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Abstract

Magnetoelectrics with ultra-low symmetry and spin-orbit coupling are well known to display a
number of remarkable properties including nonreciprocal directional dichroism. As a polar and
chiral magnet, NizTeOg is predicted to host this effect in three fundamentally different config-
urations, although only two have been experimentally verified. Inspired by the opportunity to
unravel structure-property relations related to such a unique light-matter interaction, we com-
bined magneto-optical spectroscopy and first principles calculations to reveal nonreciprocity in the
toroidal geometry and compared our findings with those measured in the chiral configurations. We
find that formation of Ni?* toroidal moments is responsible for the largest effects near 1.1 eV - a
tendency that is captured by our microscopic model and computational implementation. At the
same time, we demonstrate deterministic control of nonreciprocal directional dichroism in NigTeOg
across the entire telecom wavelength range. This discovery will accelerate the development of

photonics applications that take advantage of unusual symmetry characteristics.
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INTRODUCTION

The combination of strong spin-orbit coupling and ultra-low symmetry gives rise to many
unique properties in materials. One of the most curious is nonreciprocal directional dichro-
ism or “one-way transparency” 4 Spectroscopically, the effect occurs near a magnetoelec-
tric excitation, often in the THz*"¥ but sometimes extending to the optical region and
beyond **2V and it arises from the fact that counter-propagating beams can have different
absorption coefficients 242123 In other words, a sample may be highly transmitting when
measured with light in the +k direction but nearly opaque in the -k direction. Nonreciproc-
ity has a number of symmetry prerequisites223 For a given light propagation direction £,
all symmetries that reverse k to -k while leaving the sample unchanged must be broken
including inversion, mirrors or Cy rotations about a plane or axis perpendicular to E, and
time-reversal.?! Several measurement configurations can be used to take advantage of var-
ious types of symmetry breaking.#23 Toroidal dichroism occurs when light propagation is
along the toroidal moment 7' (k || T = P x M, where P and M are the electric polariza-
tion and magnetic moment ). ># 12420 Nagnetochiral dichroism, on the other hand, requires
light propagation to be parallel to both chirality and applied field S4oHO2083 Tnterestingly,
nonreciprocity can be realized by reversing the external magnetic field as well as the light
propagation direction. Linearly- and circularly-polarized light offer additional degrees of

10 and with a vortex beam, one can even select specific projections of the orbital

freedom,
angular momentum.*#*¥ The spectroscopic response of these eigenstates is not always equal
and opposite, leading to the phenomenon of nonreciprocal directional anisotropy. As a result,

unpolarized light can reveal these effects as well 21020

Because nonreciprocal directional dichroism requires cross-coupling between electric and
magnetic dipole transitions, magnetoelectric multiferroics - with their low crystallographic
and magnetic symmetries - are promising platforms with which to search for these effects 2"
NizTeOg is a prominent example. In addition to natural magnetoelectric character in the
vicinity of the antiferromagnetic resonance, '3 the crystal field (or color band) excitations
are magnetoelectric and support broad band nonreciprocal directional dichroism.#¥ As a

polar + chiral magnet, Niz3TeOg has the potential to host nonreciprocal effects not just in

the chiral configurations - which were explored in our prior work?” - but also in the toroidal
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geometry. Here, we focus on magneto-optical spectroscopy and first-principles simulations
of nonreciprocity in the toroidal configuration in order to complete this fascinating series
and, at the same time, unravel the structure-property relationships relevant to this unique
light-matter interaction. For instance, we find that the largest contrast is supported by the
3 Ay, — 3Ty, on-site excitations near 1.1 eV due to the creation of Ni** toroidal moments in
this relatively narrow energy range - quite different than the magnetochrial and transverse
magnetochiral mechanisms that provide broader but more modest effects over the color band
range. The phonon side bands that ride on top of these d-to-d excitations are quantitatively
assigned to particular phonon modes and shown to display nonreciprocal effects as well.
In a significant conceptual advance, we demonstrate dichroic contrast across the telecom
range (i.e. optical fiber communication wavelengths). Remarkably, the telecom wavelength
range dovetails perfectly with the strongest nonreciprocal response of NizTeOg in the toroidal
geometry. This establishes a potentially significant application for nonreciprocal materials
- beyond ferrites and the microwave regime - in which optical circulators or directional
amplifiers can operate in the telecom range with low loss and without complicated sample
fabrication.***% These findings also open the door to the use of toroidal magnetoelectrics for

