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Origin of circular dichroism in simple antiferromagnetic fluorides
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A very small circular dichroism~CD! was observed nearly 30 years ago in the magnon sidebands of the
simple rutile antiferromagnetic fluorides, MnF2 and CoF2 , at low temperatures. The source of this CD was not
understood. Recent Raman circular intensity differential studies of the one-magnon Raman scattering in FeF2

has revealed that the degeneracy of the antiferromagnetic magnon branches is lifted by a weak magnetic
dipole-dipole interaction, as predicted by Pincus and Loudon and by White four decades ago. The origin of the
observed CD in the magnon sidebands can now be traced to this same magnetic-dipole induced splitting.
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I. INTRODUCTION

The optical properties of antiferromagnetic insulato
were actively investigated in the late 1960s and 1970s. T
activity was spurred by the discovery of magnon sideba
in MnF2 ~Ref. 1! and the observation of two-magnon abso
tion in the far-infrared~FIR! spectrum of FeF2 ~Ref. 2!.
These two processes were shown to have a common o
by Tanabe and by Loudon and their respective co-worker3,4

In these materials, coupling between the intrinsic excitati
of the lattice, i.e., excitons, magnons, and phonons, lead
the formation of cooperative transitions that account
much of the optical spectral structure. A fairly comprehe
sive review of this field appeared in 1986.5

The magnetic-field dependence of the magnon sideba
was investigated by Sellet al.6 and no visible splittings of
the sidebands were observed even at relatively high app
magnetic fields. The reason for this is that the magnon s
band is a compound excitation consisting of an exciton
one sublattice coupling with a magnon on the opposite s
lattice. Since these excitations are on opposite sublatti
the application of a unidirectional magnetic field produc
shifts in the exciton and magnon energies that are in oppo
directions in energy, leading to a nearly complete cance
tion of the splitting depending on the difference between
g values of the exciton and magnon. The netg factors of the
sidebands were determined later to be of the order ofgeff

50.005.
To further explore the magnetic-field dependences, m

netic circular dichroism~MCD! was studied in a number o
these rutile structure antiferromagnets in the mid 1970s,
it was demonstrated in a series of papers7–9 that such tech-
niques provided a very sensitive tool with which to probe
various excitations and provide complementary data to s
dard ~or laser based! optical absorption, FIR, and Rama
spectra of these materials. Dichroism in a material is defi
as the difference between the absorption coefficients
given wavelength of a medium for two conjugated polariz
0163-1829/2004/69~17!/174413~7!/$22.50 69 1744
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tions of the incident light; thus circular dichroism~CD!
arises from the difference in the optical absorption for rig
and left circularly polarized radiation. When these diffe
ences are induced by the application of an external magn
field, the effect is termed MCD. In both CD and MCD,
unique direction is necessary in order to define the sens
circulation of the circularly polarized light; this is provide
either by some unique crystalline axis or by the direction
the applied magnetic field. Materials showing CD are n
mally called ‘‘optically active’’ and such crystals are rela
tively rare, whereas MCD is quite common in paramagne
systems where the applied magnetic field provides
unique axis. MCD is conjugated to Faraday rotation by
Kramers-Kronig relations and constitutes the resonant ra
than the dispersive phenomena in the transformation.10 The
origins of CD and MCD are different and thus the effects a
independent of each other and are simply additive.

Using these techniques, we were able to measure the m
netically induced splittings of sidebands; the effectiveg fac-
tor cited above resulted from such measurements, for
ample. We also reported at that time the observation of CD
certain magnon sidebands of MnF2 ~Ref. 7! and CoF2 ~Ref.
8!, but not in FeF2 .9 Based on the static rutile structure w
would not expect such a CD response. We were able
eliminate experimental artifacts as the source of the obse
CD, but were not able at that time to identify the physic
basis for this unexpected observation. In this paper, we
visit this problem, which has lain fallow for nearly thre
decades. Although it is small, the existence of CD indica
that some aspect of the physics of these systems is not b
incorporated.

