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Two-magnon inelastic light scattering in the antiferromagnets CoF, and NiF,:
Experiment and theory
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Experimental measurements for the two-magnon Raman scattering in the rutile-structure antiferromagnets
CoF, and NiF, are reported. For CoF, the temperature and polarization dependences of the two-magnon
scattering are investigated up to the Néel temperature 7. An effective spin model is employed to obtain a good
theoretical description of the line shapes and peak frequencies for temperatures up to 0.47y. For NiF,, we
present results for the polarization characteristics of the scattering at low temperatures 7<< Ty. A theoretical
model similar to that employed for CoF, is used to compare with the experimental measurements and good
agreement is obtained for the line shapes and peak frequencies. Results are also deduced for some exchange
and anisotropy parameters and the relative magnitudes of the magneto-optical coefficients in the interaction

Hamiltonian for both CoF, and NiF,.
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I. INTRODUCTION

In this paper we present experimental and theoretical re-
sults for the two-magnon inelastic light scattering in the
rutile-structure (space group P4,/mnm or Dﬁ) antiferromag-
nets CoF, (Ty=38 K) and NiF, (Ty=73 K). Other isomor-
phic compounds, including in particular FeF, and MnF,,
have been extensively studied because of the relative sim-
plicity of the magnetic ordering and the theoretical results
are in good agreement with experimental data over a broad
range of temperatures.! Our Raman scattering data provide a
systematic study of the polarization dependences for both
CoF, and NiF, extending earlier measurements,>* and ne-
cessitating the more detailed theoretical work presented here.
Theories for the light scattering from magnon pairs have
been developed by numerous authors, covering a wide range
of temperatures (see Cottam and Lockwood! for a review).
In this work we employ a Green’s function theory similar to
that used to analyze the two-magnon scattering spectrum in
FeF, and MnF,.> The formalism is extended here to CoF,
and NiF, and detailed comparisons are made between the
theory and the experimental measurements for the two-
magnon line shapes and peak frequencies in various polar-
izations. Comparisons of theoretical and experimental inte-
grated intensites in various polarizations enables us to
deduce the relative values for the two-magnon magneto-
optical coefficients appearing in the interaction Hamiltonian.

In the following section we describe the Raman experi-
ments and present the results for the two-magnon scattering
in the CoF, and NiF, samples. The theoretical analyses for
the magnon excitations and the two-magnon scattering are
described in Secs. III and IV, respectively, and comparisons
of theory and experiment are presented in Sec. V. The con-
clusions of our work are given in Sec. VI.

II. EXPERIMENT AND RESULTS

The purplish-red-colored sample of CoF, was prepared
from a single crystal grown at the Clarendon Laboratory,
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Oxford University, specially for this study. The cuboid
sample of dimensions 3.2 2.0X 1.7 mm?® was cut to expose

(001) [Z], (110) [X], and (110) [Y] faces, respectively, and
these faces were highly polished with 1 um diamond pow-
der. The Raman spectrum was excited with 500 mW of Ti-
:sapphire laser light at 800 nm, which avoided any optical
absorption,® analyzed with a Spex 14018 double monochro-
mator at a spectral resolution of 4.1 cm™!, and detected by a
cooled RCA 31034A photomultiplier. The sample was
mounted in the helium exchange-gas space of a Thor S500
continuous flow cryostat, where the temperature could be
controlled to within 0.1 K and was measured with a gold-
iron/chromel thermocouple clamped to the sample. Spectra
were recorded in the 90° scattering geometry. The two-
magnon scattering was measured in different polarizations
for temperatures up to about Ty, but such scattering was
found to be unimportant at higher temperatures, contrasting
with the behavior observed for MnF,, NiF,, and FeF,.!

In Fig. 1 we show the low-temperature Raman spectrum
of CoF, recorded at frequencies up to 550 cm™' in various
polarizations. The spectra exhibit a number of features that
can be associated either with vibrational or electronic exci-
tations. Phonons of A,,, Bj,, By,, and E, symmetry are ex-
pected in the Raman spectrum of tetragonal CoF, and these
are readily identified in our results following the work of
Macfarlane and Ushioda.”® Because of the 45° rotation of the
crystal @ and b axes with respect to the laboratory X and Y
axes, respectively, the B,, mode is no longer visible in
X(YX)Y polarization, but is seen for example in Z(XX)Y po-
larization (not shown in Fig. 1). The other features shown in
Fig. 1 all arise from electronic Raman scattering within Co?*
jons. The free-ion *F ground-state electronic energy levels
give rise to a number of excitons in antiferromagnetically
ordered CoF, at energies ranging up to 1400 cm™' and many
of these are Raman active.® On the basis of this earlier
work, we have identified the excitons indicated by the labels
Ex; (i=1,...,4) in Fig. 1. The Ex, peak expected at
204 cm™! in X(YX)Y polarization was not seen in the earlier
Raman study:® it is indeed quite weak. The lowest energy
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FIG. 1. Polarized Raman spectra of antiferromagnetic CoF, at 10 K showing features due to vibrational (A, By,, and E,) and electronic
(Exy, Ex,, Ex3, and Ex,) excitations. The B,, phonon is absent in X(YX)Y polarization consistent with the ¢ axis rotation by 45° of the crystal
a and b axes. The Ex; exciton feature corresponds to one-magnon (1-m) scattering. The two-magnon (2-m) scattering is seen to be