optical signal processing and communication.*®

CRYSTAL STRUCTURE, PROPERTIES, AND SYMMETRY ANALYSIS

The crystal structure of NizTeOg is both polar and chiral as expected for an R3 space
group.?? Chains of distorted NiOg and TeOg octahedra lie along the ¢ direction, and the
three different Ni centers are distinguished by their local environments.*? Although Niz3TeOyg

hosts interlocking ferroelectric and chiral domain patterns, %+

crystals can be polished to
reveal a single chiral domain?” Below Ty = 53 K, the system displays a collinear antiferro-
magnetic ground state. For H||c, there is a spin-flop transition at 9 T leading to a conical
spin and a metamagnetic transition at 52 T - both of which are accompanied by magnetoe-
lastic effects 2™ There are no magnetically-driven phase transitions when field is applied
perpendicular to the c-axis.*¥ The optical properties of NizTeOg consist of several different

color bands composed of on-site Ni*T d-to-d excitations along with a charge gap near 2.6

eV %9 These features are sensitive to the spin-flop and metamagnetic transitions, and because
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spin-orbit coupling endows the excitations with magnetoelectric character, these phases sup-
port nonreciprocal directional dichroism.?" Here, the excited Ni state (with a hole in the ¢y,
orbital) provides spin-orbit coupling on the order of 40 meV and assures that the matrix
elements containing polarization and magnetization are non-zero.? Significantly, the broad
band nonreciprocal directional dichroism in the magnetochiral configuration of Niz3TeOg can
be modeled using a quantitative first-principles-derived formalism 2

The top panels in Fig. [I| summarize the three different measurement configurations pre-
dicted within the concept of symmetry operational similarity (SOS).*#44 In the toroidal con-
figuration, electric polarization along ¢, combined with H perpendicular to ¢, breaks two-fold
rotation, inversion, mirror symmetries, and time-reversal symmetries, so it has symmetry
operational similarity with light wave vector k along the third direction. Thus, light propa-
gation parallel to the toroidal moment can exhibit nonreciprocal directional dichroism. The
two other configurations of interest involve chirality (rather than electric polarization) which
breaks inversion and mirror symmetries. The magnetochiral geometry is obtained when the
light propagation direction and applied field are parallel to the chiral axes. The transverse
magnetochiral configuration, on the other hand, requires both the light propagation direction

and magnetic field to be perpendicular to the chiral axes.

RESULTS AND DISCUSSION
Nonreciprocal effect in different measurement configurations

Figure |1| summarizes nonreciprocal directional dichroism of Niz3TeOg at full field in the
toroidal, magnetochiral, and transverse magnetochiral configurations. Overall, this behavior
is a consequence of low symmetry, structural and magnetic chirality, and the presence of spin-
orbit coupling, although the specific appearance of Aaxpp depends upon the measurement
configuration as well. Focusing first on NizTeOg in the toroidal geometry [Fig. [I(a)], we
find a strong dichroic response in the vicinity of the 1.1 eV color band. This feature is
assigned as a superposition of Ni** on-site d-to-d excitations (3A,, — 3T5,) emanating from
the three different local environments of the Ni centers®® At 60 T, the largest field-induced
changes are centered on the 1.1 eV color band and are on the order of 160 cm™'. This

corresponds to between zero and approximately 45% contrast, depending on the value of the
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FIG. 1.  Summary of the three different measurement configurations of interest in this work:

(a) toroidal (k L H L polarization, (b) magnetochiral (k || H || chirality), and (c) transverse
magnetochiral (k || H L chirality). Nonreciprocal directional dichroism spectra of NigTeOg at 60 T
in the toroidal (d), magnetochiral (e), and transverse magnetochiral (f) configurations, respectively.
These spectra were measured in the Voigt (d) and Faraday (e, f) geometries. The nonreciprocal
response in panels (b, ¢) is reproduced from Ref. 20l The linear absorption spectrum of NizTeOg
at 4.2 K is shown below each nonreciprocal panel for comparison. The polarization directions and

on-site Ni d-to-d excitations are labeled.

absolute absorption. The dichroic contrast in the vicinity of the 3Agg — 3Tlg color band
is significantly smaller, and that at higher energy near the Ay, — *Ty, excitation is zero
within our sensitivity. In the toroidal configuration, the overall size of Aaxpp and its energy
distribution is quite different than what is observed in the magnetochiral and transverse
magnetochiral geometries?! For instance, while all configurations exhibit dichroic contrast

near the 1.1 eV color band, that in the toroidal configuration is by far the largest.

