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Helical spin structures are expressions of magnetically induced chirality, entangling
the dipolar and magnetic orders in materials' ™. The recent discovery of helical van

der Waals multiferroics down to the ultrathin limit raises prospects of large chiral
magnetoelectric correlations in two dimensions®®. However, the exact nature and
magnitude of these couplings have remained unknown so far. Here we performa
precision measurement of the dynamical magnetoelectric coupling for an
enantiopure domainin an exfoliated van der Waals multiferroic. We evaluate this
interactioninresonance with a collective electromagnon mode, capturing the
impact of its oscillations on the dipolar and magnetic orders of the material with a
suite of ultrafast optical probes. Our data show a giant natural optical activity at
terahertz frequencies, characterized by quadrature modulations between the
electric polarization and magnetization components. First-principles calculations
further show that these chiral couplings originate from the synergy between the
non-collinear spin texture and relativistic spin-orbit interactions, resulting in
substantial enhancements over lattice-mediated effects. Our findings highlight
the potential for intertwined orders to enable unique functionalities in the two-
dimensional limit and pave the way for the development of van der Waals
magnetoelectric devices operating at terahertz speeds.

Chirality—the property of an object to be non-superimposable on
its mirror image—is a fundamental concept in the natural world. It
manifests itself across a vast spectrum of systems, from the spirals of
galaxies in the cosmos to the helical structure of DNA in living organ-
isms. In crystalline solids, chirality typically emerges from the asym-
metry of spatial coordinates among constituent atoms in systems
lacking axes of improper rotation. This geometric chirality under-
lies myriad phenomena, including optical circular dichroism’, unu-
sual photogalvanic effects® and nonreciprocal quantum transport’.
Beyond this lattice-mediated chirality, other forms of chirality exist in
solids with otherwise achiral lattices, generated by instabilities such as
charge-density waves'®, gyrotropic orders' and spin-spiral magnetic
textures®™ (Fig. 1a). The latter, in particular, are gaining importance
because of their ability to drive macroscopic ferroelectric polariza-
tions that are intertwined with the underlying magnetic order and
holdrelevance to awiderange of technological applications. Materials
realizing this physical regime of enhanced magnetoelectric couplings
are known as type-ll multiferroics'™*.

Recently, a concerted effort has been made to extend type-Il mul-
tiferroics into the atomically thin regime by exploiting van der Waals
materials that crystallize in centrosymmetric structures>®. These

quasi-two-dimensional multiferroics have the potential to achieve
enhanced magnetoelectric properties with a level of tunability that is
beyondthereachof traditional three-dimensional helimagnets. At finite
frequency, these properties are expected to be controlled by different
manifestations of the dynamical magnetoelectric coupling, expressed by
the first-order magnetoelectric response” AP(w) = a(w) AH{(w). In this
relation, a;(w) is the complex dynamical magnetoelectric susceptibility
tensor, which represents the cross-coupling between the modulation
of the electric polarization AP(w) and magnetizing field AHyw) of the
material. Among the various phenomena governed by this tensor, the
natural optical activity stands out as the effect most intimately con-
nected to the spontaneous breaking of chiral symmetry™*. This property
describes therotation of light polarization thatis symmetric under time
reversal and antisymmetric under spatial inversion, and its strength
canbe enhanced in resonance with the collective modes of the magne-
tochiral order™. Showing the presence and magnitude of this unknown
effect in the realm of exfoliated van der Waals multiferroics is pivotal
forrealizing high-speed chiral applications based onartificially stacked
layered structures. However, the lack of suitable probing methods has so
far hindered theidentification of this phenomenon at the microscopic
length scales of individual chiral domains in a van der Waals flake.
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Fig.1|Crystalstructureand electromagnon modes of Nil,. a, Spin-spiral
ordering exemplified by two spin helices with opposite left and right
handedness. b, The rhombohedral crystal structure of Nil, at high temperature.
Thenickel (blue) andiodine (red) atoms are arranged in triangular lattice layers.
¢, The spin-spiral order depicted onthe (001) plane below T,,,, = 60 K with
propagationvector q=(0.138a* 0,1.457c*) and in-plane component q;,, and
electric polarization Palongy, parallel to the C, axis. Alsoshownis thex, y, z
coordinate system, wherey || [010]and z || [001]. d, Low-frequency spontaneous

To address this challenge, here we perform a precision measure-
ment of the dynamical magnetoelectric coupling for a native enan-
tiopure domain of the van der Waals multiferroic nickel(ll) iodide
(Nil,)™. We use a tailored laser pulse to coherently drive an electri-
cally active magnon mode and directly track the resulting modula-
tion of the dipolar and spin-spiral orders in real time using optical
second-harmonicgeneration (SHG) and Kerr rotation microscopy. Our
protocol shows the existence of natural optical activity at terahertz
frequencies, signalled by the emergence of a /2 phase shift between
the electric polarization and magnetization oscillations. Extraction
of the corresponding magnetoelectric tensor element shows that
the strength of natural optical activity greatly surpasses that of any
other known helimagnet. Our comprehensive analysis, whichincorpo-
rates tight-binding model, density-functional theory (DFT) and group
theory calculations, fully rationalizes these findings, underscoring
therole of the relativistic spin—-orbit interaction in the origin of such
giant natural optical activity.

