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The magneto-optical Kerr effect �MOKE� has been investigated for ferrimagnetic spinel compounds MCr2S4

�M =Mn and Fe�. In FeCr2S4, the gigantic magneto-optical response, reaching up to 4.3° in Kerr rotation, is
observed at the energy of the intra-atomic d-d transition of Fe2+, 5E→ 5T2. By analyzing the resonance feature
in the framework of the ligand field theory, we have clarified that the large oscillator strength enhanced by the
strong covalency of the ligand sulfur as well as the local breakdown of inversion symmetry at the Fe2+ site is
responsible for the gigantic signal. In MnCr2S4, the spin-forbidden d-d transition �6A1→ 4T1� of Mn2+ is
revealed in the MOKE spectra, which is not discernible in the optical reflectivity spectra.
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I. INTRODUCTION

The magneto-optical Kerr effect �MOKE� in ferromagnets
is the key subject of the current magneto-optical recording
and the optical communication.1,2 Its importance is still
growing due to the great demand for more functional
magneto-optical disks and optical isolators. One approach to
the improvement of devices is a search for suitable materials,
which show large MOKE signals under small magnetic field
at high temperature. Such researches have been continuing in
these several decades, developing the knowledge of how to
enhance the MOKE responses. Besides resorting to the arti-
ficial superlattices,3 we can choose either of at least two
ways. One is a use of the so-called “plasma resonance,”
which is only possible in a metallic system.4 The magneto-
optical Kerr rotation � and ellipticity � are connected with
the dielectric tensor as

� + i� =
�xy

�1 − �xx���xx

. �1�

Therefore, � and � seemingly become large at the plasma
energy, where Re��xx��0 is established. This mechanism is
responsible for the enhanced MOKE in the rare-earth chal-
cogenides CeS, CeSe, CeSb, CeTe, TmS, TmSe, US, and
USb0.8Te0.2, producing 2°–20° Kerr rotation and/or
ellipticity.5 However, it should be noted that these experi-
ments are done in restricted temperature and/or magnetic
field regions, typically 1–2 K and 4–10 T, because these
materials are antiferromagnets with weak magnetic interac-
tions. Another way to enhance the magneto-optical response
is to make the MOKE resonant with an intra-atomic d-d
transition. This strategy is important as it is applicable to
insulating �transparent� magnets, which are necessary for op-
tical isolators. After the Jung’s pioneering work6 on Cr3+

d-d transition, 4A2→ 4T1�t2
2e�, in CrBr3, Carnall et al. and

Ahrenkiel et al. have found that CoCr2S4 with TC of 230 K
show the magneto-optical response as large as 4° at the en-
ergy of the Co2+ d-d transition.7,8 This work has an important
implication that a number of spinel compounds may have

latent possibilities to show the gigantic MOKE response in
the near-infrared region.

The aim of the present work is to expand the research by
Carnall et al. and Ahrenkiel et al. to other related compounds
MCr2S4 �M =Mn,Fe�, which also form the normal spinel
structure. We performed the MOKE measurement over a
wide photon-energy region of 0.2–4.5 eV and observed the
4.3° MOKE signal in FeCr2S4 and a spin-forbidden d-d tran-
sition in MnCr2S4. These observations are enabled by the
absence of local inversion symmetry at the M site as well as
the strong covalency effect.

FeCr2S4 is a ferrimagnetic insulator with TC=170 K,
where spins at tetrahedral Fe2+ and octahedral Cr3+ sites are
antiparallel to each other.9 This material shows large nega-
tive magnetoresistance near the Curie temperature.10 The
crystal symmetry remains cubic down to �10 K, where the
heat capacity shows a broad hump, as recently understood as
the transition to the orbital-glass state.11 The magnetic aniso-
tropy constant reaches K1�3–6�105 N/m2�0 at 5 K.12

MnCr2S4 is ferrimagnetic below 65 K and it undergoes a first
order phase transition toward the canted spin state at 5 K.13