comparatively weak.

exciton above the ground state is conventionally termed the
one-magnon excitation. The two-magnon excitation in CoF,
is seen from Fig. 1 to be much weaker than the exciton
scattering, but, fortunately, it does not overlap with either the
excitons or the phonons. Thus in the detailed polarization
and temperature dependent studies reported next, the analy-
sis of the two-magnon spectra is straightforward.

The temperature dependence of the strongest two-magnon
Raman scattering in CoF, is shown for two representative
polarizations in Figs. 2 and 3. Spectra in X(Y2)Y, Y(ZX)Z,
and Y(ZY)Z polarizations are all similar to those shown in
Fig. 2. Weaker two-magnon features were observed in other
polarizations (see Fig. 4). The two-magnon peaks near
110 cm™! shown in Figs. 2 and 3 exhibit a similar symmetric
line shape and integrated intensity at low temperature. With
increasing temperature they both show shifts to lower fre-
quency and increasing damping. However, there is one im-

portant difference, and that is the separation of 2.5 cm™! be-
tween their peak frequencies at ~5 K. A similar separation
(2.1 cm™!) was reported earlier by Moch et al.,'” but no
spectra were given. In fact, to the best of our knowledge the
only previously presented two-magnon spectrum for CoF, is
that of Cipriani et al.? in (XZ) polarization. The weak scat-
tering in X(YX)Y polarization resembles that for Y(XX)Z po-
larization shown in Fig. 3, while the scattering in X(ZZ)Y
polarization is broad and featureless.

The two-magnon bands were curve fitted with Gaussian-
Lorentzian line shapes to extract their band parameters as a
function of temperature. The results obtained for the peak
frequencies, linewidths, and integrated intensities for the
various polarizations at low temperatures are given in Table
I. The corresponding temperature dependences are shown in
Figs. 5-7, respectively, and are discussed in more detail later.
We note that the intensity results shown in Fig. 7 confirm
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FIG. 2. Temperature dependence of the Stokes two-magnon Ra-
man spectrum of CoF, in X(ZX)Y polarization. The spectra are
offset vertically for clarity.

what is partly evident in Figs. 2 and 3, namely the two-
magnon scattering becomes unobservable at temperatures
approaching Ty. This behavior is in sharp contrast with that
observed for other rutile-structure antiferromagnets including
MnF,, NiF,, and FeF,,! where the two-magnon scattering
persists as a heavily damped band to temperatures well
above Ty. Hot-band Raman scattering is evident near
130 cm™! in Figs. 2 and 3, respectively, due to thermal popu-
lation of Co?*-ion electronic states.

The yellowish-green-colored sample of NiF, was also
fashioned from a single crystal obtained specially from Ox-
ford University. Again, the sample was prepared in the form

of a cuboid with (001) [Z], (110) [X], and (110) [Y] faces
and it had corresponding dimensions of 4.2 X 3.7 X 1.1 mm?>.
The Raman spectrum was excited with 300 mW of 514.5 nm
argon ion laser light filtered by an Anaspec 300S prism mon-
chromator. The use of green laser light minimized any
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FIG. 3. As in Fig. 2 but in the Y(XX)Z polarization.
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FIG. 4. Polarized Stokes Raman spectra of CoF, at low tem-
perature (~5 K) in (ZZ) and (YX) polarizations. The spectra are
offset for clarity.

sample heating due to optical absorption, especially at low
temperatures. The rest of the experimental conditions were
as for the CoF, sample, except that the spectrometer resolu-
tion was 1.9 cm™!. Two-magnon Raman spectra were re-
corded in different polarizations at low temperatures only, as
the temperature dependence of the two-magnon scattering
has been investigated earlier by several authors.!3!!