The clue to understanding the CD results has come fro
recent Raman-scattering experiment on one of th
compounds.11 One of us~W.M.Y.! had earlier proposed th
combination of Raman-scattering and modulated dichro
techniques to explore the spin signature of Raman spectr
lattice excitations especially those intrinsic to magne
materials.12,13 These techniques, known generically as R
©2004 The American Physical Society13-1
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man optical activity~ROA!, have been employed by atom
and molecular spectroscopists to study vibrational and m
netic properties of molecules in solution.14 Analogous to the
case of CD, ROA is observed through the difference in
intensity of the Raman line when excited with right and l
circularly polarized incident light. For simple antiferroma
netic materials, the use of circularly polarized light leads
the excitation of magnons on one or the other magnetic s
lattice. Hoffmanet al. have successfully observed ROA
magnons, as well as in phonons, in transition-me
fluorides.15,16 The results obtained from studies of FeF2 are
particularly relevant to our deliberations here; Lockwo
et al. were able to measure, using a 90° scattering geom
a splitting of 0.0960.02 cm21 in the one-magnon Rama
spectrum of FeF2 at low temperature in zero applied ma
netic field.11 Thus the sensitive ROA technique employ
allowed a splitting of the two branches to be resolved a
this indicated that the two antiferromagnetic branches
FeF2 are intrinsically nondegenerate. These results serve
confirm our earlier CD results and gave us an indication a
the reason and origin of our observations. We conclude
the source of the CD is to be found in the magnetic dipo
interactions that exist between the two antiferromagn
sublattices and which render them inequivalent when m
nons are excited.17

II. OPTICAL DICHROISM IN RUTILE
ANTIFERROMAGNETS

The compounds that we discuss here are the com
transparent transition-metal difluorides MnF2, CoF2 , and
FeF2 , all of which possess the tetragonal rutile structure.
room temperature, in the absence of magnetic ordering,
crystal symmetry is such as to preclude optical activity a
no dichroism is observed in the optical absorption ban
which are dominated by phonon or vibronic assisted tra
tions. Once cooled below the antiferromagnetic order
temperature~the Néel temperatureTN), these materials are
describable in terms of a simple two-sublattice antiferrom
net and in principle they are ideal systems for studying m
netically dichroic phenomena. This is because for tempe
tures well below their Ne´el temperatures, the effectiv
exchange fields are such that the two sublattices are to
spin-polarized parallel and antiparallel, respectively, to
unique c axis of the antiferromagnetic crystal. The grou
states of ions in each sublattice as well as the collec
magnetic excitations~spin waves or magnons! are then iden-
tical to each other in every respect except their polarizat
The sole remaining energy degeneracy, which will respo
to an applied magnetic field, is that of the two sublattic
hence, the origin of magnetic dichroism in these system
totally related to the lifting of this energy equivalence for t
electronic~exciton!, spin~magnon!, and the combined~mag-
non sideband! excitations.6

Since a unique axis of magnetization~the c axis in rutile
structures! is involved, dichroic phenomena are only o
served in transitions that area polarization active. In this
polarization, theE andH vectors of the transmitted light ar
perpendicular to thec axis thus defining the sense of circ
17441
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lation of the circularly polarized light. Thea-polarized spec-
tra studied in our earlier work contain pure electronic as w
as compounded transitions such as magnon and phonon
bands. The observed dichroic properties were reported
function of applied magnetic field, as a function of appli
uniaxial stress, and as a function of temperature.18 At low
temperatures, a very small zero-field CD signal was obser
in two of the three compounds investigated.7–9

