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We present a terahertz spectroscopic study of polar ferrimagnet FeZnMo3Og. Our main finding
is a giant high-temperature optical diode effect, or nonreciprocal directional dichroism, where the
transmitted light intensity in one direction is over 100 times lower than intensity transmitted in the
opposite direction. The effect takes place in the paramagnetic phase with no long-range magnetic
order in the crystal, which contrasts sharply with all existing reports of the terahertz optical diode
effect in other magnetoelectric materials, where the long-range magnetic ordering is a necessary

prerequisite.

In FeZnMo3Osg, the effect occurs resonantly with a strong magnetic dipole active

transition centered at 1.27 THz and assigned as electron spin resonance between the eigenstates of
the single-ion anisotropy Hamiltonian. We propose that the optical diode effect in paramagnetic
FeZnMosOs is driven by signle-ion terms in magnetoelectric free energy.

PACS numbers:

Multiferroic materials that combine ferroelectricity
with magnetism have been the source of fascinating phys-
ical phenomena and functionalities™?. One example is
the terahertz (THz) nonreciprocal directional dichroism
that was recently discovered in multiferroics®. The term
refers to the difference in absorption coefficient for lin-
early polarized light waves traveling in opposite direc-
tions. A material can be transparent for light traveling
in one direction and completely opaque when the same
light wave travels in the opposite direction. By analogy
with the semiconductor diode, we will use the term opti-
cal diode effect (ODE) for the directional dichroism.

ODE functionality can potentially find applications
in THz optical isolators. Practical ODE devices would
need to display the effect close to room temperature,
while most of the reported ODE observations until
now occured in low-temperature magnetically ordered
states® 3. ODE exists at room temperature in ferroelec-
tric antiferromagnet BiFeOgs, but its magnitude is rather
small'*. In this letter, we report the observation of a
giant high-temperature THz ODE in polar ferrimagnet
FeZnMo30Og. We demonstrate complete suppression of
absorption for one direction of traveling light, while the
absorption for the other direction remains very strong,
resulting in 100-fold difference in transmitted light in-
tensity between the two directions. Most remarkably,
the strong ODE persists in the high-temperature para-
magnetic state of FeZnMo3Og without long-range mag-
netic order up to 110 K, which is in stark contrast with
all previous reports of THz ODE where the presence
of magnetic order is a necessity. The ODE and re-
lated optical magnetoelectric effects in room-temperature
paramagnetic state were first reported by Rikken et
al. at visible wavelengths, were the strength of the ef-
fect was many orders of magnitude smaller'®> 7. The

ODE in FeZnMo3Ogis resonant with a 1.27 THz elec-
tron spin transition between the eigenstates of single-ion
anisotropy Hamiltonian, which is the dominant energy
scale. We suggest that the high-temperature giant ODE
in FeZnMo3Og results from single-ion terms in magne-
toelectric interaction, which can open a new direction in
the quest for stronger ODE in other magnetoelectrics.

High quality monodomain crystals of FeZnMo3zOg
were prepared by chemical vapor transport method!'®.
Two platelet-shaped crystals were selected, one with the
polar ¢ axis perpendicular to the platelet, the other with
the ¢ axis in the platelet plane. THz time domain spec-
troscopy (TDS) in high magnetic field (up to 16 T) was

used to study the low-energy excitations®®.

FeZnMo3Og is derived from the parent material
FeaMo3Og by susbtituting Fe with Zn. Both materials
adopt a polar space group P63mc'®2022. In the par-
ent, Fe ions occupy octahedrally and tetrahedrally oxy-
gen coordinated sites, while Zn ions preferentially pop-
ulate the tetrahedral sites in the substituted variant?!.
With equal amounts of Fe and Zn in FeZnMo3Og, ex-
change interactions are heavily diluted. No signature of
long range magnetic order is found down to T¢ = 14
K23, where the ferrimagnetic ground state appears with
antiparallel alignment of spins on octahedral and tetra-
hedral sites. M (H) curves along the ¢ axis show a very
narrow hysteresis loop with coercivity Ho = 0.06 T and
saturation magnetic moment of 3.9 up/f.u. The M(H)
measurement perpendicular to the ¢ axis does not show
saturation up to 7 T, indicating a very strong magnetic
anisotropy??.

Figures 1(a,b) show the recorded absorption and re-
fractive index spectra at low temperature (12 K and 14
K) for different polarizations of the incident THz wave.
Polarization analysis shows that the 1.27 THz resonance
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FIG. 1: (Color online) (a,b) Absorption and refractive index
in zero applied magnetic field (H = 0) for different polariza-
tions of the incident THz wave. (c) Temperature dependence
of absorption.

is magnetic-dipole active, as the absorption disappears
completely when the THz magnetic field h(w) is ori-
ented along the polar ¢ direction. Cooling the crystal
to 4 K into the ferrimagnetic state does not apprecia-
bly change the THz absorption spectra. A similar res-
onance near 1.4 THz was observed by Kurimaji et al.?’
in (Feg.6Zng.4)2Mo30g, along with weaker resonances at
2.3 and 2.5 THz. The weak 2.3 and 2.5 THz resonances
are outside the frequency window of our zero-field THz
TDS spectrometer. Kurumaji et al. suggest that the
1.4 THz mode in (Fep gZng.4)2Mo3Og may be related to
local single-site spin transitions on Fe sites?®. We show
that the 1.27 THz resonance in FeZnMo3Og is indeed
an electron spin resonance between the eigenstates of the
single-ion anisotropy Hamiltonian on Fe?* cites.

