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We report measurements for the temperature dependence and polarization dependence of the
one-magnon and two-magnon Raman scattering in the rutile-structure antiferromagnet MnF,. The
frequencies and integrated intensities of the excitations over the temperature range 4—50 K are
found to be in good agreement with the theoretical analysis. For one-magnon scattering we deduce
that the linear magneto-optic coupling is dominant. This contrasts with the situation in isostructur-
al FeF, where quadratic coupling is known to be important. From the two-magnon results numeri-
cal values are obtained for the relative magnitudes of the magneto-optic coupling coefficients, and in
this case the results are found to be broadly similar to FeF,.

I. INTRODUCTION

In this paper we present new experimental and theoreti-
cal results concerning light scattering from magnons in
the antiferromagnet MnF, (Ty =68 K, S ==<). This ma-
terial has the rutile crystal structure (space group
P4,/mnm, or Dj;) and, along with the isomorphous
FeF,, it has been extensively studied because of the rela-
tive simplicity of the magnetic ordering.

The two-magnon scattering in MnF, is relatively
strong, and its magnetic Raman spectrum was one of the
first to be investigated experimentally.!? These and sub-
sequent’~’ measurements established that the two-
magnon Raman spectrum exhibits a strong dependence on
the polarizations of the incident and scattered light.
Theories for two-magnon light scattering have been
developed by several authors, covering temperature ranges
below and above Ty, and we refer to Refs. 8 and 9 for re-
view accounts. We have extended the previous work by
making detailed experimental measurements of the polari-
zation dependence of the two-magnon spectrum, and the
comparison with theory allows the relative values of the
magneto-optic coupling coefficients to be deduced for the
first time. The behavior is compared with that of FeF,
where a similar analysis of the two-magnon Raman
scattering was recently reported. '

By contrast, the one-magnon scattering in pure MnF, is
extremely weak, and the present work represents its first
experimental observation. Preliminary accounts have ap-
peared elsewhere,'"'? and we now give a more extended
description and analysis of the results. In fact there have
been no reported measurements of one-magnon light
scattering in other pure manganese compounds.”'® In the
first theory? of such scattering it was proposed that the
intensity is expected to be weak because it is proportional
to the square root of the effective anisotropy field, H,,
which is generally small in S =< insulators.”'®> Howev-
er, one-magnon Raman scattering has been observed from
the manganeselike mode in the mixed antiferromagnets
Co,Mn, _,F,, Fe,Mn,_,F,, and Cd,Mn;_,Te.'*~1¢ The
scattering associated with the Mn?* ions in these mixed
compounds is found to be relatively strong at intermediate
concentrations, x, but becomes weak and eventually unob-
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servable as x tends to zero.'*!'> From the Co,Mn,_,F,
work it was inferred that the absence of an orbital angular
momentum contribution to the magnon state may also
lead to a small one-magnon scattering cross section.'*
The experiments described in this paper for one-magnon
Raman scattering in pure MnF, enable a detailed analysis
to be made of the magnon temperature dependence (up to
about 50 K) and of the nature of the magneto-optic cou-
pling. The results in the latter case are shown to be quite
different from those for another rutile-structure antifer-
romagnet, FeF,."”

In the next section we describe the experiments and we
present results for the one-magnon and two-magnon Ra-
man scattering in MnF,. The theoretical analysis of the
one-magnon frequency and damping, and their tempera-
ture dependences, is given in Sec. III, while the weak one-
magnon intensities are analyzed in Sec. IV. The polariza-
tion dependence and temperature dependence of the more
intense two-magnon scattering are discussed in Sec. V,
where we deduce the relative values of the magneto-optic
coupling coefficients. The conclusions are given in Sec.
VI, where we compare and contrast light scattering from
magnons in MnF, and FeF,.

II. EXPERIMENT

The pale-orange color MnF, crystal used in these exper-
iments was grown especially for this work at the Claren-
don Laboratory of Oxford University. The crystal boule
was x-ray oriented and cut to provide a cuboid sample of
dimensions 5.5, 5.8, and 6.0 mm along the crystallograph-
ic a, b, and ¢ axis directions, respectively. The sample
faces were polished with 1-um diamond powder. The re-
sulting specimen was generally of high optical quality: It
did possess a few bubblelike major internal defects, but
these were easily avoided in the experiment.

Measurements of the optical-absorption spectrum of
MnF, showed that, for the available argon laser wave-
lengths in the visible, the lines at 457.9 and 476.5 nm were
in a region of low absorption. However, because of the
high laser power needed to see the weak magnetic excita-
tions, only the line at 476.5 nm was used in this study.
Excitation at 476.5 nm had the added advantage of plac-
ing the Raman shifted lines at wavelengths below the
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strong pink luminescence exhibited by MnF,.