II. EXPERIMENT

The single crystals of MCr2S4 �M =Mn,Fe� were grown
by a chemical vapor transport method with CrCl3 as a trans-
port agent.14 We characterize the octahedral-shaped crystals
by powder x-ray diffraction and inductively coupled plasma
spectrometry, confirming that the obtained crystals are single
phase with expected chemical formula. Magnetic properties
measured with a superconducting quantum interference de-
vice magnetometer and electrical resistivities coincide well
with the previous results. All optical measurements were car-
ried out on the as-grown �111� surface, since it was noticed
that the mechanical polishing procedure enlarges the coer-
cive force, making the reverse of magnetization by a perma-
nent magnet impossible. Reflectivity measurements were
performed using a Fourier-transform interferometer for
0.1–0.8 eV and a grating monochromator for 0.6–32 eV.
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Optical conductivity spectra ���� were obtained from reflec-
tivity spectra R��� by the Kramers-Kronig analysis. The
MOKE measurements were done using a polarization modu-
lation technique with a photoelastic modulator �PEM� in po-
lar Kerr configuration.15 The new aspect of our experiment is
the measurement in the midinfrared region down to 0.2 eV,
which is enabled by the combination of a polarization modu-
lation technique �PEM: Hinds, Model II/S50� and Fourier-
transform infrared spectroscopy. The magnetic field of 0.2 T
was applied by a permanent magnet along the �111� direc-
tion. We note that the magnetization of the sample is in the
multidomain state with �100�, �010�, and �001� directions due
to the strong magnetic anisotropy.

III. RESULTS AND DISCUSSION

A. FeCr2S4

As shown in Fig. 1�a�, optical conductivity spectra of
FeCr2S4 has a sharp peak structure around 0.3 eV. This fea-
ture is also observed in MgAl2O4:Fe,16 CdTe:Fe,16

ZnS:Fe,16,17 and CdIn2S4:Fe,18 being ascribed to a spin-
allowed intra-atomic d-d transition of Fe2+, 5E→ 5T2, in the
tetrahedral-coordination environment. Since Fe2+ ions oc-
cupy two sites connected with inversion operation in the
primitive unit cell, this transition is expected to show Davy-
dov splitting19 as 5Eg, 5Eu→ 5T2g, 5T1u. One transition �5Eg
→ 5T1u� is a parity-odd dipole-allowed transition since 5Eg
� 5T1u= 5T1u+ 5T2u, whereas another transition �5Eg→ 5T2g�
is a parity-even one, being silent in the reflectivity measure-
ment. Hereafter, to avoid confusion, we index the d-d tran-

sition by the local symmetry Td, neglecting the effect of
Davydov splitting.

As can be seen in Fig. 1�a�, the d-d transitions at all
temperatures exhibit fine structures. There might be at least
three possible origins for it. One is the lower-symmetry
ligand field at the Fe2+ site, however, it is known that the site
symmetry remains cubic without any structural phase transi-
tion down to T�10 K.11 The second possibility is the ex-
change splitting, however, this is effective only below TC.
The third and the most plausible origin is the effect of spin-
orbit coupling. We have carried out calculations on the effect
of the spin-orbit coupling and the exchange splitting, based
on the strong-coupling scheme of the ligand-field theory
�Fig. 2�.20,21 The calculations were done in two situations,
where the magnetic moments are aligned to the magnetic
easy-axis �001� alone, or otherwise they are aligned along
one of the equivalent �001� axes which are all easy axes
�multidomain case�. In both cases, the light k vector is as-
sumed to be normalized to the �001� surface.22 In the ideal
case, we can analyze our experimental data within the above-
mentioned multidomain case, however, it should be noted
that the analysis including many parameters sometimes re-
duce the reliabilities of the obtained results. Therefore, ne-
glecting the effect of exchange splitting, we adopt the three-
component Lorentz model:

