C. Exchange mechanism of one-magnon scattering of light

The expansion of the tensor A&,(M,L) [see Eq. ( 4 ) ]
contains an isotropic term a S , M that leads to a dependence
Demokritov eta/.
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FIG. 7. Calculated field dependence of the intensity of BS by magnons of
the low-frequency branch of an easy-plane AF on account of linear magand the (, ) plane,
netic birefringence at various angles between
lLLMB = 1SO rad/cm, T = 2 K.

,,

of the refractive index on the magnetization. In this case the
microscopic cause of this term is the exchange interaction
between an electron in an excited d state and localized electrons in thef state (called the d-fexchange) . The connection
between the light wave and the spin system via the exchange
interaction of the excited electron with the neighboring ions
was considered earlier with an aim at explaining two-magnon scattering of light in antiferromagnek2+ Following
these references, we demonstrate how the exchange interaction can lead not only to two-magnon but also to one-magnon scattering of light. We consider the most prevalent case,
when the d-f exchange exceeds greatly the f-fexchange. In
EuTe we have Jd.f -0.3 eV and Jfif 1 meV.
Consider two ions a a n d p from different magnetic sublattices, with spins S, and So. Let the ion a have in the
ground state and electron occupying an orbital pa, (r,) with
spin a,, and let the ion /3 have an electron on an orbital
pB,( r 2 ) with spin us.We designate the orbitals of the excited states of ions a a n d p by p, ( r , ) and p8,,(r,) ,respectively. The Hamiltonian of the interaction of the electrons with
the light-wave field and with one another takes the form

where El and E, are the electric fields of the incident and
scattered waves, and r,, = / r , - r, 1.
Inelastic scattering of light by spin waves is a perturbation-theory process of third order in the interaction
A?, ( 17). The electronic-transition scheme that illustrates
the light scattering is shown in Fig. 8. After absorbing a
photon of energy h , , the electron of one of the ions (say, a )
goes over into an excited state pap. In the excited state it
experiences exchange interaction with the ground-state electrons of the neighboring ionp. The third stage constitutes an
electrodipole transition of the electron to the ground state
pa, with emission of a photon of energy h,.As the basis
wave functions used for ~erturbation-theorvcalculation of
the matrix elements, we choose for the excited state wave
functions such that their quantization axis a coincides with
the quantization axis of the spin in the unexcited state. The
matrix element of the interaction of the light wave with the
pair of ions a andp, with allowance for their exchange interaction, takes the following form (similar to Eq. (42) of Ref.
4) :
((Pa0

I eE~r1I ( P a p ) Vp

((rap

I e E I ~II~

(EM- Ro1)( E , - fil2 - fiop)

a o )

fin is the magnon energy, w l and w, are the frequencies of the
incident and scattered waves,

-

is the exchange integral between electrons in the excited
state p of the ion a and an electron localized in the ground
state of the neigboring ion P (d-fexchange in the case of
EuTe). Note that the electrodipole matrix elements connect
only states with different parity and like electron spin projections. T o obtain the effective Hamiltonian of the interaction
between an electromagnetic wave and a spin system we must
sum the matrix element MM over all the pairs of ions a and

FIG. 8. Scheme of electronic transitions in the exchanges machanis antiferromagnet: a-two-magnon scattering, b-one-magnon scattering.
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B from each magnetic sublattice, with allowance for the re. ~ a crystal of
quired magnetic symmetry of the ~ r y s t a l For
any symmetry, however, the Hamiltonian will contain a
term of the form

Let the angle between the magnetic sublattices of the A F in
an external magnetic field be 20. We express the Hamiltonian ( 19) in terms of the projections of the operators S, and
Sp on their proper coordinate axesx,, y,, z, andx,, y,, z, (see
Fig. 8):

(E,E,)

=

(-

i
-_

sin 20 [SaZ1
( S a - Se-)
+

d

aP

the neighboring ion a may remain unchanged. In such a
process, only one ion ( 0 ) changes its spin projection [see
(20.1) 1, and inelastic scattering of light can take place with
emission (absorption) of one magnon. In a collinear system,
the exchange mechanism of one-magnon scattering of light
is forbidden.
Thus, in a canted magnetic structure (sin20 # O ) exchange interaction can lead not only to two-magnon but also
to one-magnon inelastic scattering of light, which takes
place, as seen from (20), without rotation of the light-polarization plane.
The calculation described above demonstrates only the
feasibility in principle of light scattering with emission or
absorption of one magnon in the pure exchange approximation. In real compounds, the scattering picture is much more
complicated. Several levels can participate in electrodipole
transitions, can be split by spin-orbit interaction [as in the
case of EuTe (Ref. 14) 1, etc. We continue the calculations
using a phenomenological approach similar to subsections A
and B of the present section. It can be seen from ( 19) that
exchange interaction between an electron in an excited state
and unexcited electrons leads to an isotropic term in the expansion of the dielectric tensor

Expanding (21) in powers of the small deviation m, we get
Here S ,t ,S, ,S p+ ,SF are operators that change by unity
the projections of the spins of a a n d p o n their proper axesz,
and 2, (see Fig. 8 ) . The second term in the curly brackets of
(20) describes the previously consideredz4 two-magnon
scattering of light, since it causes spin flip in both sublattices.
The first term in the curly brackets of (20), however, causes
only one spin to overturn and therefore leads to one-magnon
scattering of light even in the exchange approximation.l 2 It
might seem at first glance that this term is antisymmetric in
the indices of the ions a and B and vanishes when summed
over them. Actually, however, it is symmetric with respect
to a and p , since a substitution a+$ must be accompanied
by a substitution 8tt - 0. Thus, light scattering with, say,
emission of magnons is described in the Hamiltonian (20)
by the following terms: one-magnon scattering
%(" =