The two-magnon Raman spectrum was excited with ap-
proximately 600 mW of filtered argon laser light at 476.5
nm, while approximately 760 mW was used for the one-
magnon measurements. The light scattered at 90° was
analyzed using a Polaroid polarizer, dispersed with a Spex
14018 double monochromator (with blazed holographic
gratings) at a spectral resolution of 1.8+0.1 cm ™!, detect-
ed with a cooled RCA 31034A photomultiplier, and
recorded under computer control.” A diamond-shaped
mask provided by Spex was placed over the first grating
of the double monochromator for all measurements and
was essential for observing the one-magnon line, as it
reduces the stray exciting-light intensity on the Stokes-
shift side of the laser line. The sample was mounted in
the helium exchange-gas space of a Thor SS00 cryostat,
where the temperature was controlled to within 0.1 K.
Despite the high incident powers, the local laser heating
estimated from the phonon anti-Stokes—Stokes scattering
was found to be small [ ~0.5 (~0.7) K at ~600 (~ 760)
mW laser power] as a result of the low crystal absorption.
The sample temperature, as measured with a gold-
iron—Chromel thermocouple, has been corrected for this
local heating effect. The X, Y, and Z laboratory axes
used to describe the scattering configuration and scattered
light polarization lie along the crystal a, b, and c axes,
respectively.

The low-frequency Raman spectrum of MnF, recorded
as a function of temperature for T < Ty is shown in Fig.
1. A Raman line was found at 8.5 cm~! for T << Ty that
shifted to lower frequency with increasing temperature.
The line was observed in Z(XZ)Y and Z(YZ)Y polariza-
tions (see Fig. 1) but was not detected in Z(YX)Y or

80 —
Z(x2)Y

2]
o
T

RAMAN INTENSITY (counts/s)
F-S
o

n
o

0 1
S5 9 13

FREQUENCY SHIFT (cm™})

FIG. 1. Temperature dependence of the low-frequency
Stokes-Raman spectrum of MnF, recorded in Z (XZ)Y polariza-
tion and in Z(YZ)Y polarization [denoted by ( YZ) in the fig-
ure].

Z (XX)Y polarizations. It was also observed weakly in
X(ZX)Y polarization at 7 K, but in this scattering
geometry the stray light was higher and it precluded a de-
tailed study of the temperature dependence. A search for
this line in anti-Stokes scattering proved unsuccessful, be-
cause of a higher instrumental stray-light background on
the low-wavelength side of the exciting line.

The polarization characteristics and temperature depen-
dence of the 8.5-cm ™! line indicate that it can be assigned
to one-magnon scattering. The magnon frequency at
T << Ty is in good agreement with the antiferromagnetic
resonance value of 8.7 cm~'.!® The spectra were least-
squares fitted to a model comprising a damped
harmonic-oscillator function of the form

Hw)=[n(w)+11P0% T /[(0*—wi )+ Mw?] (1)

together with a Gaussian function, which was proved
from the Z(YX)Y spectrum to represent accurately the
instrumental (background) line shape. In Eq. (1), P, wyy,
and I are the oscillator strength, frequency, and damping,
respectively, and n(w) is the Bose population factor
evaluated at frequency w. The parameter values obtained
from the fits are presented in Sec. III.

The two-magnon scattering in MnF, is known from
earlier work to occur at frequencies below 120 cm™'.1:2
Some of the results obtained here for the temperature and
polarization dependences of the scattering are shown in
Figs. 2, 3, and 4. In their general details the results paral-
lel those of earlier workers!~7 in that a broad (compared
with the one-magnon line) asymmetric line is observed at
low temperatures that shifts to lower frequency with in-
creasing temperature. The two-magnon scattering is still
observable as a wing feature for T >4Ty. The polariza-
tion measurements at low temperature reveal the clear
difference in the two-magnon line shapes for scattering in
(YZ) [or (ZX)] and ( YX) polarizations and, for the first
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FIG. 2. Temperature dependence of the two-magnon scatter-
ing in MnF; in (ZX) and ( YZ) polarizations.
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FIG. 3. Temperature dependence of the two-magnon scatter-
ing in MnF, in ( YX) polarization.

time, the presence of a weak and very broad two-magnon
scattering in (XX) and (ZZ) polarizations. The band pa-
rameters of peak frequency and integrated intensity were
extracted by a computer analysis of the data, while the
linewidth [full width at half maximum (FWHM)] was
determined manually. The results of this analysis are
presented in Sec. V.
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FIG. 4. The two-magnon Raman spectrum of MnF, in (XX)
and (ZZ) polarizations.