� = 	
j

Sj�
2� j� j

�� j
2 − �2 + � j

2�2 + 4�2� j
2 , �2�

where �1=	E− 3
4
, �2=	E− 1

4
, �3=	E+ 1
2
. Here, 	E, 
,

Sj, � j, are the crystal-field splitting parameter, the spin-orbit
coupling constant, the oscillator strength, and the damping
constant for the jth transition, respectively. The fitted results
are represented in Figs. 1�a� and 1�b�, where �av= ��1+�2

+�3� /3 and Stotal=S1+S2+S3.23 	E at the ground state is

FIG. 1. �a� Optical conductivity spectra in the energy region of
0.1–0.5 eV for FeCr2S4. The broken lines represent the results of
fitting with the three-component Lorentz oscillator model. �b� Tem-
perature dependence of the crystal field splitting 	E, the sum of
oscillator strengths Stotal, the average damping constant �av, the
spin-orbit coupling constant 
, and magnetization M.

FIG. 2. The d-d transition of Fe2+ in the tetrahedral-coordination
environment, 5E→ 5T2, analyzed by the ligand field theory. The
light k vector is set to �001� direction. In the “single domain” panel,
all the spins are assumed to be aligned to the �001� direction,
whereas in the “multidomain” panel, there are an equal number of
�100�, �010�, and �001� magnetic domains. The ratios of the oscil-
lator strength are shown for the 	Mz= +1,0 ,−1 transition, which
are represented by the filled, hatched, and open arrows, respectively.
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relatively small, 0.321 eV, being consistent with the both
facts that Fe2+ is coordinated by small number �4� of ligands
and that the ligand is sulfur with strong covalent character. 

at T=10 K reaches 596 cm−1, which is even larger than that
of free Fe2+ 410 cm−1 �Ref. 20�. Although this value is un-
natural in view of usual understanding of the covalency ef-
fect, the reason is not clear at present. All the optical param-
eters show systematic temperature dependence without any
abrupt change at TC. The increase of 	E with decreasing
temperature corresponds to the shrinkage of the lattice con-
stants. The growing hybridization between Fe2+ d orbitals
and S2− p orbitals with decreasing temperature makes Stotal
larger and 
 smaller. With lowering temperature, �av be-
comes small, indicating the reduction of thermal broadening
�coupling to lattice phonons�.

Figure 3 represents the MOKE spectra of FeCr2S4 at vari-
ous temperatures. Note the change in ordinate and abscissa
scales at 0.5 eV. The spectral feature around 0.3 eV corre-
sponds to the above-mentioned Fe2+ d-d transition and an-
other around 3 eV originates from the S 3p→Cr 3d charge
transfer �CT� transition. The 4.3° MOKE signal at 10 K is
the largest among that of known insulating magnets.

In Fig. 4, we depict the real and imaginary part of the
off-diagonal component of the dielectric tensor in the energy
region of Fe2+ d-d transition, which are deduced from Eq.
�1�.24 The shape of spectrum is the so-called diamagnetic
type, however, the high energy parts are broadened by the
enhanced damping effect. As in the optical conductivity
spectra, we have tried to fit the �xy spectra with the three-
component Lorentz model:

�xy =
2�

i
	

j

� j

Sj
+ − Sj

−

� j
2 − �� + i� j�2 , �3�

which is deduced from the microscopic calculation of �xy

based on the Kubo-formula25 with the approximation of �
�� j. Here, Sj

+ and Sj
− are the oscillator strength of the jth

oscillator for right and left handed circular-polarized light,
respectively. Although we set S1, S2, and S3 as independent
parameters in the analysis of optical conductivity spectra, we
now put the restriction as S1

+=9S, S1
−=0, S2

+=5S, S2
−=0, S3

+

=0, S3
−=15S. This is because the sum rule 	 jSj

+−Sj
−=0, de-

duced from the ligand field theory, should hold for the
MOKE spectra of the d-d transition. The fitted results for
T=10 K are shown in the inset of Fig. 4. The obtained pa-
rameters are 	E=0.316 eV and 
=412 cm−1, being consis-
tent with the values obtained from optical conductivity spec-
tra.