Turning to nonreciprocal directional dichroism of NizTeOg in the magnetochiral configu-
ration [Fig. [[b)], Aanpp associated with the 1.1 and 1.65 eV color bands is on the order of
+45 cm~! at full field Y This is different than what we find in the toroidal configuration both
in terms of size and shape. There is a lot more fine structure to Aaxpp in the magnetochiral
configuration as well. Unlike the other two measurement configurations shown in Fig. [1]
Aanpp in the magnetochiral geometry appears only above the 9 T spin flop transition where

spin canting breaks time-reversal symmetry.4#¢ The nonreciprocal response of NizTeOg is
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different yet again in the transverse magnetochiral configuration with dichroic contrast as-
sociated with all three types of d-to-d excitations in the absolute absorption spectrum [Fig.
(c)] This suggests that the color bands have magnetoelectric character in the chiral geome-
tries as well. Differences in magnetoelectric coupling as it pertains to the various contrasts

in toroidal, magnetochiral, and transverse magnetochiral geometries are discussed below.

Field dependence of the dichroic contrast in the toroidal geometry

Figure (a) displays nonreciprocal directional dichroism of Niz3TeOg as a function of mag-
netic field in the toroidal congifuration. As discussed previously, the toroidal geometry
involves placing the electric polarization direction mutually orthogonal to both the light
propagation and magnetic field directions. In addition to large positive and negative lobes
in the dichroic contrast, there is a great deal of fine structure below 0.9 eV. These features
can be assigned to phonon sidebands as discussed below. Examination reveals that axpp
appears at the lowest fields and grows systematically. This is because field-induced canting
of Ni moments, which gives rise to net ferromagnetic moments and enables nonreciprocal
behavior, can occur even at the smallest fields. That nonreciprocal directional dichroism
can be seen at low fields is useful for a number of applications including optical isolators
and rectifiers, high-fidelity holograms, and potentially in the telecom sector. In any case, we
can quantify this trend by integrating anpp over an appropriate energy window and plotting
the result as a function of applied field [inset, Fig. (a)]. The shape reveals how the spins
align in the direction of the applied field. The lack of sharp jumps or cusps is consistent
with the absence of field-induced magnetic transitions for H L ¢.*¥ No hysteresis is observed.
In addition to switching the applied field direction, we investigated symmetry effects?” in
Ni3TeOg by switching the light propagation direction [Fig. S1, Supplementary information)].
The results are identical. If both light propagation and the magnetic field directions are
switched at the same time, nonreciprocal directional dichroism vanishes due to time-reversal

symmetry [Fig. S2, Supplementary information]."

Comparison between the experimental nonreciprocal directional dichroism in different
geometries with the simulated versions provides insight into the nature of the contrast in

different energy ranges. Figure (b) displays Aanpp of NizTeOg calculated by first-principles-
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FIG. 2. (a) Nonreciprocal directional dichroism of NizTeOg in the toroidal configuration measured
between 0 and 60 T at 4.0 K. The inset is the integration of the indicated feature over an appropriate
energy window in dashed box. No hysteresis is observed. (b) Simulated nonreciprocal directional
dichroism of Ni3TeOg in the toroidal configuration. The intensity is normalized to the maximum
absorption intensity. The inset shows a close-up view of the calculated nonreciprocal directional
dichroism spectrum at 60 T to compare with the data in panel (a). (¢) Close-up view of axpp
at 3.1 and 60 T compared with the linear absorption spectrum. (d) Close-up view of axpp as a

function of field between 0 and 60 T.

based methods in the toroidal configuration.2? The simulated spectrum compares reasonably
well with the experimental result, except for the phonon sideband effects around 0.8 eV which
are not included in the model, capturing the maximum near 1 eV and the lack of contrast
at higher energies. Note that our simulation is based upon a local ionic picture and includes
only intra-Ni-ionic excitations,2? not the entire part of the structural (and magnetic) chirality

of Ni3TeOg. The structural chirality of NizTeOg manifests (i) at the local level with a chiral
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crystal-field environment at each Ni site as well as (ii) in the global arrangement of Ni sites.
Our theory includes the former but not the latter. We refer to these as local and global
chirality, respectively. Based on the results from our ionic-picture-based simulation that
nicely capture the dichrioc response near 1 eV, we speculate that excitations near 1 eV are
relevant to the local chiral component, namely the formation of the Ni ionic toroidal moments
perpendicular to the magnetic field and bulk electric polarization, which are coupled with the
propagation of light and induce nonreciprocal directional dichroism.*” On the other hand,
nonreciprocity at higher energies, which is sizable only in the magnetochiral and transverse
magnetochiral cases [Fig. (b,c)], originates primarily from global chirality. Details are

available in the Methods section and in Supplementary information.