III. ANALYSIS OF ONE-MAGNON
FREQUENCY AND DAMPING

To analyze the experimental data we represent MnF, by
the spin Hamiltonian

H=30;8;S;+3 2 JirSi'Si+1 3 J;;'8;°S;
ij ii’ JsJ’

—g‘LLBHA(T) . (2)

25i-35;
i j

Here i and i’ denote sites on sublattice 1 (spins predom-
inantly “up”) and j and j' denote sites on sublattice 2
(spins predominantly “down”). Equation (2) includes ef-
fects of intersublattice exchange J;; and also the weaker
intrasublattice exchange J;;» and Jj;. The quantity H ,(T)
is a temperature-dependent effective field representing the
uniaxial anisotropy. The approximate values of the pa-
rameters in Eq. (2) are known from neutron scattering ex-
periments,'® which show that three types of exchange
constants may need to be considered. These are indicated
in Fig. 5 which illustrates the rutile crystal structure of
MnF,. The dominant exchange is provided by the in-
teraction J, between a Mn’* ion and its eight next-
nearest neighbors on the opposite sublattice, while J; and
J3 represent intrasublattice exchange coupling to nearest
and third-nearest neighbors, respectively.

For discussion of the one-magnon data (at k~0) it is,
in fact, a good approximation to neglect the effects of J,
and J3; compared with J,, and we employ the values
J,=2.45 cm™' and gupH,(0)=0.74 cm~!. The tem-
perature dependence of the anisotropy is conventionally
introduced by writing H 4(T) « (S?)", where (S?) is the
sublattice spin average and n is a positive index. If
H ,(T) were due to single-ion anisotropy (e.g., as in FeF,)
the appropriate choice would be n =2, but for MnF, it
has been estimated?®?! that the anisotropy comes predom-
inantly from magnetic dipole-dipole interactions and the
value of n may be modified accordingly. If the neighbor-
ing spins are considered as being either completely un-
correlated (that is, (S;S;)=(S;)(S;) for i#j as in
mean-field theory) or strongly correlated, then this would
lead to n =1 and n =2, respectively, as limiting values.??
A low-temperature spin-wave theory for dipolar anisotro-
py has been carried out by Oguchi,?? and for MnF, his re-
sults would imply n=1.9 at T <20 K. This is broadly

OMn OF

FIG. 5. The crystallographic unit cell of MnF, with the prin-
cipal exchange interactions marked.
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consistent with antiferromagnetic resonance (AFMR)
data!® for these temperatures. A similar value, namely
n =1.88+0.16, has been deduced experimentally at higher
temperatures (50 K < T <Ty) using AFMR and sublat-
tice magnetization data.”> However, it is unclear whether
this dependence persists at intermediate temperatures
from about 20 to 50 K, or whether a mean-field type of
approximation (n =1) is appropriate. In view of this un-
certainty we consider two cases, n =1 and n =2, in
analyzing our Raman data.

First we discuss the frequencies of the one-magnon ex-
citations. The simplest theory incorporating tempera-
ture-dependent effects is linear spin-wave theory with the
random-phase approximation (RPA) used to decouple the
exchange terms. This leads to an expression for the k=0

magnon frequency w,, of the familiar form??!
oy =[w,sug+04)]1"?, 3)
where w,=gupH/(T)/% and wg=8(S*)J,/#% are

temperature-dependent anisotropy and exchange frequen-
cies, respectively. The static thermal average {.S?) can be
evaluated in terms of the Brillouin function for S =3.
Some numerical results are shown in Fig. 6, where the
dashed and solid theory curves correspond to n =1 and
n =2, respectively, and comparison is made with the ex-
perimental data. Although the overall agreement between
theory and experiment is fairly good, particularly for the
n =1 curve in Fig. 6, we have made further calculations
to allow for the effects of magnon-magnon interactions.
These may be important and their inclusion should lead to
a more accurate theory. We employ the high-density per-
turbation method of Cottam and Stinchcombe,?* and
when this is modified for S =3 systems? and applied to
MnF, we obtain the theory curves in Fig. 7. In this case
it is necessary to perform numerical integrations over
wave vectors in the first Brillouin zone, and approxima-
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FIG. 6. Comparison of theory and experiment for the tem-
perature dependence of the Stokes one-magnon peak frequency
in MnF,. The experimental data are from Z(XZ)Y (crosses)
and Z(YZ)Y (circles) polarizations and the curves are from the
theory excluding magnon-magnon interactions for the cases of
n =1 (dashed line) and n =2 (solid line).
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FIG. 7. As for Fig. 6, but with the theory curves calculated
from the model including magnon-magnon interactions.

tions have been made which limit the validity to T <42
K. It can be seen from Fig. 7 that when magnon-magnon
interactions are taken into account it is the n =2 curve
that gives better agreement with experiment.