The two-magnon Raman spectra obtained for NiF, at low
temperatures are shown in Fig. 8. The strongest scattering
occurred in Z(XX)Y and Z(YZ)Y=Z(XZ)Y=X(YZ)Y polariza-
tions. The X(ZX)Y spectrum was slightly (~10%) weaker
than the three other (equivalent) spectra, due to a variation in
the experimental conditions arising from a change in the
sample optical transmission for this polarization. Apart from
the factor of approximately 2 in peak intensity, the spectra
for these two sets of two-magnon bands are apparently very
similar. An earlier study performed on a sample with (100),
(010), and (001) faces>*!! indicated that the (XY),(XZ), and
(YZ) spectra were practically identical with nearly symmetric
line shapes and essentially the same peak intensity. From the
spectra reported in Fig. 7 of Hutchings et al.,* we deduce that
the integrated intensities of their (XY) and (XZ) polarized
two-magnon spectra are in the ratio 1:0.8.

To obtain more precise information for the two-magnon
band parameters for NiF,, we have curve-fitted the spectra
using a modified Gaussian line shape (the EMG model used
by Lockwood and Wasilewski'?) to take account of the no-
ticeable asymmetry observed here in the two-magnon band
line shape. Representative results for the fits are shown in
Fig. 8. In general, the fits over most of the two-magnon line
shape are excellent. The only problems occur in fitting the
high-frequency tails of the strongest lines, where the model
is an inadequate representation. Nevertheless, the results are
good enough to give an accurate band frequency (the fre-
quency at the band maximum) and linewidth, as well as a
good indication of the integrated intensity (see Table II). The
results indicate that, contrary to earlier work, there is a small
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TABLE 1. Band parameters of polarized Stokes two-magnon Raman scattering in CoF, at low tempera-
tures ~5 K with the exception of ~10 K for the weak X(YX)Z scattering. The standard errors from the fits
are given in parentheses; FWHM is the band full-width at half-maximum. The integrated intensity is esti-
mated from the area under the curves and scaled relative to the Y(ZX)Z integrated intensity.

Frequency FWHM Integrated intensity
Polarization (ecm™) (ecm™) (arb. units)
X(YX)y 111.65(1.24) 6.48(4.09) 0.086
X(zz)Yy 99.26(1.22) 49.88(1.96) 0.327
X(Zx)Yy 114.44(0.24) 7.64(0.12) 0.871
X(Y2)y 114.05(0.30) 7.12(0.28) 0.871
Y(XX)Z 112.00(0.28) 7.48(0.24) 0914
Y(ZX)Z 113.28(0.30) 7.98(0.35) 1.000
Y(ZY)Z 113.75(0.30) 7.46(0.30) 0.839

but discernable difference (0.4 cm™! on average) between the
band frequencies in Z(XX)Y and Z(YZ)Y=Z(XZ)Y=X(YZ)Y
=X(YZ)Y polarizations. These results together with those ob-
tained for the weaker bands in X(YX)Y and X(ZZ)Y polariza-
tions shown in Fig. 8 will be discussed in Sec. IV.

III. THEORY OF MAGNON EXCITATIONS
A. CoF,

We represent CoF, using the following effective spin S
=1/2 Hamiltonian:

Iw I
H= E, JiSi-S;+ 52 J S Sy + 52 T 8i+Sjr = Hy(T)

ii' o'
x(E S?—ES§), (1)
i J

where J;; represents the dominant antiferromagnetic ex-
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FIG. 5. Temperature dependence of the two-magnon peak fre-
quency in CoF, for various polarizations. The dashed and solid
lines represent the calculated peak frequency of the I'; and T'%
modes, respectively.

change between sites on different sublattice whereas J;J., and
J.;,j’ are the intrasublattice exchanges. The effective aniso-
tropy field H,(T) is assumed to vary with temperature like
the sublattice magnetization and is written as H,(T)=H4(0)
X(S%)/S. The parameters for the S=1/2 model have previ-
ously been estimated by comparing theory with one-magnon
inelastic neutron scattering measurements'®> and the results
are J;=-2.0cm™!, J,=12.3 cm™!, J5~0 cm™!, and H,(0)
=12.5 cm™! where the exchange parameters are defined in
Fig. 9.

The linearized magnon energies obtained from the Hamil-
tonian (1) are written as

E(K) = V2 (k) - [(SH,(k) P, (2)

where K is the wave vector and we have defined
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FIG. 6. Temperature dependence of the two-magnon linewidth
(full-width at half-maximum) in CoF, for various polarizations. The
dashed and solid lines represent the calculated linewidth of the I'}
and T’ modes, respectively, at low temperatures.
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FIG. 7. Temperature dependence of the two-magnon integrated
intensity in CoF, for various polarizations.