Antiferromagnets traditionally offer foundational opportunities to investigate collective
excitations that arise from charge-spin and charge-lattice coupling.*® These features include
excitons, phonon side bands, and magnon sidebands and are commonly observed on the
leading edge of the lowest energy d-to-d band in antiferromagnets like MnFs and a-Fe, Q5 4%V
The absorption spectrum of Niz3TeOg does not have a magnon sideband, but it does have a
rich set of phonon sidebands on the leading edge of the 3A,, — 3T, excitation [Fig. (c), Fig.
S5, Supplementary information].*” These structures, often called “phonon replicas”, arise
from vibronic coupling, the details of which are characterized by the Huang-Rys factor.”!
This phonon progression on the leading edge of the Ni?* d-to-d excitations matches features in
Aanpp illustrates the physical connection and demonstrates that the phonon sidebands have
magnetoelectric character. Nonreciprocal directional dichroism thus provides an opportunity
to investigate how phonons activated in this manner are impacted by reversing the field
and/or light propagation direction. At this time, there are only a handful of cases (BiFeOs,
few-layer Crlz and CusOSeQO3) where phonons or phonon-derived properties such as thermal
conductivity have been shown to host nonreciprocal effects. #4253 Nonreciprocal phonons
obviously enable rectification of heat and sound®® - a topic of sustained interest. Note that
giant nonreciprocal responses in the THz range has recently been reported in NizTeOg,*
possibly originating from the phonon nonreciprocal effects mentioned above. Below, we
demonstrate that the phonon sidebands in Ni3TeOg not only display nonreciprocal directional
dichroism [Fig. [2(d)] but that this contrast occurs (along with that related to the low-energy

Ni%* crystal field excitations) across the telecom range.
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FIG. 3. Close-up view of the nonreciprocal directional dichroism in Ni3TeOg on a percentage basis
as a function of wavelength in the toroidal configuration at 4.0 K. Aanpp is shown at 3.1 and
60 T. The absolute absorption spectrum is included for comparison. Various commercial telecom

windows are summarized on the upper axes. The U-band (1625-1675 nm) is not shown.

Nonreciprocal directional dichroism at telecom wavelengths

We therefore return to the spectra in Fig. (c) which are even more intriguing when over-
laid with the useful telecom bands. The latter include the O-, E-, S-; C-; L- and U-bands.
Optical fiber communications typically operate in one of these windows. The C-band (1530
- 1565 nm) is perhaps most familiar and employs drawn Er-glass fibers. While the opti-
cal properties of Er-glass fibers have been studied separately under electric and magnetic
fields,”* ™8 we are unaware of any attempt to explore rectification effects. Moreover, nonre-
ciprocal directional dichroism has been explored in a number of different energy regimes, it

is rarely encountered in the near infrared ®%”

Figure 3| displays a close-up view of the nonreciprocal directional dichroism in NizTeOyg in
the toroidal configuration plotted on a percentage basis and a wavelength scale. Examination

reveals that Aanpp has a near perfect match to the full range of telecom wavelengths. The
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effects are strong, broad, and clearly evident at full field (60 T) with a maximum contrast
of the first phonon side band of approximately 45%. These features also appear even at the
smallest fields because time-reversal is already broken. This, along with the fact that we
are using unpolarized light, is an advantage for applications. Difference signals are already
in regular use, and nonreciprocal effects can add an important layer of security. NizTeOg
hosts similar contrast in the magnetochiral and transverse magnetochiral configurations as
well [Fig. S7, Supplementary information]. In addition to demonstrating that nonreciprocal
directional dichroism can be positioned within useful telecom windows, this work opens the
door to the development of high efficiency / low dissipation optical diodes and rectifiers from
crystalline materials. We anticipate that linear or circular polarizers would amplify the size
of this effect in Niz3TeOg, but the ability to achieve polarization-independent signal is one of

the beauties of magnetochiral materials.

