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Terahertz evidence of electromagnon excitations in the multiferroic van der Waals insulator Nil,
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We report on our terahertz spectroscopic investigation of the van der Waals insulator Nil,, exhibiting
antiferromagnetism below Ty; ~ 78 K and multiferroicity below Ty, >~ 59.5 K. Two electromagnon modes

were detected at 34 and 37 cm~! below Ty, where the material is in the helimagnetic-multiferroic phase. Our
transmission measurement shows that the electromagnon resonance modes redshift with increasing temperature
(at zero magnetic field) but blueshift with increasing magnetic field (at 1.5 K). A separate reflection measurement
confirms the electric dipole active nature of the two electromagnon modes. The polarization, temperature, and
magnetic field dependences show that these electromagnon modes are closely linked with the helimagnetic
ordering in the multiferroic phase of Nil,. The electromagnon energies are also consistent with the energy scale
of the two-magnon sideband excitation around the Zhang-Rice exciton mode recently discovered in Nil,.

DOLI: 10.1103/PhysRevB.108.064414

I. INTRODUCTION

Nil, is a layered quasi-two-dimensional van der Waals
insulator. The individual layer consists of corner-sharing Nilg
octahedra, while Ni atoms themselves constitute a triangular
lattice [Fig. 1(a)]. The superexchange magnetic interaction be-
tween Nilg clusters leads to a collinear antiferromagnetic or-
der at Ty == 78 K. Below Ty =~ 59.5 K, Nil, enters an imper-
fect proper-screw helimagnetic phase where ferroelectricity
appears simultaneously, induced by inverse Dzyaloshinskii-
Moriya interaction [Fig. 1(b)] [1-3]. In this multiferroic
phase, the helimagnetic structure has an incommensurate
magnetic modulation vector q ~ (0.138, 0, 1.457). The
q vector has an angle of about 71° with respect to the
ab plane, and the spin plane has an angle of about 55°
with respect to the ¢ axis [4]. Hence, the spin plane and
the q vector are not normal to each other. In this sense,
Nil, has imperfect proper-screw magnetic ordering with bro-
ken inversion symmetry [Fig. 1(c)]. The ensuing electric
polarization P lies in the ab plane and can be aligned per-
pendicular to the applied in-plane magnetic field during field
cooling [3-6].

Recently, a magnetic exciton mode of Zhang-Rice entan-
gled character and an accompanying two-magnon sideband
were discovered in Nil, [7,8]. The two-magnon sideband
associated with the exciton resonance in Nil, implies that
low-energy magnon excitations can be found in the terahertz
range. Indeed, a previous Raman spectroscopy study reported
two excitation modes at 31 and 37.5 cm~! below Ty in Nil,,
and the possibility of electromagnons was proposed [9,10].

In fact, the presence of multiferroicity in Nil, naturally
suggests that the low-energy Raman features may indeed be
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electromagnons, commonly found in many other multiferroic
materials [11-17]. However, these features were not yet re-
ported in neutron scattering experiments, which casts doubt on
their existence or their electromagnetic character. Therefore,
it is timely to investigate the existence of electromagnons
in Nil, using other optical measurements, such as terahertz
spectroscopy.

In this paper, we report on our terahertz transmission and
reflection measurements on Nil, single crystals. From our
transmission spectra, we observed two electromagnon modes
at 34 and 37 cm~! at 1.5 K below Ty,. The polarization, tem-
perature, and magnetic field dependences have been studied in
detail. An additional reflection measurement shows that these
magnons are indeed electric dipole active rather than magnetic
dipole active. Our results show that Nil, is an exciting van
der Waals platform where an interplay between antiferromag-
netism and multiferroicity can be studied via electromagnon
excitations.

II. METHOD

Single crystals of Nil, were synthesized via the chemical
vapor transport method. Ni powder (99.99% Sigma-Aldrich)
and crystalline iodine (99.99%, Alfa Aesar) were weighed in
the stoichiometric ratio with additional 5% iodine within an
argon-filled glove box. The mixture was sealed in a quartz
tube, evacuated by a rotary vane pump, and then placed in a
two-zone furnace. The temperature was set to reach 750 °C
and 720 °C within 6 h. The typical pressure inside the quartz
tube was ~1 Pa. The furnace was held in the temperature gra-
dient for 7 days and then cooled slowly to room temperature
over 5 days. The grown crystals formed shiny gray flakes, and
the typical crystal size was 5 x 5 x 0.1 mm?>.