The data for the temperature dependence of the one-
magnon linewidth are summarized in Fig. 8. It can be
seen that the linewidth (FWHM) increases from about 2.4
cm~!at 4 K to about 3.8 cm~! at 45 K. When allowance
is made for the instrumental resolution of 1.8 cm~!, the
above values correspond to an increase in the damping
half-width of the magnons from approximately 0.3 to 1
cm™! over the temperature range. Hence the one-magnon
damping at k~0 in MnF, is much smaller than measured
for Fer.3'17 On the theoretical side, there are two mech-
anisms commonly employed for the magnon damping in
Heisenberg antiferromagnets. One is the usual four-
magnon relaxation process,?® and the other is magnon
scattering by the longitudinal spin disorder.?*?>27 The
former process should be dominant at low temperatures
T << Ty, while the latter becomes important nearer Ty.
In fact, Stinchcombe and Reinecke?® have shown that the
latter mechanism accounts well for the magnon damping
in MnF, at nonzero k and T >60 K as determined from
neutron scattering data.”® However, k~0 and for the
range of lower temperatures considered here, we estimate
that the above two mechanisms predict a thermal damp-
ing much smaller than is observed experimentally. Other
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FIG. 8. Temperature dependence of the one-magnon
linewidth (FWHM) in MnF,. The polarization notation for the
experimental points is the same as in Fig. 6.
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contributions to the magnon damping could arise due to
interactions with phonons or due to dipole-dipole interac-
tions, but quantitative estimates are not currently avail-
able for MnF, over the full temperature range considered.

IV. ANALYSIS OF THE ONE-MAGNON INTENSITIES

To discuss the Raman intensity we use a Green-
function theory?® which allows for the inclusion of
magneto-optic coupling quadratic in the spin operators, as
well as the usual linear magneto-optic coupling.? Since
the symmetries of the two sublattices in MnF, are not
equivalent, due to the coordination of the F~ ions (see
Fig. 5), there may also be an out-of-phase contribution to
the scattering as well as the in-phase contribution. This
model has successfully accounted for the polarization
dependence and temperature dependence of the one-
magnon Raman intensity in FeF,.!” The quadratic
magneto-optic coupling has a large effect in FeF,, and it
is of interest to study the nature of the magneto-optic cou-
pling in MnF, which has a similar magnetic ordering.

For Stokes scattering in zero-applied magnetic field, the
integrated intensity I takes the general form?’

Ts=A{S?)(nyy+ 1)(Fin+Fou) /0y . (4)

Here the overall factor A is independent of temperature
and scattering geometry, and the Bose factor ny, is

ny =[exp(fiwps /kgT)—1]7! (5)

with the magnon frequency w,; given in Eq. (3). The
quantities F;, and F,,, which refer to in-phase and out-
of-phase scattering, are

Fpo=|efo{*K_ . —2p(S*)es Qog+w)'?G, |*, (6)
Fou=|efQup+w ) K_—2p(SHes0{*’G_|>. D

The polarization dependence comes through the sym-
metric and antisymmetric combinations, e and e}, de-
fined by

es =(elel +efes)tilelel +efel), (8)

Ay G
Il

e;=(efel —eled)ti(efel —elel), 9)

where e, and e, are unit polarization vectors for the in-
cident and scattered light, respectively. Finally, the quan-
tity p in Eqgs. (6) and (7) is a thermal factor; for
T <0.5Ty it can be approximated by

p=~(S?)(28 —1)/25?, (10)

while its general form is quoted in Ref. 29. The coeffi-
cients K, and G, are, respectively, the linear and quad-
ratic magneto-optic coupling coefficients for in-phase
scattering, while K _ and G _ are the corresponding coef-
ficients for out-of-phase scattering.

First, we analyze the data by considering only the in-
phase contribution. This is because the deviation from
tetragonal symmetry at a Mn?% site is relatively small,
and so it is expected that the in-phase scattering will dom-
inate. Some theory curves for (XZ) polarization and dif-
ferent values of the ratio G, /K, are shown in Fig. 9.
These have been obtained using Egs. (4) and (6), together
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FIG. 9. Comparison of theory and experiment for the tem-
perature dependence of the relative one-magnon integrated in-
tensity (including the Bose population factor) in MnF,. The
theory curves correspond to zero out-of-phase scattering and the
following values of G /K, : W, 0; X, 0.01; Y, 0.1. See Fig. 6
for the experimental point notation.

with eg = —e =1 and the same exchange and anisotro-
py parameters as in Sec. III. The corresponding experi-
mental data (the crosses in Fig. 3) show an increase with
increasing temperature and the closest agreement is pro-
vided by theory curve W indicating that G /K, is close
to zero (i.e, G,/K, <107%). This contrasts with the
behavior in FeF,, where the quadratic magneto-optic cou-
pling is important and recent estimates give G, /K
~0.44 at the same excitation wavelength.!’