As noted above, for simple antiferromagnets in their
dered state, the ground state of one sublattice is nondege
ate and is identical to that of the other sublattice except
the sense of their magnetizations with respect to the uni
crystalline tetragonal axis. If the eigenstate for the ‘‘up’’ orA
sublattice is given byuL,S&, then the corresponding ‘‘down’
or B sublattice is represented byuL,2S& whereL andS are
the orbital and spin quantum numbers. For pure electro
transitions, the appropriate dipolar transition operators
circular polarized radiation transform asL612S6 , where
the 1 and2 subscripts refer to right and left circular pola
izations, respectively. If magnetic ions in one of the subl
tices have a nonvanishing transition probability between t
states for one of these operators, then the ions in the opp
sublattice will have an identical element for the correspo
ing conjugated operator. In the absence of an applied m
netic field, the sublattices are degenerate in energy and
CD should be observed, as the crystal symmetry preclude
With an applied field, this energy degeneracy is lifted and
transition will manifest MCD. Since the two components
the transmitted light are 180° out of phase, phase sens
detection techniques can provide the sense of the splitt
i.e., the ordering direction of the sublattice with respect
the applied field.

A similar argument applies for compounded excitatio
such as the electric dipole allowed magnon sidebands.
active operators for the latter transform asL6 and selection
rules govern the intermediate odd states, which must h
well-definedL values differing from the ground state by on
unit. Again, because of the equivalence of the two sub
tices, the assisted transitions are not expected to show
dichroic properties at zero magnetic field. For the magn
sideband, as noted earlier, the exciton and the magnon
created on opposite sublattices and the opposing shifts
duced by an applied field on the composite of the sideb
result in a near cancellation, because of their quite similag
values. The field induced splitting, as registered by the M
signal, is thus small but demonstrably observable.6,7 Gener-
ally, the splitting of the sideband may be written as

D5E12E25 1
2 @~HAA2HBB12gmBH !214HAB

2 #1/2.
~1!

The termsHAA andHBB are the diagonal terms of the Hami
tonian that represent the energies of the ions on the i
vidual sublatticesA andB, respectively.HAB represents any
nondiagonal coupling existing between the sublattices,mB is
the Bohr magneton, andH is the applied field. The splitting
or g factor for the compound excitation is given by the d
ference

g5~ge2gm!, ~2!
3-2
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ORIGIN OF CIRCULAR DICHROISM IN SIMPLE . . . PHYSICAL REVIEW B 69, 174413 ~2004!
wherege and gm are the effectiveg factors for the exciton
and magnon, respectively.

The term,HAA2HBB , in Eq. ~1! is a measure of the in
equivalence between sublattice energies and forHAAÞHBB
it is the source of CD. The existence of nondiagonal ter
may be detected by using phase-sensitive techniques.
equivalent sublattices and because of the quadratic de
dences in Eq.~1!, when HAB is present the phase of th
signal will not reverse upon reversal of the field directio
This type of field dependence is observed in CoF2 , where
nondiagonal Davydov splitting exists between the ions of
rutile unit cell.8,19

III. EXPERIMENTAL RESULTS

The general experimental details have been described
viously in a number of places;8,20 the apparatus is essential
the same as would be required for absorption measurem
in the Zeeman configuration. The sample was placed in
center of a superconducting solenoid so that the magn
field H can be applied parallel or antiparallel to thec axis of
the crystals. Light was passed through a monochromator
a dichroic modulator, and entered the sample with wave v
tor kic and parallel or antiparallel to the applied field. Th
dichroic modulator consisted of a fused quartz block driv
by a transducer, as developed by Jasperson and Schnatte21

The modulator provided alternately left and right circula
polarized light at a frequency of 50 kHz. The ac compon
of the transmitted radiation was detected using a pha
sensitive lock-in detector; the in-phase signal gave the dif
ence spectrum between the two senses of polarization,
is,

S~v!5A
@a1~v!2a2~v!#

@a1~v!1a2~v!#
, ~3!

which is the CD. In Eq.~3!, A is an empirically determined
proportionality constant anda6 are the right~1! and left
~2! circularly polarized absorption coefficients related to t
up and down sublattices, respectively. Since the coefficie
a are positive quantities, the polarity of the signal yiel
information on the ordering of the sublattice splitting relati
to the direction of propagationk.