Our terahertz transmission and reflection measurements
were performed with a TERA K15 terahertz time-domain
spectrometer (Menlo Systems, Germany) coupled with a

©2023 American Physical Society
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FIG. 1. Crystal structure and magnetic ordering of Nil,. (a) Blue
spheres indicate Ni atoms and red spheres indicate I atoms. (b) Nil,
is paramagnetic above Ty; =~ 78 K, but it is antiferromagnetic below
Tni. Below Ty, Nil, additionally acquires multiferroicity. (c) Spin
orientation for imperfect proper-screw helimagnetic ordering. Spin
plane (blue) is not normal to the q vector (red).

SpectromagPT magneto-optic cryostat (Oxford Instruments,
UK). The SpectromagPT system is a liquid-He-free closed-
cycle type and is operated in the temperature range of
1.5-300 K and in the magnetic field range of 0—7 T. The entire
terahertz beam path was enclosed in a Plexiglas box purged
with nitrogen gas to eliminate water vapor absorption. The
Nil, crystal sample used for the transmission measurement in
Fig. 2(a) had a thickness of 171 um. The sample was fixed
to a gold-coated copper sample holder with Kapton tape.
The sample holder had a 3 mm diameter hole. Another Nil,
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FIG. 2. Schematics of terahertz measurements conducted on
Nil,: (a) transmission and (b) reflection. H., is the in-plane
magnetic field applied during the field cooling. P is the electric po-
larization formed below 7Ty, >~ 59.5 K during the field cooling. P is
in plane and perpendicular to Ho, . For the transmission experiment
(a), an external magnetic field Hey was applied out of plane.
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FIG. 3. Terahertz time-domain signals of transmission measure-
ments in (a) E || P and (b) E L P polarizations of terahertz pulse at
1.5 K and H,y, = 0. Blue lines are reference signals, and red lines are
the signals of Nil,. The inset of each figure shows the long oscillating
tail due to absorption peaks.

crystal sample was used for the reflection measurement and
had a thickness of 515 um and a clean, flat surface [Fig. 2(b)].
The sample was fixed to a gold-coated copper sample holder
with Kapton tape. The sample holder had a 5 mm diameter
hole. A gold-coated mirror was used as the reference, and a
single-side polished silicon wafer was used as a beamsplitter.

Nil, exhibits a multiferroic phase with imperfect proper-
screw helical ordering below Ty,. Before terahertz measure-
ments, Nil, crystals were cooled under an in-plane magnetic
field of 4 T. By this cooling process, an in-plane electric
polarization is induced along the direction perpendicular to
the cooling magnetic field [3]. We confirmed that its direction
was randomly determined in the absence of a cooling field, but
that the electric polarization can be reliably and reproducibly
formed as long as the cooling field is maintained through-
out a thermal cycle. Terahertz spectroscopy measurements,
both transmission and reflection, were performed with the
polarization of the terahertz pulse electric field E parallel or
perpendicular to the polarization P oriented by the cooling
field Heoo1-

II1. RESULT AND ANALYSIS

Figure 3 shows terahertz time-domain signals of transmis-
sion measurements at 7 = 1.5 K and H.,; = 0. The relaxation
of specific excitations produces long oscillating tails in the
time-domain signals of the sample. We can Fourier transform
a time-domain signal to a spectrum depending on frequency
(or energy, wave number). From these spectra, we obtained
the transmittance T (w) = |Esample(a))/EHole(a))|2 and calcu-
lated the absorbance A = —log 7' on frequency domain.