(k) = Hy(T) + 8(S9)J, — 4(S%)J, sin*(k.c/2)
— 4(S%)J3[sin*(k,a/2) + sin*(k,al2)],

Jo(k) = 8J, cos(k,al2)cos(kyal2)cos(k,c/2). (3)

For the numerical calculations to be presented in Sec. V the
sublattice magnetization (S°) is evaluated using a mean-field
approximation.

B. NiF,

We represent NiF, using the following spin S=1 Hamil-
tonian,

1 , 1 ,
H= l}j: ‘]i,jSi . S]+ 52 ‘Il","Si . Sir + 52 Jj,j'S] . S/r

ii' JiJ'

+ SAD(S)? - FI()? - ()7 + 2 (D(s))”
' J

+ FL(SD2 = (D), “)

where the exchange interactions are defined as for CoF,. A
more precise representation is required here for the aniso-
tropy using parameters D and F, which describe the effects
of the uniaxial and nonuniaxial contributions to the single-
ion anisotropy, respectively. Approximate values of the pa-
rameters have been previously determined by comparing
theory with inelastic light scattering measurements and
inelastic neutron scattering measurements* and are J,
=-0.22+0.5 cm™, J,=13.87+0.36 cm™, J3=0.79
+0.40 cm™!, D=4.36+0.14 cm™!, and F=1.66+0.03 cm™!.
The anisotropy in NiF, causes the spins to lie in the plane
perpendicular to the ¢ axis (rather than parallel as in CoF,)
and to be canted slightly in the a-b plane away from the
antiparallel alignment. The low-temperature canting angle
has been estimated by several authors'# and its value is ap-
proximately 0.5°. The spin canting in NiF, gives rise to a
weak ferromagnetic moment which modifies the magnetic
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properties from those of isomorphic compounds such as
MnF,, FeF,, and CoF,, where the spin canting is absent.
More specifically, it leads to an additional (lower-energy)
branch in the magnon spectrum. The zone-center (k=0) en-
ergy of the lower branch (at 3.3 cm™') is extremely sensitive
to the choice of the nonuniaxial parameter F. By contrast, the
nonuniaxial anisotropy has negligible effect on the zone-
edge excitations in NiF,. We have recently reported briefly
on some properties of the one-magnon Raman light scatter-
ing in NiF,,'® and a more detailed account will be presented
elsewhere. For the purposes of the two-magnon scattering,
which is strongly weighted by zone-edge magnons,’-? we are
justified in neglecting the contributions from the nonuniaxial
anisotropy (i.e., we set F=0). In the low-temperature limit
the magnon energies for NiF, are then written as

E,(k) = Vu?(k) - [SJ,(k) — SD/2T,

E5(K) = V2 (k) - [SJ,(k) + SD2], (5)

where w(k) is defined as in Eq. (3) for CoF, but with the
replacements (S%) — S and H,(0) — SD/2. The higher-energy
mode in NiF, with energy E;(k) is similar to the magnon
branch obtained for CoF, in Eq. (2). Thus, for the purposes
of the two-magnon scattering, we shall represent NiF, as a
simple two-sublattice antiferromagnet with a dispersion rela-
tion given by E,(k). This simplified model neglects the cant-
ing of the spins in the a-b plane and so does not predict the
correct energy gap for the k=0 lower-energy magnon branch
E,(0) but is an excellent approximation for the zone-edge
magnons probed in two-magnon light scattering experiments.
This approximation is expected to be less accurate for the
two-magnon I'T mode (see Sec. IV) which is more strongly
influenced by magnons near the zone center. However, the
I'l mode typically appears as a flat nonresonant band and is
less dependent on the model parameters.

IV. ANALYSIS OF THE TWO-MAGNON SPECTRUM

The Hamiltonian describing the interaction of light with a
rutile-structure antiferromagnet may be written as’!'#

1 _ _
Hiy = 525 ¢'(5)(S:Sr+5+ SrS:+5+ 7Sf-Sf-+5)7 (6)
r,

where r is summed over all the magnetic sites in the crystal,
0 is a vector connecting a magnetic site with one of its next-
nearest neighbors (i.e., on the opposite sublattice), and vy is a
weighting factor. The symmetry factor ¢(d) may be written
as