It may be useful to explore how to maximize the MOKE
signal in the framework of our analysis. By changing the
parameters around the fitted values, we know that the follow-
ing conditions are suitable for the further enhancement of
MOKE signals: �1� small � j, �2� large 
, and �3� large Sj

+ and
Sj

−, being in agreement with our intuition. It is expected that
FeCr2S4 actually fulfills, more or less, these conditions. In
particular, we notice that the oscillator strength is greatly
enhanced in FeCr2S4 owing to the two facts that d-d transi-
tion is dipole-allowed due to the absence of local inversion

FIG. 3. Temperature dependence of the magneto-optical Kerr
rotation ��� and ellipticity ��� spectra of FeCr2S4 in the energy
region of 0.2–4.5 eV. The abscissa scale is magnified for the d-d
transition of Fe2+, 5E→ 5T2. Note that the ordinate scale is also
different between 0.2–0.5 eV and 0.5–4.5 eV.

FIG. 4. Temperature dependence of the real and imaginary part
of �xy for the d-d transition of Fe2+, 5E→ 5T2 in FeCr2S4. The
results of fitting for the spectra at 10 K in the framework of the
ligand field theory are shown in the insets.
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symmetry at the Fe2+ site and that the effect of covalency is
strong in the chalcogenide, compared with oxides and
halides.

As for the temperature dependence of the MOKE spectra,
the peak values of magneto-optical response around the Fe2+

d-d transition monotonically increases with decreasing tem-
perature. This is in contrast to the temperature dependence of
magnetization in H=0.2 T �Fig. 1�b��, which decreases be-
low 120 K, indicating the evolution of magnetic anisotropy.
This is because MOKE reflects the relevant electronic state
of the system, not simply the total magnetization value.

B. MnCr2S4

We now proceed to the MOKE spectra of MnCr2S4. As
shown in Fig. 5, there are discerned sharp structures around
1.8 eV in addition to the structure around 3 eV originating
from S 3p→Cr 3d CT excitation �inset in Fig. 5�. Since the
ligand field theory does not permit the appearance of any
spin-allowed d-d transitions of Mn2+, we have to pursue
other possibilities. A hint is obtained by the reported magne-
toreflectance spectra of Zn0.72Mn0.28Te:Mn,26 where the
similar absorptions are observed around ��2.2 eV and as-
cribed to a spin-forbidden d-d transition, 6A1→ 4T1. A similar
interpretation may apply to the structures of the present spec-
tra. The weak oscillator strength of this transition is ascribed
to the spin-orbit coupling. The transition energy calculated
by the strong-coupling scheme of the ligand field theory is
�=10B+6C−	E, where B and C are Racah parameters. If
we take the free-ion value C /B=4.48 �Ref. 20� as the ratio
between B and C and neglect the effect of 	E��0�, we can
estimate Racah parameters as B�372 cm−1. This is 43% of
the free-ion value 860 cm−1 and should be realized as the
consequence of the strong hybridization between Mn2+ d or-
bitals and S2− p orbitals. As the temperature decreases, the
spectra show distinct redshift. This may be caused by the
temperature renormalized Racah parameters due to the en-
hanced covalency effect and/or by the enlarged 	E. Inciden-
tally, these weak transitions were not discernible in the ordi-
nary optical reflectivity spectra. This confirms again the
utility of the MOKE spectroscopy.

IV. SUMMARY

To summarize, we have measured the MOKE spectra of
MCr2S4 �M =Mn,Fe� in the wide energy region
�0.2–4.5 eV�. For FeCr2S4, the spectra show gigantic
MOKE response �as large as 4.3°� resonant with the intra-
atomic d-d transition of Fe2+. By the analysis based on the
ligand field theory, we have clarified that the absence of local
inversion symmetry at the Fe2+ site as well as the strong
covalency effect in chalcogenide is essential for the gigantic
MOKE. For MnCr2S4, we could unravel the spin-forbidden
d-d transition of Mn2+ and deduce the Racah parameters.
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