Figure 4 depicts the ab-plane absorbance spectra of Nil,
obtained by transmission measurements at various tempera-
tures in the absence of an external magnetic field (Hex = 0).
Because the present sample is too thin (171 wm) for us to
separate the primary terahertz pulse and the first echo pulse,
the spectra contain weak interference fringes due to internal
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FIG. 4. Temperature and magnetic field dependences of the
ab-plane absorbance spectra of Nil, with (a), (c) E || P and (b,d)
E L P polarizations. (a), (b) Temperature-dependent absorbance
spectra of Nil, at zero field. (c), (d) The contour plot of the
absorbance of Nil, at various temperatures relative to the 60 K
background.

reflections. Starting from the featureless spectra at 60 K, as
Nil, enters the multiferroic phase below Ty, ~ 59.5 K, two
sharp absorption peaks appear, reaching 34 and 37 cm™!
at 1.5K for both E || P and E | P polarizations [Figs. 4(a)
and 4(b)]. In order to highlight the temperature dependence,
we plotted the difference spectra obtained by subtracting the
60 K spectrum from the raw absorbance spectrum at each
temperature [Figs. 4(c) and 4(d)]. We can clearly see that
the two absorption peaks weaken and redshift as temperature
increases. These absorption signals appear only below the
temperature Ty,, where Nil, exhibits the multiferroic phase,
and disappear above Tx;. In that sense, we could expect them
to be not just thermal excitation modes, but magnetic excita-
tion modes such as magnons. There is substantial anisotropy
in the relative intensity between the two magnon modes. In the
case of E || P polarization, the 34 cm™! peak mode appears
very strongly, and the 37 cm™' peak mode appears with a
much weaker amplitude. In the case of E L P polarization, the
34 and 37 cm™! peaks have similar intensities. We check the
reproducibility of these intensity ratios by checking that the
absorption levels of the two peaks are consistent whenever we
had the same field cooling process. It is reported that similar
temperature dependence and anisotropy are also observed by
Raman spectroscopy [9]. No prominent signals other than
these peaks were observed in our terahertz spectra. The energy
positions of the magnons are consistent with the previously
reported data of the two-magnon sideband in Nil, [7].

Under an out of plane external magnetic field Hgy, both
absorption modes exhibit magnetic effects. The two peaks
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FIG. 5. Out of plane magnetic field dependences of the ab-

sorption spectra of Nil, at 1.5 K with (a) E||P and (b) ELP
polarizations.

blueshift as the field increases from 0 to 7 T at 1.5 K (Fig. 5).
In both cases of E || P and E L P polarizations, the 34 cm™!
mode weakens and the 37 cm~! mode strengthens as the field
increases. The out of plane external magnetic field changes the
spin orientation in the helimagnetic ordering, and that leads
to a blueshift of the magnetic excitation modes. The magnetic
ordering stiffened by external magnetic field becomes difficult
to excite. This behavior of magnetic excitation has also been
observed in several other multiferroic materials [17-22].

The ab-plane reflection measurement was conducted at
normal incidence in the energy range of 20-50 cm™!
[Figs. 6(a) and 6(b)]. Despite the overall similarity among
reflectance spectra below Ty, there are prominent “jiggles”
in the vicinity of 34 and 37 cm~'. In Figs. 6(c) and 6(d), we
highlight these features by the spectra acquired by subtracting
the 60 K spectrum as the background from the raw reflectance
spectra. These jiggles weaken and redshift as temperature in-
creases, just like the absorption peaks themselves. The signal
at 34 cm™~! is quite prominent for E | P [Fig. 6(c)], although
both 34 and 37 cm™! are weak for ELP [Fig. 6(d)]. With
respect to the midpoint resonance position, the jiggle feature
shows a local maximum at energies below the center fre-
quency and a local minimum above. This feature then actually
indicates that the magnons observed here are electric dipole
active. To discuss this, we need to talk about the transmittance
and reflectance of single absorption.