OUTLOOK

NizTeOg is a superb platform for fundamental studies of nonreciprocity because it hosts
this peculiar property across a wide range of excitations and in three different measurement
configurations. To our knowledge, there are no other nonreciprocal materials that have
been studied in so many different geometries. In this work, we focus on the Ni** d-to-
d excitations and associated phonon sidebands in the near infrared and optical range in
the toroidal configuration, unraveling structure-property relationships via comparison with
contrast in the magnetochiral and transverse magnetochiral geometries. We find that polarity
allows the creation of Ni?* toroidal moments, which results in large contrast near the color
band at 1.1 eV. The chiral geometries, on the other hand, yield smaller contrast over a
much broader energy range. Our modeling of the size and shape of the spectral response
supports this picture of the importance of polarity vs. chirality in the creation of large
vs. broadband contrast. These findings enhance our ability to design and deliver complex
materials properties on demand. At the same time, the discovery of nonreciprocal effects
across the full telecom wavelength range presents a number of exciting opportunities. While
tunability under magnetic field is established in this work, the degree to which nonreciprocity

can be controlled by other external stimuli or chemical substitution is unexplored. That said,
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the discovery of nonreciprocity in the telecom region is a significant conceptual advance
that has the potential to jump-start the use of dichroic contrast in photonics applications -

particularly in the area of high-efficiency optical diodes and rectifiers.

METHODS

Crystal growth and orientation: High quality single crystals of NizTeOg were grown
by chemical vapour transport methods as described previously.*? The crystals were polished
to expose either the ab-plane or the c-axis and to control optical density. After polishing,
the sample thicknesses were on the order of 30 pm. Optical microscope images and optical
rotation data confirm that the crystals have a single chiral domain?’ The crystals were
coated with transparent epoxy to stabilize the structure during the field pulses.

Optical spectroscopy: Polarized optical transmittance was measured as a function of
energy and temperature using a series of spectrometers as described previously (0.78 - 2.5
eV; 4.2 -300 K).* Absorption was calculated as a(E) = ZIn(T(E)), where d is the sample
thickness and T'(E) is the measured transmittance.

Magneto-optical spectroscopy: Magneto-optical work was performed in the toroidal
geometry in a capacitor-driven 65 T pulsed magnet at the National High Magnetic Field
Laboratory in Los Alamos, NM. We employed the standard transmission probe fitted with
a specially-designed Voigt end-piece for this work. These measurements covered the 0.75 -
2.6 eV range with 2.4 meV resolution and were carried out at 4 K. Broadband light from a
tungsten lamp was coupled to optical fibers and focused onto the sample for transmittance
experiments. A collection fiber brought the light from the top of the probe to the grating
spectrometer, where both CCD and InGaAs detectors were employed as appropriate. The
spectra were taken in four different measurement configurations: (+k, £H). Each run
was carried out sequentially and consistently, starting with one & direction (and pulsing to
obtained both £ H) and then switching to the other k direction by swapping the fibers (again
pulsing both up and down). We calculated the absorption differences as: Aa = o(H = +
60 T) - a(H = 0 T). As an example, nonreciprocal directional dichroism is calculated as:
Aanpp(+k, £H) = Aa(+k,+H) - Aa(+k, —H). Traditional smoothing technique was used
with Savizky-Golay method for CCD detector regime.
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Modeling the optical diode effect: Magnetic configurations under the external H-
field were found by optimizing total energies of a magnetic exchange hamiltonian derived
from previous first-principles electronic structure calculations.*® Distortions in the crystal
structure induced by the external H-field were simulated by enforcing magnetic configurations
obtained from the model optimization above during the first-principles density functional
theory (DFT) calculations and structural relaxations, which were performed via the Vienna
ab-initio Simulation Package (VASP).”** For VASP structural relaxations we employed a 500
eV of plane-wave energy cutoff, a 5 x 5 x 5 I'-centered k-point sampling, and a simplified
rotationally-invariant DFT+U.g formalism (Usg = 4 eV)® on top of PBEsol exchange-
correlation functional ®2 After structural relaxations, WIEN2K full-potential DFT code® was
used to compute electric dipole matrix elements and crystal fields in terms of the non-
interacting band basis, which were then projected onto Ni** atomic multiplet states via
exact diagonalization (ED) routine included in the Embedded DMFT Functional (EDMFTF)
code%* Details on WIEN2K, ED calculations, computations of electric and magnetic dipole
matrix elements, and estimations of magneto-electric response tensors are presented in our

previous work 4
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