For simple absorption line shapes such as those enc
tered in pure electronic or exciton transitions, a splitting
the sublattices results in the typical dispersiveS-shape signal
S(v) from which the value ofD may be derived.22 For broad
and diffuse spectra, and when the splittings to be detected
small compared to the width of the absorption line sha
G~v!, then

S~v!5
D

2

d

dv
a~v!, ~4!

where

a~v!5a1~v!1a2~v! ~5!

and
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a6~v!5S 2p

c D u^euH intug&u6
2 G~v!. ~6!

where c is the speed of light andH int is the appropriate
multipolar operator connecting the ground and excited sta
g and e, respectively. Substitution of Eq.~6! into Eq. ~5!
yields

S~v!5BS D

2 D S u^euH intug&u2
dG~v!

dv
1G~v!@ u^euH intug&u2

2

2u^euH intug&u1
2 # D . ~7!

In the above equation, we have assumed that thea1 anda2

for right and left circularly polarized light are approximate
equal to each other.B is again an experimentally determine
constant proportional to the modulated signal intensity. T
signal is thus composed of a component proportional to
derivative of the line-shape functionG~v! and a residual
term, which reflects changes in the transition probability
duced by the applied field or other perturbations. This res
agrees with the line-shape function obtained by Buckingh
and Stephens10 except for a thermally dependent populatio
term, which has been ignored here.

A finite CD was observed at low temperatures in two
the three difluorides studied and only in compounded m
netic transitions, i.e., in sideband transitions. Signals w
observed in the magnon sidebands of the6A1g(

6S) ground
state to4T1g(

4G) and 4A1g, 4Eg(
4G) absorptions of MnF2 ,

and of the 4T1g(
4F) to 2A1g, 2T1g(

2P) of CoF2 ; no CD
signals were observable for FeF2 .

The magnitude of the CD signalS(v) depends critically
on the alignment of the crystallinec axis to the light propa-
gation vector; the signal decreases as the degree of misa
ment increases. The CD signal reverses polarity when
sample is rotated by 180° about an axis perpendicular to
c axis; this implies that thec axis is unidirectional in these
materials. The application of external perturbations such
external magnetic fields and uniaxial stresses can nullify
or various portions of the CD signal.18 The magnitude of the
fields and/or stresses required to negate a signal depen
the portion of the CD spectra being considered and th
direction relative to thec axis. Finally, the CD signal weak
ens as the temperature of the sample is increased and
component proportional to the derivative ofG~v! in Eq. ~7!
vanishes at higher temperatures. For example, CD beco
unobservable in MnF2 at about 25 K for the4T1g transition
and at a somewhat higher temperature for the other tra
tions studied (4A1g, 4E1g).

Figure 1 shows the absorption spectrum of a magn
sideband of the (2A1g, 2T1g) transition of CoF2 along with
the observed CD in zero magnetic field. The CD is pur
differential in shape~see Fig. 1! and is estimated to denote a
intrinsic splitting of D050.015 cm21. The CD in CoF2 be-
comes unobservable in the vicinity of 10 K. Recent resu
by Eremenko and co-workers generally confirm our resu
on the MCD in this compound, although they make no me
tion of the presence of CD.23
3-3
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Figure 2 shows the absorption spectrum of the so-ca
s1 ands2 sidebands accompanying the ground state to4T1g
transition in MnF2 .1,24 These transitions area-polarization
active. A small CD signal is observed that is clearly rela
to these absorptions. The actual line shapes for these ma
sidebands and their frequency derivative are depicted in
3; these results are used in Fig. 4 to obtain a fit for the
observed in this spectral region. In addition to the differen
component, the results of the fitting indicate the presenc
a residual contribution that could arise from the second te
of Eq. ~8!; this term, which appears to scale as the abso
tion, denotes oscillator strength changes in the sideband
sitions. The fit to the CD shown in Fig. 4 yields the zero-fie
splittings for the sidebands to beD(s1)50.07 cm21 and

FIG. 1. The CD spectrum of the one-magnon sideband n
22 800 cm21 of CoF2 at 4 K and the corresponding absorptio
spectrum of the sideband.