P(0) = {B|(eje5 + ejey) + Brejes + Bs(ejel + e)ey) 050
+ By[(e7e5 + eje5) o505+ (e)es + ejed) oso5]
+ Bs[(eye5 — ejes) 0505+ (e)es — eyed) 5o, (7)
where B,(n=1,...,5) are the magneto-optical coupling co-
efficients and o=sign(é®) for a=x,y,z. The polarizations

are written with respect to the crystal axes (x,y,z) defined as
in Fig. 9. The various magneto-optical coupling coefficients
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(or combinations of coefficients) may be measured by vary-
ing the experimental polarizations of the incident and scat-
tered light. Contributions from the antisymmetric polariza-
tions terms in Eq. (7) have been shown experimentally to be
negligible for MnF, and FeF,.> An additional contribution to
H;,, which is allowed by symmetry but usually neglected is

1 _ _
525 ¢,(5)(S:Sr+6_SrS:+6 > (8)
r,

where
@' (8) = il Bs(ejes — eje) + By(ejes — ejes) ool (9)

and By and B are additional magneto-optical coupling coef-
ficients. Interaction terms involving antisymmetric spin com-
binations, like in Eq. (8), may be important in effective spin
systems like CoF, where the large effective anisotropy field
is attributed to an unquenched orbital motion.'#
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The two-magnon line shapes, peak frequencies, and inte-
grated intensities for different polarizations are analyzed us-
ing a similar temperature-dependent Green function theory to
that in Ref. 5. The two-magnon scattering intensity (includ-
ing magnon-magnon interactions) as a function of the energy
shift E is proportional to

d*h (5%)°(0) (
x Im
dQdwg 1 -exp(- BE)

where w(0) is defined in Eq. (3) and the quantities ¢ and

G (E) depend on the polarizations. The noninteracting Green
function represented by G,(E) may be written as

Go(E)

Gy(E)
1 +1Gy(E)

), (10)

w(K)®(K)coth[ BE(k)/2]
EK)[E - 2E(k) + 2T (k) |[E + 2E(K) + 2T’ (k)]

(1

Here N is the number of magnetic sites in each sublattice,

1
N

T

Raman intensity (arb. units)

Frequency (cm'1)

Raman intensity (arb. units)

80 120 160 200 240

Frequency (cm'1)

FIG. 8. Low-temperature two-magnon Raman Stokes scattering in NiF, recorded in four different polarizations. The observed line shapes
have been fitted to obtain the two-magnon band parameters of frequency, linewidth, and integrated intensity. The fits are shown by the solid
lines passing through the experimental points and the fitted bands (dashed lines) with background subtracted are shown below the experi-

mental data.
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TABLE II. Band parameters of polarized Stokes two-magnon Raman scattering in NiF, at ~10 K ob-
tained by curve resolving. The standard errors from the fits are given in parentheses; FWHM is the band
full-width at half-maximum. The integrated intensity is estimated from the area under the curves and scaled

relative to the Z(YZ)Y integrated intensity.

Frequency FWHM Integrated intensity
Polarization (cm™) (em™") (arb. units)
X(YX)y 203.54(1.53) 17.16(2.00) 0.026
X(zz)Yy 214.54(0.31) 32.49(4.81) 0.105
X(Y2)y 203.19(0.12) 16.43(0.33) 0.987
X(zx)Yy 203.37(0.12) 16.56(0.34) 0.873
Z(XX)Y 203.79(0.08) 16.06(0.24) 2.058
Z(X2)Y 203.28(0.12) 16.74(0.31) 0.989
Z(Y2)y 203.48(0.13) 16.91(0.36) 1.000
Z(YX)Y 204.32(0.36) 16.97(0.98) 0.085
Z(XX)Y 203.64(0.10) 16.15(0.27) 1.946
Z(YX)Y 203.09(0.85) 15.89(1.37) 0.045

I'(k) represents the effective one-magnon damping term, and
®(Kk) is a symmetry weighting factor for each Raman active
mode given by

8 cos*(k,al2)cos?(k,a/2)cos*(k,c/2)  for I'],
(k) =1 8 sin*(k,a/2)sin*(k,a/2)cos*(k.c/2) for I'},
8 cos?(k,al2)sin*(k,al2)sin*(k.c/2) for I'%.