The out-of-phase terms may also contribute to the scat-
tered intensity and we illustrate their effect by some nu-
merical examples in Fig. 10, taking the case of linear
magneto-optic coupling (G =G _ =0) and (XZ) polari-
zation. Curves for in-phase scattering only (K _ =0) and
out-of-phase scattering only (K, =0) are shown, together
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n
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FIG. 10. As for Fig. 9, but this time taking the quadratic
magneto-optic coefficients to be zero. The curves correspond to:
W,K_=0; U, K,=0; V, | K_/K, | =0.007.
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with an intermediate case. In fact, the predicted intensity
I is sensitive to even a relatively small amount of out-
of-phase scattering, because the coefficient of K_ in Eq.
(7) is much larger than the coefficient of K in Eq. (6)
(since wg >>w,4 for MnF,). The admixture of in-phase
and out-of-phase scattering corresponding to the case
| K_/K, |=0.007 in Fig. 10 is seen to give a good
overall fit to the data across the temperature range. The
effects of out-of-phase scattering in the presence of quad-
ratic magneto-optic coupling can likewise be studied using
Egs. (4), (6), and (7).

The above analysis is sufficient to conclude that the
dominant magneto-optic coefficient in MnF, is K, al-
though small admixtures of other coefficients may occur.
The differences in intensity, evident from Fig. 9, between
(XZ) polarization and ( YZ) polarization at the same tem-
peratures are probably due to slight differences in the
scattering volume (introduced by rotating the incident
light polarization) or experimental uncertainties, and this
polarization dependence cannot be used to obtain further
information about the magneto-optic coefficients as we
suggested previously.!"? On the other hand, comparison
of Stokes intensities in (XZ) and (ZY) polarizations, or
measurements of the anti-Stokes intensities in either po-
larization, would allow a more detailed analysis of the
magneto-optic coefficients, by analogy with earlier work
on FeF,.!7

The theory curves for the intensities in Figs. 9 and 10
have all been obtained assuming that H ((T)« {S?)?,
since this case produced slightly better agreement with the
magnon frequency versus 7T data in Sec. III when
magnon-magnon interactions were taken into account.
However, very similar predictions for the intensity are
found on taking H,(T)« {(SZ?), and this can be under-
stood as follows. We have seen that the K, magneto-
optic coefficient is dominant for MnF,; if only this term
is retained, then it follows from Eqgs. (3), (4), (6), and (7)
that

Is=A(S*)(npy+1)|e7 K, |*0 /0 - (11

At low temperatures the variation of H4(T) is unimpor-
tant; at higher T, such that kpT >>fiwy (e.g., T>25 K
for MnF,), we can approximate the Bose factor taking
(np+1)~kgT /#iwyy, and the right-hand side of Eq. (11)
then has a temperature dependence given by
T(S?)/Q2wg+w,). This last quantity depends only
weakly on w4 because w4 <<wpg, and so the one-magnon
intensity in a material where K, dominates is insensitive
to the T dependence of H 4(T).

V. ANALYSIS OF TWO-MAGNON SPECTRUM

A. Theory

The two-magnon Raman scattering is strongly weighted
by wave vectors near the Brillouin-zone boundary,>® and
it becomes important to include in the theory the effects
of the smaller exchange terms J; and J;. These were
neglected compared with H 4(T) and J, in discussing the
one-magnon scattering from the k~0 excitations in Secs.
III and IV. Symmetry considerations show that if J; and
J5 are taken to be zero the two-magnon scattering in ( YX)
and (YZ) [or (XZ)] polarizations should be identical,
which is not the case experimentally (see Sec. II). The full
expression for the magnon frequency w(k) is?

w(k)={p*(k)—[8(S*)J, cos(Tk.a)cos(1k,a)

X cos(+k,e) ]}V ?, (12)
where
p(k)=gugH (T)+8(S?)J, —4(S?)J sin*(+k,c)
—4(S*)J;[sin’( 7k a)+ sin®(5k,a)] . (13)

It can be seen that at k=0 the terms in J; and J; disap-
pear from the above expressions.

Although there have been several previous theoretical
studies of two-magnon Raman scattering in MnF, (see
Refs. 8 and 9 for review accounts), the more detailed ex-
perimental results of the present paper, which emphasize
the polarization dependence of the scattering, necessitate
further calculations. We make use of a finite-temperature
perturbation method in the form recently applied to the
rutile structure FeF,.!9 In the case of MnF, it should be
applicable for T'<40 K, and it is in this temperature
range that the polarization differences are most pro-
nounced. The formal theory for MnF, can be summa-
rized as follows.

From symmetry arguments it can be deduced? that the
Hamiltonian describing the interaction of light with the
MnF, crystal has the approximate form

T3 HBNSESR+s +SRSR45+VSRSk4s) (14)
R,8

for two-magnon scattering. Here R is summed over all
magnetic sites, & is a vector connecting a magnetic site
with one of its next-nearest neighbors on the opposite sub-
lattice, and ¥ is a weighting factor. Denoting o%(§)
=sgn(8%) for a=x,y,z, we have

$(8)=B,(efe; +ele}) +Byeie’ + B;lefel +ele’)o™(8)0%(8) + By elel +efel)a”(8)o%(8) + (el +ele3)o™(8)04(8)]
+ Bs[(ele3 —eie3)a”(8)0%(8) +(efe —ele’ )o™(8)0%(B)] . (15)

This  introduces the magneto-optic  coefficients
B,,B,, ...,Bs, while e and e, are electric-field polariza-
tion vectors as defined before. By varying the experimen-
tal polarizations one can effectively pick out different B

coefficients or combinations of B coefficients.