FIG. 2. The absorption and CD spectra of the so-calleds1 and
s2 sidebands of MnF2 at 2 K; these traces connect the observed
to the magnon sidebands~Ref. 20!.
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FIG. 3. ~a! The experimental magnon sideband absorption sp
tra observed in the4T1g region of MnF2 at low temperature@Wilson
~Ref. 20!#. Sidebands corresponding to coupling to different poi
of the Brillouin zone are shown inp and s polarizations; these
transitions are electric dipole in nature, hence, thes polarized tran-
sitions also appear ina polarizations and it is these transitions th
show CD and MCD.~b! Derivatives of the experimental line shape
of s1(v) ands2(v) are represented by solid lines; the differentia
are compared to the line shapes used by Scarpace~Ref. 20! and by
Wong ~Ref. 20! to fit their CD and MCD results~dashed lines!
calculated from the sidebands predicted theoretically in Ref.
Clearly, the experimentally derived traces contain greater detai

FIG. 4. Fit ~solid line! to the observed~dashed line! CD in the
sideband of MnF2 at low temperature. Though the fit exhibits a sh
in the baseline, the main features of the CD signal are well re
cated.
3-4
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ORIGIN OF CIRCULAR DICHROISM IN SIMPLE . . . PHYSICAL REVIEW B 69, 174413 ~2004!
D(s2)520.05 cm21. The negative sign inD(s2) signifies
that the sense of the splitting in this sideband is out of ph
with that ofs1 . Such a change in the sense of the splitting
also observed when uniaxial stresses are applied to M2
along the@110# direction in the basal plane.25 Because of this
similarity, the behavior of the CD was studied as a funct
of basal plane stress. The portion of the CD signal tha
proportional to the splitting was found to increase linea
with stress applied along the@110# direction. A stress applied
in the @11̄0# direction, on the other hand, produces a ‘‘neg
tive’’ or reduced splitting, which at a certain point reach
the ‘‘zero’’ stress CD signal. The applied stress ranged up
about 30 kg/cm2; in this limited range, the line shape of th
CD signal did not change noticeably apart from its streng
Thus, oscillator strength changes as measured by the res
signal~Fig. 4! also increase or decrease linearly with incre
ing stress and can actually be nulled out.18 With these stress
results and using elastic constants for MnF2 measured by
Gibbons,26 we estimate that an intrinsic strainS5Dd/d
51.231025 in the @110# direction exists in the basal plan
when the material is in the ordered state.

FeF2 was studied in the 21 500–28 500 cm21 spectral
region.9 No CD signals were encountered in any of t
a-active magnon sideband transitions investigated. With
benefit of hindsight, we now believe that we failed to o
serve CD in this material simply because the magnon s
band transitions studied were very strong, and necessit
the use of very thin samples. From Eq.~3!, it is clear that a
large denominator term comprising the total strong abso
tion in both polarizations would tend to conceal small sp
tings, as shown by the sample thickness dependence o
MnF2 CD illustrated in Fig. 5. We estimated at the time
the experiments that our apparatus was capable of dete
splittings down to of the order ofD'1023 cm21 per cm of
sample.