(12)

The parameter ¢ in Eq. (10) is due to the magnon interac-
tion effects and in the limit of small intrasublattice exchange
J,>>>|J,| and J,>>>|J5|, appropriate for both CoF, and NiF,,
the parameter is approximately given by

AT,  u(0) — 4(S%J,]  for I'], (13)
=
4J,u(0) for I'; and I'3.
The symmetry weighting factors defined in Eq. (12) empha-
size different points in the Brillouin zone. The difference in

2+ 2+
@® Co , Ni

OF

FIG. 9. The crystallographic unit cell of CoF, and NiF, with the
dominant exchange interactions marked. The crystal axes (x,y,z)
and laboratory axes (X,Y,Z) are illustrated in relation to the unit
cell.

magnon frequency between the R point, at k=(0,7/a,w/c),
and M point, at k=(7/a,w/a,0), is

E(R) - E(M) = 4SHWJ3— /1), (14)

and so the splitting of the two-magnon peak frequency be-
tween the I'; and I'{ modes is expected to be of the order
8(SH(J3=J1).

The effective one-magnon damping term I'(k) in Eq. (11)
typically includes contributions from four-magnon scattering
processes and the scattering of magnons by longitudinal spin
fluctuations which are temperature and wave-vector depen-
dent. Recent one-magnon lifetime measurements using a
neutron spin-echo method'” on the antiferromagnet MnF, are
in good agreement with the theory based on longitudinal spin
fluctuations over a wide range of temperatures and wave vec-
tors. However, due to the lack of high-resolution experimen-
tal data on CoF, and NiF, it is difficult to determine the
intrisic magnon lifetimes throughout the Brillouin zone. The
effective damping in our theory should also include a nonin-
trinsic contribution to represent the instrumental resolution.
For simplicity we set the damping I'(k) equal to the resolu-
tion half-width (defined as I') in the one-magnon scattering
experiments.

Experimentally, the I'] mode may be investigated by
means of the diagonal polarizations (xx), (yy), and (zz), the
I"; modes by (xy) or (yx) polarizations, and the I'; modes by
(xz), (zx), (yz), and (zy) polarizations. In writing Eq. (10) we
have omitted the modulus squared of the magneto-optical
coefficients which come in as an overall multiplicative pro-
portionality factor. For example, the scattering intensity in
the diagonal polarization (xx) is also proportional to |B|?
whereas in the off-diagonal polarization (xy) it is propor-
tional to |B5|%.

When the polarizations of the incident and scattered elec-
tric fields are written with respect to a coordinate system that
is rotated about the ¢ (Z) axis through an angle 6 the sym-
metry weighting factor defined in Eq. (7) may be written as
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$(8) = (B, + B3 sin(20) orsl(efes + eyes) + Boefef
+ B; cos(20)so'yef el + e] e}) + (B4 + Bs)
X[(sin %05+ cos Ba'sas)e) e’ + (cos By
—sin (90‘30‘“7'5)6;/8@ + (B4 — Bs)[(sin 0005
+cos Boso)efes + (cos ooy — sin fosoy)elet].
(15)
The experimental spectra recorded in the (XX) polariza-
tion will represent a mixture of the I'] and I'; Raman active
modes which are proportional to |B,|> and |B5 sin(26)|?, re-
spectively. The mixing of the I'] and I'j modes also produces
a cross term proportional to B;Bj; sin(26). However, this lat-

ter term will eventually cancel out on numerical integration
over the Brillouin zone.

V. COMPARISON BETWEEN THEORY AND EXPERIMENT
A. CoF,

Using the parameters from Ref. 10, the two-magnon peak
frequency in CoF, for the ' mode is expected to be greater
than the I'; mode and the predicted splitting of the peaks in
the low-temperature limit should be approximately 8 cm™.
Our Raman data indicates that the splitting of the two-
magnon peaks in the low-temperature limit is actually
~2.5 cm™! suggesting that the difference between the intra-
sublattice exchanges J; and J; should be less than that im-
plied by the neutron scattering data. To compare the low-
temperature theoretical and experimental results we set the
damping term equal to the resolution half-width in the ex-
periments (i.e., we set '=2.05 cm™). In principle the damp-
ing term can also include a contribution from the intrinsic
one-magnon damping at the zone boundary. The summation
over the Brillouin zone in Eq. (11) is evaluated in terms of a
numerical integration.

The numerical calculations for CoF, are made using J;
=—12cm™!, J,=129cm™, J;~0cm™, and H,(0)
=12.0 cm™' as our optimal set of parameters. We obtain
these parameter values by comparing theory with experiment
for the zone-center one-magnon frequency ~37 cm™!, as
well as the two-magnon line shapes and peak frequencies for
the I'} and I'] modes. While the behavior of the line shapes
and peak frequencies of the two-magnon scattering for the
I'} and I' modes is sensitive to the choice of exchange and
anisotropy parameters, the weaker I'] scattering gives rise to
a broad featureless line shape because of the weighting of the
zone-center point and is less dependent on the model param-
eters. Here the diagonal polarization (XX) does not appear as
a flat nonresonant band because of the 45° rotation of the
experimental X and Y axes with respect to the crystallo-
graphic a and b axes. When the symmetry factor ¢(é8) is
written with respect to the laboratory coordinate system, the
(XX) experimental polarization actually represents a mixture
of the I'T and I'j Raman active modes.