The amplitude and phase of a monochromatic electromag-
netic wave change when the wave transmits or reflects at the
interface of two different media. The change of amplitude
is determined by the refractive indices of the two materials,
that is, the permittivity and permeability. For a material of
permittivity € and permeability u, the normal-incidence trans-
mission coefficient from material 1 to material 2 is

ek
Ve + e

For convenience, we can set the permittivity and per-
meability of the free space as unity. Then, the change of
monochromatic light of frequency w including the phase dif-
ference is

=

2 NG 2,/€ _ 4/en JVEed,
VAV VR (e gy
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FIG. 6. Temperature-dependent ab-plane terahertz reflectance
spectra at zero external field (Hey = 0) for (a), (c) E || P and (b),
(d) E L P polarizations. The spectra (a), (b) are of raw reflectance,
and the spectra (c), (d) are the raw reflectance minus that at 60 K:
R(T) — R(60 K). The curves were systematically shifted for clarity.
The gray background color maps indicate the absorbance displayed
in Figs. 4(c) and 4(d).

where d is the thickness of a sample and c is the speed of light.
The hole signal for reference passes the free space ,/€go = 1
over the distance d, so that the change in the case of hole is just
the phase shift, ¢4 Hence, the total transmission coefficient
of the sample including the phase difference is

P MWERE et
— . ,
(Ve + )

which is symmetric with respect to the exchange of € and u.
On the other hand, the normal-incidence reflection coeffi-
cient from material 1 to material 2 is

JEIM2 — /€211

2= Y
VEIM2 /€241

In the special case where material 1 is replaced by free
space (e = u; = 1), the reflection coefficient is simply writ-
ten by

r:—\/ﬁ_\/g
VI E

which is asymmetric with respect to the exchange of € and .

Since the transmission coefficient is symmetric with re-
spect to the exchange of € and w, it is difficult to identify
whether a certain absorption is in the electric channel (¢) or
in the magnetic channel (u) if we observe the absorption peak
by only a transmission measurement. For example, there is
the Lorentz oscillator model for describing an absorption in
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FIG. 7. Simulated (a) transmittance and (b) reflectance spectra
due to an absorption peak in the electric and magnetic channels. The
red lines are from the electric channel, and the blue lines are from the
magnetic channel.

the electric channel,

w2
€(w) = €x + 2—P-'
(03 — @?) — iy

We simulated a single absorption peak using this Lorentz
model. Assuming that it is in the electric channel, the
permeability p is set to unity. Then, we can calculate
the transmission spectrum with the Lorentzian permittivity
of [éxo =12, w), = 20cm~!, y = 2cm™!, wy=40cm™!],
shown in Fig. 7(a). The thickness of the sample was set
to d =200 um, as in a typical sample. We can also sim-
ulate an absorption peak in the magnetic channel, with a
Lorentzian permeability and a constant permittivity. As in the
case of permittivity, the transmittance spectrum 7' = |¢|? for
the Lorentzian permeability of [teo = 1, w, =6cm™', y =
2 cm™!, @y =40 cm~!] and a constant permittivity € =
12 is shown in Fig. 7(a). Hence, from a transmission
spectrum of a single ordinary absorption peak, we cannot
definitely distinguish whether it is from an electric channel
(varying €, constant ) or from a magnetic channel (con-
stant €, varing ). On the other hand, for each channel
given above, the reflection spectra give highly contrasting
results. Reflectance, the absolute square of the reflection
coefficient spectrum R = |r|* of each channel, is shown in
Fig. 7(b). The spectrum due to the electric channel has an
up-down shape, and that from the magnetic channel has
a down-up shape. Therefore, the reflectance spectrum can
be effectively used to identify the origin of an absorption
peak.

Electromagnons are not allowed in the proper-screw-type
magnetic ordering by symmetry. However, Nil, deviates from
perfect proper-screw-type magnetic ordering. The breaking of
inversion symmetry then allows for observation of electro-
magnons [21-23].

Through these analytic discussions, we can identify
whether the magnon modes are from an electric channel or
from a magnetic channel. Comparison with our experimental
results shows that the observed magnon modes are electric
dipole active, because the reflectance spectra have an up-down
shape.
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IV. CONCLUSION

By performing terahertz transmission and reflection mea-
surements, we observed two electromagnon excitation modes
at 34 and 37cm~! in single-crystal Nil, and studied their
temperature and magnetic field dependences. From the re-
flectance spectra, which are bound to be asymmetric about
the difference between permittivity € and permeability u, we
confirmed that the two modes observed are electromagnons,
the magnetic quantum excitations excited by an electric field.
Our study shows that the combination of transmission and
reflection spectra studies is an effective method to eluci-

date the nature of electromagnetic excitation in multiferroic
van der Waals materials.
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