FIG. 5. The CD signal in two MnF2 samples of different thick-
nesses~solid and dashed lines refer to thinner and thicker samp
respectively! @Wong ~Ref. 20!#. ~One spectrum has been shifte
sideways for clarity.! This figure illustrates that the total absorptio
a11a2, can influence the nature of the observed signal and th
the absorption is too strong, as was the case in FeF2 sidebands
where the absorption was saturated, the signal becomes too sm
be observed. We no longer have all the relevant sample informa
concerning these traces, but in principle corrections can be mad
Eq. ~7! to account for the changing total absorptions.
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Several additional statements can be made regarding
CD signal.18,20

~a! The nature of the CD signal was found to be sam
independent. Samples used in these measurements wer
tained from diverse sources~e.g., H.J. Guggenheim at Be
Laboratories, R. Feigelson at Stanford University, and
number of commercial concerns! and the properties of the
CD signal did not change from sample to sample.

~b! The CD signal strength was found to be proportion
to the sample thickness whenever experimental circu
stances allowed such a determination.

~c! All samples were annealed by recycling them fro
room temperature to several hundred degrees Celsius
changes were observed in either the size or the nature o
signal after the temperature recycling.

~d! CD is observed in magnon-assisted transitions exc
sively.

We believe that the last observation gives us a key to
source of the unexpected CD in these samples.

IV. THEORY

In the rutile structure thea(x) andb(y) direction lattice
spacings are equal. To observe a CD signal in the absenc
any lattice strain, it is required that this degeneracy be lift
One way this can occur is through demagnetization effe
arising from the dipole-dipole interactions. Ordinarily, on
does not associate demagnetization effects with antife
magnets. However, when the spin wave is excited in an
tiferromagnet~either atk50 or atkÞ0) the two sublattices
are canted slightly with respect to one another. This me
that the sublattices exert torques on one another leading
dipolar splitting of the spin-wave frequencies. Loudon a
Pincus17 carried out one of the first theoretical attempts
investigate how dipolar effects modify the antiferromagne
resonance~AFMR! frequencies. Their calculation, howeve
was based on a molecular-field approach that neglected
affect of the Lorentz field of one sublattice upon the oth
sublattice. When this effect is included, the resonant frequ
cies are given fork50 by27

v~k50!1,256gFHAS HA2
8

3
pMsD

12HA~HE14pMsNx!G1/2

, ~8a!

v~k50!3,456gFHAS HA2
8

3
pMsD

12HA~HE14pMsNy!G1/2

. ~8b!

and forkÞ0 by

s,

if

ll to
n
in
3-5
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v~k!1,256gFHA
212HAHE1HE

2~12gk
2!

1
8

3
pMs@HA1HE~12gk!#G1/2

, ~9a!

v~k!3,456gFHA
212HAHE1HE

2~12gk
2!18pMs

3S 1

3
2sin2 ukD @HA1HE~12gk!#G1/2

, ~9b!

whereg5gmB is the gyromagnetic ratio withg the Lande´ g
factor andmB the Bohr magneton,HA is the uniaxial anisot-
ropy field,HE is the effective exchange field,Ms is the sub-
lattice magnetization,N is the demagnetization dyadic,27 and
uk is the angle between the easy axisz of magnetization and
the direction of propagation of the spin wavek. gk is defined
as (1/n)Sd exp(ik•d), where thed’s are the vectors to then
nearest neighbors.

Notice that for the uniform spin precession (k50) in a
sphere (Nx5Ny5Nz51/3), the Lorentz field just cancels th
surface demagnetizing field. Therefore, there is no shif
the resonant frequency as compared to nondipolar cases
symmetric occurrence ofNx andNy in Eq. ~8! is due to the
fact that the normal modes labeled 1, 2 and 3, 4 are cha
terized by net transverse magnetizations that are linearly
larized in thex andy directions, respectively. Notice also th
although the 1, 2 spin-wave modes are independent ofu they
are shifted by the Lorentz field.

Since the samples used in the optical studies had rec
gular cross sections in the basal plane, there will be dip
splittings of the AFMR frequencies as well as for the sp
waves. Thus, from Eq.~8!,

Dvk505v12v25
4pMsHA~Nx2Ny!

A2HAHE1HA
2

. ~10!