The intensity I (w) for two-magnon scattering with fre-
quency shift o is found from a diagrammatic perturbation
theory (including magnon-magnon interactions) to be pro-
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14+1tGylw)

, 16
[1— exp(—Fiw/kgT)] (16)

where p is defined in Eq. (13), and the quantities Gy(w)

and t depend on the polarizations. For the rutile structure
|
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of MnF, there are three Raman-active modes, labeled '},
I'}, and 'S in a conventional notation.*® In this work
we have investigated experimentally the I'} mode by
means of (XX) and (ZZ) polarizations, the I'{§ mode by
(YX) polarization, and the I'§ mode by ( YZ), (ZX), and
(XZ) polarizations. The quantity Gy(w) is

1
Go(w)— N 2

where N is the number of magnetic sites in each sublat-
tice, I'(k) is the one-magnon damping, and ®(k) is a
weighting factor for each mode?

8 cos( 5 kya)cos’( 5 kya)cos’(sk,c) for T,
®(k)= {8sin’(§k a)sin*(5k,a)cos’( 7k,c) for I'f,

8 cos*(+kya)sin’(+k,a)sin®(+k,c) for I's.

(18)

Finally the quantity ¢ in Eq. (16) is a magnon-magnon in-

teraction parameter; on approximating for |J;| <<J;
and | J3 | <<J, as in MnF, it is given by'°
4J,[H (T)+4(S*)J,] for T'{,
(19)

= |40,[H ((T)+8(S?)J,] for Tf and T

The above expressions can be regarded as a generalization
to finite temperatures of the theory of Elliott and
Thorpe;®! also Eq. (17) is derived employing a spin-wave
ground state, instead of a Néel ground state as in Ref. 31.
Due to the weighting factors ®(k), different critical
points in the Brillouin zone are emphasized for the dif-
ferent Raman modes;? the I', M, and R points are em-
phasized for the I't, I'f, and ' modes, respectively.
Hence the splitting in two-magnon peak frequencies be-
tween the I’ and I'§” modes is expected to be of order

2[@(R)—a(M)]=8(S*)(J3—J;) . (20)

B. Comparison with experiment

We now compare theory with experiment for tempera-
tures up to about 40 K. Equations (12), (13), and
(16)—(19) are employed, and we evaluate the summation
over k in (17) in terms of a numerical integration over the
Brillouin zone. The effective damping term I'(k) has, for
simplicity, been replaced by an average zone-boundary
damping I', since the two-magnon scattering is dominat-
ed by zone-boundary effects (except in the case of I'it
symmetry).? For comparison with the experiments of Sec.
II the factor 'y should also contain a contribution to
represent the instrumental resolution. If the instrumental
response is approximated by a Lorentzian then

$'=Ca(TM++5Tg, 1)

where I'g(T) is the intrinsic one-magnon damping at the

~ o(k)[w—2w(k)+2iT(k)][0+20(k)+2i[(k)] ’

(17)

zone boundary and 'y (~0.9 cm™!') is the resolution
half-width in the experiments. Approximate values for
I'3(T) may be deduced using a scaling argument’ as in
recent work on two-magnon scattering in FeF,. 10

In Figs. 11(a) and 11(b) the low-temperature (5.6 K) Ra-
man spectra in X(ZX)Y and X(YX)Y polarizations are
compared with theory. In each case the calculated line
shape (dashed curve), obtained using parameters deduced
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FIG. 11. Comparison of theory and experiment for the low-
temperature two-magnon Raman spectrum of MnF, in (a)
X(ZX)Y and (b) X(YX)Y polarizations. The theory curves
given by the dashed and dot-dashed lines are discussed in the
text. The integration time for the experimental points was 20 s.
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from neutron scattering!® (that is, J,=—0.44 cm™!,
J;=2.45 cm~!, J;=0, and gupH 4(0)=0.74 cm~') and
3(0)=0, is very similar to the experimental spectrum
but is shifted to a slightly lower frequency. An improved
fit to the data is found by making a minor adjustment to
the exchange constants (by amounts within their quoted
uncertainties), and the theoretical spectra represented by
dot-dashed curves in Fig. 11 were obtained assuming
Ji=—0.50 cm™!, J,=248 cm~!, J;=0, and
gupH ,(0)=0.74 cm~!. The calculated two-magnon
spectrum for I'j{” symmetry at T < 10 K takes the form of
a flat nonresonant band because of the weighting by the I’
point in this case, and this is in accordance with the ob-
served spectra in (XX) and (ZZ) polarizations. The use
of a spin-wave ground state in the theory is an important
factor in obtaining the excellent fits to the low-
temperature spectra of Fig. 11.