Figure 1(c) shows the temperature dependence of the
1.27 THz absorption, which persists almost up to 100
K temperature. The strong absorption in the paramag-
netic state serves evidence that the magnetic-dipole tran-
sition at 1.27 THz cannot be related to a collective excita-
tion associated with an ordered magnetic state. Figure 2
shows the magnetic field dependence of the THz trans-
mission spectra with oscillating THz fields e(w) and h(w)
both perpendicular to the ¢ axis. The static magnetic
field H is applied both along and perpendicular to the
c axis. The frequency window of the high-magnetic-field
THz TDS setup includes frequencies up to 3 THz, albeit
with a narrow ”dark” band between 2.2-2.5 THz due to
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FIG. 2: (Color online) Magnetic field dependence of transmit-
ted intensity at T =4 K. (a) Magnetic field H applied along
the ¢ axis in Faraday measurement geometry. (b) Magnetic
field H applied perpendicular to the ¢ axis in Voigt measure-
ment geometry.

absorption in polyethylene lenses that are part of the
setup. This dark band is blanked out in Fig 2. In high
magnetic field, our setup does not allow the collection
of a free space reference spectrum, instead of which we
used a reference spectrum that is an average of spectra at
different recorded magnetic fields2®. Due to the strong
shift of the 1.27 resonance, such reference allows us to
isolate and measure only the magnetic field-dependent
absorption. In Fig. 2, the relative transmission is the
THz intensity at a fixed magnetic field divided by the in-
tensity of above-defined reference spectrum. Clearly, the
position of the 1.27 THz resonance shifts with magnetic
field, and the shift depends on the direction of applied
field H. At high H, we also find and additional field-
dependent absorption in the 2.5-3.0 THz range (Fig. 2).
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FIG. 3: (Color online) Magnetic field dependence of resonance
frequencies at T'= 4 K.

Figure 3 summarizes the measured magnetic field de-



pendence of the observed resonance frequencies. The
main 1.27 THz resonance shifts up linearly when H is
applied along the ¢ direction; the resonance shifts up
quadratically when H is applied perpendicular to c. This
behavior can be described well by the single-ion Hamil-
tonian

H=-DS.>+gupH - S, (1)

where S = 2 is the spin on Fe?* ions, D > 0 is the
easy axis anisotropy constant, and H is the applied mag-
netic field. In zero field, the oscillating THz field h(w)
drives the transitions between the eigenstates of the un-
perturbed part H = —DS.? with energy hiw = 3D. For
magnetic field applied along z and z directions (parallel
and perpendicular to the ¢ axis, respectively), we expect
the following resonance frequency shifts

3D ’
which were computed under the assumptions of an
isotropic g factor and of small frequency shifts compared
to 3D. The solid green lines in Fig. 3 are frequencies
computed using Eqs. (2) and (3) with ¢ = 4.50. The
agreement with data is very good. The measured tem-
perature and magnetic field dependence of the 1.27 THz
mode lead to the conclusion that it arises from the elec-
tron spin resonance transitions between the eigenstates
of single-ion Hamiltonian (1). In the paramagnetic state,
the transisions occur on individual Fe ions. In the fer-
rimagnetic state, the transitions correspond to the pre-
cession of the macroscopic magnetization of the majority
Fe spins on octahderal sites with single-ion anisotropy as
the dominant energy scale.

The high-energy transitions seen in Figs. 2 and 3 above
2.5 THz are likely similar in origin to the 2.3 and 2.5 THz
transitions observed in (Feg.6Zng.4)2Mo30g?®.

We now focus on the ODE associated with the 1.27
THz resonance in FeZnMosOg. Two distinct mecha-
nisms have been established for ODE. One is magnetochi-
ral dichroism found in magnetic and chiral materials®27.
The other is toroidal dichroism, for which the mate-
rial must possess simultaneous electric polarization P
and magnetization M?32%29, The ODE happens for
light propagating along and opposite the toroidal vector
T = P x M?*. The THz wave must be polarized with
its electric field e(w) along P and with its magnetic field
h(w) along magnetization M while propagating along T.