A S sin 20 (E,B,) (S,-

- S.-),

Thus, the BS connected with (22) will take place if there
exist in the system longitudinal oscillations of magnetization
and a sufficiently large M,, . Such a situation is realized in
A F if the sublattices are strongly canted ( 0 < n/2). If the AF
is compensated (H = O,8 = a/2,M = 0 ) , Eq. (21) contributes only to the two-magnon light scattering considered in
Refs. 2-4. In an isotropic ferromagnet, the mechanism considered can lead to neither one- nor two-magnon scattering
of light. The BS intensity can be obtained from ( 3 ) and (22)

or, with allowance for the fluctuation-dissipation theorem

(20.1 )

aD

two-magnon scattering

Returning to the electronic-transition scheme (Fig. 8 ) ,
we see that in a noncollinear magnetic structure, with
allowance for exchange interaction, two different processes
of inelastic light scattering are possible between an excited
electron of one ion and unexcited electrons of the other ion.
In the first, spin reversal of both the excited electron and of
the electron in the ground state takes place. This changes by
unity the projections of the spins an the proper quantization
axes z, and z, of both ions a and P, i.e., to creation [see
(20.2) ] (absorption) of two magnons. If the sublattices are
canted, however (sin 28 #O), the exchange interaction can
alter the spin projection of only one unexcited electron belonging to the ionp, while the spin of the electron excited on
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FIG. 9. Phase diagram in the (T,H) plane at J, = 1.8 (Fig. 3a) and
J , = I .7 (Fig. 3b). The inset of Fig. 3a shows in enlarged scale the phasediagram section near the triple point. The dashed line shows the slope of
the T, ( H ) curve in the nonergodic phase.
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According to ( 19) and (22), the BS connected with the exchange mechanism has the following distinctive features: it
is isotropic, i.e., independent of the direction of k,,, relative
to the magnetization, and takes place without rotation of the
polarization plane. The exchange contribution to BS was experimentally detected by us in a study of scattering by microwave-field-excited magnons in EuTe.' [Figure 9 shows the
field dependence of the exctinction coefficient (24) integrated over frequency, for both branches of the A F excitation
spectrum of EuTe. The phenomenological constant
a = 3 . ~ O P ' G - was
~ taken from Ref. 5.
To conclude this section, we emphasize once more that
the mechanism considered, based on d-fexchange interaction (it is usually of the order of 0.1-1 eV) leads to onemagnon scattering of light in canted magnetic structure even
if spin-orbit interaction is absent or is ineffective.

scattering due to IMR is isotropic, i.e., is independent of the
direction of k,,,, as is indeed observed in experiment.
The solid curves of Fig. 5 show the calculated contributions of each of the described MOE to the BS intensity and
the total scattering intensity. The curves werk plotted using
the numerical values of the constants of the Faraday-effect
and of the isotropic magnetic refraction from Ref. 5, and the
normalization to the ordinate axis was chosen to obtain best
agreement between the experimental data and the calculated
curves. It can be seen that it was possible not only to separate
the contribution of each MOE, but also to obtain good quantitative agreement between theory and experiment.
The authors are sincerely grateful to A. S. Borovik-Romanov for valuable advice and remarks, V. M. Loktev and
A. V. Chubukov for helpful discussions, and L. Minkova
(Institute of Solid State Physics, USSR Academy of Sciences), for kindly supplying the EuTe crystals.

7. FIELD DEPENDENCE OF BRlLLOUlN SCATTERING
INTENSITY IN EuTe. COMPARISON OF THEORY WITH
EXPERIMENT

As noted above, we have measured the intensity of BS
by magnons of the low-frequency branch of the spectrum as
a function of the applied magnetic field (see Fig. 5). Comparison of the experimental results with calculation has
shown that the best agreement is obtained if account is taken
of the BS contributions from all three MOE described in Sec.
6.
In weak fields, BS by magnons of the low-frequency
branch is mainly due to LMB. Notwithstanding the relative
= 150 rad/cm), the anoweakness of LM in EuTe (I/,,,
malousy large fluctuations of the vector L in the easy plane
lead to an appreciable intensity of the BS in weak fields (see
Fig. 7). With increase of the projection of the magnetic field
on the easy plane, the extinction coefficient decreases like 1/
H and the LMB ceases to make a noticeable contribution to
the scattering even in fields 5-7 kOe.
The FE makes a rather small contribution to scattering
by magnons of the low-frequency branch. In BS by magnons
of the high-frequency branch, however, it does play a decisive role. The fact that scattering by such magnons was recorded also in weak fields can be explained only when account is taken of the FE (see Fig. 6). Moreover, the intensity
of BS by high-frequency magnons in strong fields (H2 HE )
depended strongly on the direction of k,,,. No BS could be
recorded in fields H > 40 kOe at k,,, IIH, whereas at k,,, 1H
the scattering intensity was relatively large and showed no
tendency to decrease with increase of H. All this is also in
agreement with the calculation results (Fig. 6).
In fields stronger than 20 kOe, the main contribution to
BS by low-frequency magnons is made by IMR due to d-f
exchange interaction. As already noted, the intensity of the
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