The temperature dependences of the peak frequencies of
the two-magnon scattering in off-diagonal polarizations,
which correspond to T'j and I'$ symmetries, are shown
in Fig. 12. The frequency difference between the two
modes is well accounted for by theory. The solid curves
were calculated using the exchange parameters deduced
from neutron scattering and the dashed curves correspond
to the modified set of parameters mentioned above.
Theory and experiment for the temperature dependence of
the two-magnon linewidth and integrated intensity in I';
and I'Y symmetries are compared in Figs. 13 and 14 and
are found to be in agreement. For these cases the ex-
change parameters, as deduced from neutron scattering,
were employed; essentially the same results are predicted
with the other set of parameters. The spectral line shapes
at higher temperatures T <0.6Ty are well reproduced by
the theory provided the damping I'p(T) is treated as an
adjustable parameter. Thus until Tz(7T) for MnF, is
known more precisely, detailed line-shape comparisons at
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FIG. 12. Comparison of theory curves (see the text) and ex-
perimental points for the temperature dependence of the two-
magnon peak frequency in MnF, for various polarizations.
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FIG. 13. Theory and experiment for the temperature depen-
dence of the two-magnon linewidth (FWHM) in MnF, for vari-
ous polarizations. The notation for the experimental points is
given in Fig. 12.

higher temperatures, as performed for example for
KMnF;,* are not justified at present. The theoretical line
shape of the two-magnon scattering in MnF, for tempera-
tures T > Ty has been investigated previously by Balucani
et al.** and our experimental results are in good agree-
ment with their calculations (compare our Fig. 3 and their
Figs. 4—7).

By comparison between theory and experiment for the
two-magnon intensities at low temperatures (7 < 10 K) in
various polarizations, we have been able to deduce (as in
previous work!® on FeF,) the relative magnitudes of the
magneto-optic coupling coefficients B; (i =1,...,5) ap-
pearing in Eq. (15). The results for MnF, and FeF, are
summarized in Table I, where the values are quoted rela-
tive to the largest coefficient B;. It can be seen that the
relative values of the coefficients in the two rutile-
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FIG. 14. Theory and experiment for the temperature depen-
dence of the relative two-magnon integrated intensity (including
the Bose population factor) for the (a) T'{ and (b) 'Y modes.
The notation for the experimental points is given in Fig. 12.
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TABLE 1. Comparison of relative values of the magneto-optic coupling coefficients for two-magnon
Raman scattering in the rutile-structure compounds MnF, and FeF,.

Compound 131/33‘ le/B3| |B4/Bg‘ |B5/B3‘ |B(,/B3| |B7/B3|
MnF, 0.14 0.32 0.66 0.007
FeF,* 0.3 ~0 0.05 ~0

2Taken from Ref. 10.

structure compounds are remarkably similar. The coeffi-
cients B¢ and B; represent additional magneto-optic in-
teractions that are allowed by symmetry but generally
neglected;'®3! they involve the spin operators in the com-
bination (S§Sg,s—SrSH,s) by contrast with Eq. (14).
We were not able to deduce By and B, for MnF, from the
results of the present experiments.

We have also compared two-magnon integrated intensi-
ties I(T) for temperatures T << Ty (5 K) and T >>Ty
(300 K), where the frequency moment theory of Brya and
Richards® predicts I(o0)/I1(0)~3.74 for the combined
Stokes and anti-Stokes scattering. The experimental spec-
tra for X(ZX)Y, X(YZ)Y, Z(XZ2)Y, and Z(YZ)Y polari-
zations gave similar two-magnon intensities at each tem-
perature, with an average ratio for 7(300 K)/(5 K) of
3.2+0.2. Spectra in X(YX)Y and Z (YX)Y polarizations
behaved likewise, but gave 7(300 K)/71(5 K)=3.9+0.5.
The integrated intensities were obtained from spectra
recorded under similar conditions: They have not been
corrected for absorption changes with temperature, as the
absorption spectrum showed no noticeable dependence on
polarization or on temperature (for temperatures between
77 and 300 K) at 476.5 nm. Although the difference be-
tween the two ratios lies just within the experimental un-
certainty, it may be a real effect. On the other hand it
may be due to the 300 K results in each polarization
differing from the 7T — o limit of the theory. The
present results are closer to the I(oo)/I(0) prediction of
3.74 than obtained in the earlier work of Brya and
Richards,® who found 7(300 K)/I(2 K)=4.45 for both
X(YX)Y and X(YZ)Y polarizations with an excitation
wavelength of 457.9 nm.