The demagnetizing factors are given by integrals over
surface.27 In order to obtain estimates of these splittings
approximateNx and Ny by 1/2 and 1/4, respectively, base

TABLE I. Magnetic parameters at low temperature for vario
transition-metal fluorides possessing the rutile structure. The ca
lated dipole-dipole induced splittingsDvk50 andDvk5p/2 are also
given.

Parameter MnF2
a FeF2

b CoF2
c

Effective spinS 5/2 2 1/2
HE ~T! 51.5 53.313 37.6
HA ~T! 0.84 19.745 9.54
g 2.00 2.25 2.80
g ~cm21/T! 0.934 1.05 1.31
MS ~T! 0.060 0.056 ;0.06
Dvk50 ~cm21! 0.016 0.065 0.083
Dvk5p/2 ~cm21! 0.02 0.08 0.12

aReferences 24, 28, and 29.
bReferences 28 and 30.
cReferences 28 and 31.
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on the sample dimensions. The parameter values used in
calculations and the resulting splittings are listed for MnF2 ,
CoF2 , and FeF2 in Table I.

V. COMPARISON OF THEORY WITH EXPERIMENT

The calculated splittings given in Table I are qui
small—at most a fraction of a wave number—compared w
the spin-wave energies in these compounds. Given the na
of the natural linewidths, splittings of this magnitude a
difficult to measure and only recently have they been
solved for the first time using Raman spectroscopy.11,15 As
noted in the Introduction, Lockwoodet al.11 were able to
measure using a 90° scattering geometry aDv of 0.09
60.02 cm21 in FeF2 at low temperatures.

The calculated values forDv in MnF2 and CoF2 ~see
Table I! are of similar magnitude to those found experime
tally for the magnon sidebands in the visible region: 0.
cm21 for CoF2 and 0.07 and 0.05 cm21 for MnF2 . Thus the
origin of the observed splittings reported in the CD obser
tions is totally encompassed by the effects of the magn
dipole-dipole interaction in these simple rutile antiferroma
nets. The size of the splittings detected by CD cannot
compared directly with those calculated in Table I, as
processes involved in the formation of magnon sidebands
not as simple and direct as those encountered in Raman
tering. For MnF2 , for example, the sideband involves a com
bination of an exciton on one sublattice with essentially z
dispersion25 with a magnon on the other with nearly 50 cm21

dispersion;k conservation requires the creation of excito
magnon pairs with equal and opposite wave vectors fr
throughout the Brillouin zone. Although the splitting
mostly uniform across the Brillouin zone, the CD is, in e
fect, sampling the derivative of the joint density of states
follows that an accurate calculation of the CD requires
use of Eq.~9!, but the theory needs to be extended to inclu
specific symmetry points in the Brillouin zone and an app
priate summation over the entire zone.

Conceivably, another possible cause of CD in these co
pounds could be a slight tilting of the spins away from th
ordered positions along thec axis. However, at low tempera
tures and in zero applied magnetic field, all experimen
results to date point to collinear spin alignment in all of the
compounds.28

VI. CONCLUSIONS

The magnon sideband CD observed in rutile structure
tiferromagnets can be quite readily explained as being
result of magnetic dipole-dipole interactions breaking the
generacy of the two spin-wave branches. As such, these
tical measurements performed three decades ago are
now to represent the first observation of such splittings p
dicted by one of us~R.M.W.! in 1965. It would be informa-
tive to perform further experiments to confirm the shape
pendence of the splitting by varying the dimensions of
samples.

The splitting assignable to the dipolar interaction can a
be changed by the application of stress. It would be inter

u-
3-6
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ing to correlate the magnetic interactions with the elas
properties of the ordered lattices; undoubtedly this wo
lead to a better understanding of magnetorestrictive pro
ties.

In this study we have employed the data contained i
number of University of Wisconsin theses dating back s
eral decades; the passage of time and physical moves
reduced our capabilities to conduct additional experime
on this subject. It is our sincere wish that these results m
perhaps rekindle interest in this area of magnetism.
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