In Fig. 10(a) we compare theory and experiment for the
low-temperature (T~ 5 K) two-magnon Raman intensities in
(XX) polarization. By comparing theory with experiment for
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FIG. 10. Comparison of theory curve and experimental points
for the low-temperature two-magnon Raman spectrum of CoF, in
(a) diagonal and (b) off-diagonal polarizations. The dotted lines
show the results without the inclusion of magnon-magnon
interactions.

the intergrated intensites in (XX) polarization we are able to
estimate the relative magnitudes of the magneto-optical co-
efficients B; and Bj3. The theory curve is obtained using
|B;| =0.2| B;| which represents an upper limit for the magni-
tude of B, relative to Bs. The small contribution of the I'}
mode does not shift the peak frequency and its main effect is
to increase the height of the tail of the peak at lower frequen-
cies. The mixing of the I'] and I"} modes also leads to cross
terms proportional to B;Bssin(26). However, these terms
cancel out on numerical integration over the Brillouin zone.

In Fig. 10(b) we compare theory with experiment for the
off-diagonal polarizations X(ZX)Z, Y(ZX)Z, and Y(ZY)Z, all
of which represent the I'f mode only. The rotation to the
laboratory coordinate system does not produce any mixing
effects because the crystal ¢ axis coincides with the labora-
tory Z axis. The main effect of the rotation of the laboratory
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axes with respect to the crystal axes is to produce symmetric
and antisymmetric combinations of the B, and Bs magneto-
optical coupling coefficients. The two-magnon scattering in-
tensity is proportional to |B,+Bs|*> for the (XZ) and (YZ)
polarizations and to |B,—Bs|* for the (ZX) and (ZY) polar-
izations. These terms represent overall multiplicative factors
that do not affect the line shapes of the spectra. The experi-
mental spectra are effectively identical in all of these polar-
izations and thus we are unable to deduce the relative values
of B, and Bs for CoF, except to conclude that one of these
must be far greater in magnitude than the other. By compar-
ing the integrated intensities in Figs. 10(a) and 10(b) we are
able to deduce that |B,+Bs| ~0.7|B;|. Also, making use of
the data in (ZZ) polarization, we are able to deduce that

The experimental spectrum in the (YX) polarization (see
Fig. 4) reveals a two-magnon peak frequency at 113+1 cm™!
and an integrated intensity that is ~10% of the integrated
intensity in other off-diagonal polarizations. The terms in-
volving the (YX) polarization in Eq. (8) vanish for a rotation
through an angle of 45°, and thus the intensity for this po-
larization [as well as the (XY) polarization] is expected to be
much weaker than in other off-diagonal polarizations. The
origin of the two-magnon feature in the (YX) polarization
may be attributed to a small misalignment of the axes and/or
to the additional interaction term in Eq. (8) which involves
different combinations of the incident and scattered polariza-
tions. When ¢’ () is rewritten with respect to the laboratory
coordinate system the scattering intensity will depend on the
additional magneto-optical coefficients Bg and B;. By com-
paring theory with experiment we are able to estimate the
relative values of the magneto-optical coefficients and we
find |Bg| ~0.3|B,].

In Figs. 5 and 6 for CoF, we compare the temperature
dependences of the two-magnon peak frequencies and line-
width, respectively, in various polarizations. The theoretical
results obtained from the simplified spin S=1/2 model are
found to be in good agreement with experimental data for
temperatures up to 7~0.4 Ty,.

B. NiF,

In Fig. 11(a) we compare theory with experiment for the
(XX) diagonal polarization. The solid line represents the I'}
mode only and is obtained using J,=0.2cm™, J,
=13.8 cm™!, J3=0.3 cm™!, D=4.2 cm™! which represents our
optimal set of parameters for NiF,. The theory curves for
NiF, are obtained with the damping I'=0.95 cm~!. The dot-
ted line represents the theory curve without the inclusion of
magnon-magnon interactions. The theoretical two-magnon
peak frequencies for the I'; and I'Y modes are 203.3 cm™
and 203.7 cm™, respectively. For comparison, the dashed
line shows the predicted two-magnon intensity using the set
of parameters of Ref. 4. Here the height of the spectrum is
scaled to coincide with the experimental maximum intensity.
Although the theory predicts some mixing of the I'] and I'}
modes in this polarization we obtain a very good fit to the
experimental data without any admixture of the I'] mode,
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FIG. 11. Comparison of theory curves (see text) and experimen-
tal points for the low-temperature two-magnon Raman spectrum of
NiF, in various polarizations.

implying that the magnitude of the magneto-optical coeffi-
cient |B,| <|B3|.