In FeZnMo3Og, the polarization P is along the c axis.
Figure 4(a) demostrates the ODE in FeZnMo3Og in mag-
netic field H applied perpendicular to the ¢ axis at 4 K.
The THz wave is polarized along the ¢ axis (e(w)||P)
and is traveling along the P x H direction. ODE is
detected by reversing the direction of H. Figure 4(a)
displays the intensity of transmitted THz wave at the
resonance frequency for positive and negative magnetic
fields. For both positive and negative fields, the reso-
nance frequency shifts according to Eq. (3). However,

hw = 3D +

together with the frequency shift we also find that the in-
tensity of the resonance changes. For positive fields, the
resonance is enhanced, for negative fields, the resonance
is suppressed. In negative 8 T field, the resonant absorp-
tion practically disappears; the difference in transmitted
intensity between positive and negative 8 T field reaches
a factor of 100. Very clearly, this is a demonstration of a
giant ODE.
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FIG. 4: (Color online) (a,b) Optical diode effect and absorp-
tion coefficient for positive and negative magnetic field H.
Solid lines show absorption coefficient for positive magnetic
field. Open circles of the same color show the absorption
coefficient for negative magnetic field. (c¢) Temperature de-
pendence of the optical diode effect.

To quantitatively compare ODE in FeZnMo3Og to
other materials, we compute the absorption coefficient
for positive and negative magnetic fields, Fig. 4(b). The
difference in absorption coefficient reaches Aa = 72 cm ™!
between positive and negative magnetic fields in the 8-
12 T range. This is significantly higher than most re-
ported values of ODE? 6814 with the only higher value
Aa ~ 400 em ™! cited for Gdg5Tbg.sMnO37. Figure 4(c)
shows the temperature dependence of Aa for H = +8
T. ODE and A« remain significant up to 110 K in
the paramagnetic state of FeZnMo3sQOg, when no long
range magnetic order is present in the crystal. This
observation drastically contrasts with all previous re-
ports, where THz ODE occurs in a magnetically ordered
state. In the room-temperature paramagnetic state, the
ODE was first observed by Rikken et al. at visible
wavelengths'®. To quantitatively compare our THz ODE
with the observations of Rikken, we compute the quan-



tity (a(H)—a(—H))/(a(H)+a(—H))/2H and find that
it exceeds 5 x 1072 T~! in FeZnMo3Og at 4 K temper-
ature. In the work of Rikken et al., this quantity was
measured to be 2.5 x 107° T~ with Aa = 1.2 x 107*
cm~!. By both measures, our THz ODE is many orders
of magnitude stronger.

What is the origin of the high-temperature ODE in
FeZnMo3Og? In addition to the presence of the toroidal
moment T' = P x M in the crystal, another prerequisite
for ODE is nonzero dynamic magnetoelectric susceptibil-
ity x7¢(w)?®29 such that

TCHo z p
3 gy (Ol ale” 10 +

(Ofe*[n) (n[P*]0))d(w —wn).  (4)

Im Xys (W) =

Here, (0|h*|n) and (Ole*|n) are magnetic and electric
dipole matrix elements between ground and excited spin
states of the Fe?t ions. The first, magnetic dipole matrix
elements is clearly not zero, as evidenced by the strong
magnetic absorption when h(w) is perpendicular to the
c axis. We must conclude the existence of the second,
electric dipole matrix element, from the observed strong
ODE. We propose that such electric dipole matrix ele-
ments could exist on tetrahedrally coordinated Fe?™ sites
with no inversion symmetry due to spin dependent metal-
ligand hybridization®%:31. Such interaction could induce
an electric dipole at the spin site, as well as electric-
field driven spin transitions. The spin dependent metal-
ligand hybridization was invoked to explain the ODE in
BayCoGeyO7 associated with the spin resonance due to
anisotropy gap excitation®®. In contrast to our present

results, the ODE in BayCoGe;O7 disappeared above the
magnetic ordering temperature T = 6.7 K3. Further
work is needed to clarify the details that govern the
magnetoelectric susceptibility x7:¢(w). For example, in
FeZnMo3Og composition with equal amount of Fe and
Zn, where the tetrahedral sites are preferentially occu-
pied by Zn and the octahedral sites are preferentially
occupied by Fe, the 1.27 THz resonance would need to
get some of its strength from tetrahedral sites to give
rise to x7:°(w). Alternatively, octahedral sites may need
to experience local inversion symmetry breaking to allow
the same.

To summarize, we have reported a giant high-
temperature ODE (110 K) in polar paramagnetic
FeZnMo3Og without long-range magnetic order, which
is fundamentally different all from prior reports of THz
ODE. The ODE in FeZnMo3Og happens at the fre-
quency of the strong electron spin resonance assigned as
the single-ion anisotropy gap excitation. We have pro-
posed that necessary dynamic magnetoelectric suscepti-
bility x¢(w) also results from single-ion magnetoelectric
interactions3%3'. Our experimental results demonstrate
that single-site magnetic and magnetoelectric interac-
tions can provide a new avenue in the search for high-
temperature THz ODE in other magnetoelectric materi-
als.
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