VI. DISCUSSION AND CONCLUSIONS

We have reported the first observation of the weak
one-magnon Raman scattering in pure MnF,.!"!2 From a
theoretical analysis of the integrated intensity as a func-
tion of temperature we showed that linear magneto-optic
coupling (involving the coefficient K | ) provides the dom-
inant effect, although small admixtures due to quadratic
magneto-optic coupling and out-of-phase scattering may
also be present. This contrasts with the one-magnon
scattering from another rutile-structure antiferromagnet,
FeF,, which has also been studied in detail.!” In FeF, the
one-magnon scattering is much stronger and quadratic
magneto-optic coupling plays an important role. The rel-
ative weakness of the one-magnon scattering in MnF, can
be partly attributed to the small value of w4, which ap-
pears in the numerator of Eq. (11), and partly due to
differences in the magneto-optic coefficients for MnF,
and FeF,. For example, from Raman data on MnF, and

FeF, (Ref. 17) recorded under similar conditions, we find
for the ratio of one-magnon integrated intensities at ap-
proximately 10 K that

I(MnF,)/Is(FeF,)~ 102 . (22)

On the basis of linear magneto-optic coupling only [using
Eq. (11)] it can then be estimated that
K (MnF,)/K | (FeF,)=0.2. However, if the quadratic
magneto-optic coupling in FeF, is properly taken into ac-
count [using Eqgs. (4), (6), and (7)], we find that
K, (MnF,) and K, (FeF,) become more comparable in
magnitude. We conclude that the quadratic coupling
term has the effect of enhancing the intensity in FeF, rel-
ative to MnF,. Because of the weak magneto-optic cou-
pling and the low frequency of the magnon in MnF,, it
would be extremely difficult to observe any critical effect
in the one-magnon scattering near 7T, using the Raman
technique. However, such critical scattering may be ob-
servable with the Brillouin technique, as applied for exam-
ple to KNiF;.3*

The two-magnon scattering in MnF, is considerably
stronger than the one-magnon scattering. For example,
the ratio of the integrated intensities of the two-magnon
scattering in Z(YX)Y polarization to the one-magnon
scattering in Z(XZ)Y polarization is 310+25 at 8 K.
From this ratio we can estimate the relative magnitudes of
the linear and quadratic coupling coefficients K, and B3,
respectively. Using Eq. (4) for the one-magnon intensity
and T =0 expressions from Brya and Richards® for the
two-magnon intensity, we deduce K, /B3 ~0.5 for excita-
tion at 476.5 nm.

As can be seen from Table I, the relative B coefficients
for MnF, are quite similar to those of FeF,, and the same
is true for the absolute scattering intensities. The ratio of
the integrated intensities of the ' two-magnon scatter-
ing in MnF,; (476.5 nm excitation) and FeF, (514.5 nm ex-
citation) is 0.82+0.05. The -corresponding ratio is
0.52+0.03 with excitation at 647.1 nm for FeF,. In
deriving these ratios, corrections have been made for the
frequency-to-the-fourth-power scattering law, but the
spectrometer and photomultiplier responses have not been
included. As the combined spectrometer and detector
response is almost flat around 500 nm and then slowly
falls with increasing wavelength, it is not possible to attri-
bute the difference between the above ratios to mainly in-
strumental effects. There must also be a major contribu-
tion from the wavelength dependence of the scattering in
Fer.

Comparisons can also be made with the ratio of coeffi-
cients K /B; for FeF,. From earlier measurements'®!’
of the one- and two-magnon scattering in FeF, using exci-
tation wavelengths of 514.5 and 647.1 nm, we estimate
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K, /B3;=0.5 in both cases. These estimates were ob-
tained in the same manner as for MnF,, but in addition
allowing for the significant effect of the G, coefficient
on the FeF, one-magnon intensity. The remarkable result
is that the K /B; ratios are of the same order in MnF,
and FeF,.

In conclusion, this first detailed comparison of the
magnitudes of the various coupling coefficients for two
rutile structure compounds has revealed surprising simi-
larities in many coefficients. The main difference between
MnF, and FeF, lies in the significance of the quadratic
magneto-optic coefficient G | in the one-magnon scatter-
ing in FeF,. The quadratic coefficients are now seen to be
of importance in determining the strength of the one-
magnon scattering in certain insulators. The role of quad-
ratic magneto-optic coupling has been demonstrated
earlier for other iron compounds including
Y;FesO,,*%FeCl,,%” % and FeBr,.*® It would be informa-
tive to make similar detailed comparisons with antifer-
romagnets containing other metal ions to quantify further
the relative significance of the linear and quadratic terms.

The present results for one- and two-magnon light
scattering are seen to be in excellent agreement with
theory for temperatures T <0.6Ty. The theory for the
one-magnon scattering including the effects of magnon-
magnon interactions is expected to give closer agreement
with experiment than the theory excluding such interac-
tions,’ and under this condition the theory taking n =2
gives best agreement with experiment for the temperature
dependence of the magnon frequency. Thus we conclude
that n~2 not only describes the temperature dependence
of the anisotropy at low and high temperatures (see Sec
III), but is most likely applicable for intermediate tem-
peratures as well.
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