In Fig. 11(b) we compare theory with experiment for the
off-diagonal polarizations X(YZ)Y, X(ZX)Y, and Z(YZ)Y. All
of these experimental polarizations investigate the I'f mode
only. As in CoF,, the experimental spectra in these polariza-
tions have similar line shapes and integrated intensities and
thus we are unable to deduce relative values of the magneto-
optical coefficients B, and Bs except to conclude that one is
far greater in magnitude than the other. By comparing the
integrated intensities in the different off-diagonal polariza-
tions we find that |B,+Bs| ~0.5|B;|.

The weaker scattering in the (YX) polarization may be
attributed to the 45° rotation of the experimental axes with
respect to the crystal axes. Allowing for the possibility of a
small misalignment of the axes we expect a weak scattering
signal with the spectral features of the I'; mode. The weak
scattering spectrum in the diagonal polarization (ZZ) gives
an asymmetric line shape (see Fig. 8) with a peak frequency
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that is ~10 cm™! greater than the peak frequencies observed
in other polarizations. A similar feature was observed for the
two-magnon spectrum in the (ZZ) polarization in FeF,.!” The
calculated spectrum for the (ZZ) polarization appears as a flat
nonresonant band because of weighting of the zone-center
point and does not account well for the peak feature ob-
served in the experimental measurement. Nevertheless, from
the integrated intensity we deduce that |B,|/|B5| =0.2.

VI. CONCLUSION

In summary we have presented experimental results to
investigate the temperature and polarization dependences for
two-magnon Raman scattering in the rutile-structure antifer-
romagnets CoF, and NiF,. Our theoretical analysis has al-
lowed us to deduce the dominant exchange and anisotropy
parameters more accurately and to determine the relative val-
ues for some of the magneto-optical coupling coefficients in
the interaction Hamiltonian.

For CoF,, the present theory gives good agreement for the
two-magnon peak frequencies and linewidths for tempera-
tures up to 0.4 Ty but does not hold for higher temperatures
due to the complexity of this material. At higher tempera-
tures, a generalized theory of CoF, that incorporates addi-
tional magnon interaction terms and/or the effects of the or-
bital angular momentum (necessitating an effective S=3/2
model'®) is required. For CoF, our optimal set of exchange
and anisotropy parameters are J,=—1.2 cm™', /,=12.9 cm™!,
J3;~0 cm™, and H,(0)=12.0 cm™!. These are similar to the
previously determined values obtained by comparing theory
with one-magnon inelastic neutron scattering measure-
ments.'3 However, some adjustments of the parameter values
were made to properly account for the difference in the two-
magnon peak frequency between the I'j and I'{ Raman
modes. By comparing the integrated intensites of the two-
magnon spectra in various experimental polarizations we are
able to determine the relative magnitudes for some of the
magneto-optical coefficients defined in Egs. (7) and (9), as
discussed earlier.
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TABLE III. Comparison of the relative values of several domi-
nant magneto-optical coupling coefficients for two-magnon Raman
scattering in rutile-structure MF, antiferromagnets (with M =Co,
Ni, Mn, and Fe). The MnF, and FeF, data are taken from Ref. 5;
|Bs| <|B4| for both of these compounds.

Compound |B1|/|Bj| B, /B3| |B4%Bs|/|Bj|
CoF, 0.2 0.6 0.7
NiF, ~0 0.2 0.5
MnF, 0.14 0.32 0.66
FeF, 03 0.8

For NiF, we have presented results regarding the polar-
ization dependence of the low-temperature two-magnon Ra-
man scattering, extending earlier works done by Fleury? and
Hutchings et al.* The theoretical model includes the effects
of the three dominant exchange parameters as well as the
dominant contributions from the single-ion anisotropy. For
the two-magnon scattering, where the canting effects can be
neglected, the theoretical line shapes are found to be in good
agreement with experimental data.

The magneto-optical coupling coefficients in NiF, are
broadly similar to those obtained for CoF,. This can be seen
from Table III, where for completeness we also make com-
parisons with the other rutile-structure antiferromagnets
MnF, and FeF, that were previously studied.” In future work
we shall report on more detailed experimental and theoretical
investigations of the one-magnon light scattering in CoF,
and NiF, in order to complement the two-magnon studies
given here.
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