The layered Nil, crystallizes in a CdCl,-type rhombohedral lattice
withspace group R3m (ref. 15). In this solid, the Ni** (S = 1) ions are sur-
rounded by anoctahedral I"environment and form a triangular lattice,
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Ramanscattering measurement of exfoliated Nil, with g, (red) and o_ (blue)
circularly polarized light obtained at 2.4 K. The two peaks at 4.09 meV and
4.51meVarethe EM,and EM, electromagnons, respectively. e, Energy-
momentumdispersion of the electromagnon modes calculated by DFTona

7 xLunit cell of monolayer Nil,. f, Eigenvector spin precessions of EM,and EM,,
shown alongside the calculated AP and AM vectors for eachmode. a.u.,
arbitrary units.

resultingin substantial magnetic frustration (Fig. 1b). On cooling under
zero magnetic field, the system undergoes two successive phase tran-
sitions, first froma paramagnetic to a collinear antiferromagnetic state
at Tyrw = 75 K, and subsequently to a helimagnetic phase at 7, = 60 K.
Thelatteris characterized by a proper-screw spin order with propaga-
tion vector q = (0.138a*, 0, 1.457¢*) in reciprocal lattice units'. This
spiralorder breaks inversion, mirror and the c-axis three-fold rotational
symmetry, leading to a monoclinic structure that retains an in-plane
C, axis. The inverse Dzyaloshinskii-Moriya (IDM) mechanism and
spin-dependent metal-ligand hybridization furtherinduce anin-plane
electric polarization perpendicular to q (refs. 6,15,17,18) (Fig.1c). The
netresultis the emergence of a type-1l multiferroic state that persists
down to the ultrathin limit> and hosts a pair of low-energy electro-
magnons exhibiting both Raman and infrared activity at the Brillouin
zone centre®®?, In a previous study®, it was discovered that these
modes exhibit large Raman circular dichroism and a complex set of
polarization selection rules, which is a direct manifestation of the
underlying chirality of the spin order. In our Raman measurements
performed under circularly polarized light, the electromagnons appear
at4.09 meV and 4.51 meV around 2.4 K (Fig. 1d).



Theoreticalmodelling

We first gained theoretical insights into the strength of the magneto-
electric coupling in resonance with these electromagnon modes.
To this aim, we conducted DFT calculations and obtained the mag-
netic exchange parameters of the spin Hamiltonian describing Nil,
(Methods). Our model predicted the expected proper-screw spinorder,
stabilized by the competition between a ferromagnetic nearest-
neighbour exchange and an antiferromagnetic third nearest-neighbour
exchange”. Within this spin-spiral phase, an in-plane electric polariza-
tion emerged perpendicular to the proper-screw vector, exhibiting a
magnitude consistent with experimentally reported values®. We then
computed the magnondispersion by solving the Landau-Lifshitzequa-
tionina7 x1supercell, which best captures the non-commensurate
spiral periodicity”. Theresults, showninFig.1e, indicated the formation
of several zone-folded magnon modes in the helimagnetic phase,
among which are a pair of zone-centre C,-odd (EM,) and C,-even (EM,)
excitations at 3.92 meV and 4.30 meV, respectively. The spin preces-
sions associated with these two modes are shown in Fig. 1f. To under-
stand the magnetoelectric response of these collective excitations, we
examined their electric and magnetic dipole moments within the fro-
zen magnon approximation?, supplementing our first-principles
theory with model Hamiltonian calculations®. This approach allowed
ustodetermine that the modesinvolve modulations of the polarization
(AP) and magnetization (AM) that are either parallel (EM, along y) or
perpendicular (EM, along k) to the C,-axis as shown in Fig. 1f. By con-
sidering these modulations along with the relation AP(w) = - a;(w)AM;,
thatis, thelimit of the classical magnetoelectric responsein the absence
of external fields, we extracted the magnetoelectric coupling strength
inresonance with the two electromagnons. This analysis showed colos-
salvalues of Im[a;] = 10* ps m™ for both modes (Extended Data Table 1)
and clarified that the coupling strengths in Nil, originate from the
interplay among anelectronically driven non-collinear magnetic order,
asubstantial spin-orbitinteraction on the ligand atoms and a strong
d-p hybridization®’. The imaginary component of the diagonal tensor
elements—a signature of natural optical activity®—is a consequence
ofthe quasi-time-reversal symmetry of the material, that is,acombina-
tion of time-reversal and translation symmetry (Supplementary Note 2).

Ultrafast probes of electromagnon dynamics

To experimentally validate these predictions, we measured Nil, flakes
with a typical lateral size of 30 pum x 30 pm and a thickness of about
100 nm. Following mechanical exfoliation and transfer into our cry-
ostat, the samples contained a racemic mixture of chiral helimagnetic
domainsbelow T,,,. Initially, we identified an enantiopure domain with
defined chirality using SHG microscopy. Specifically, we probed the
SHG polarimetry pattern using photon energy that was off-resonant
with d-d transitions (Extended Data Fig.1). This probing configuration
issensitive only to the underlying ferroelectric order (Supplementary
Note 3), which, inNil,, is spatially intertwined with the magneto-chiral
order. Tracking the SHG polarimetry response as afunction of tempera-
tureshowed asharpincreasein the signal intensity upon formation of
the multiferroic phase, accompanied by atransition fromasix-fold- to
two-fold-symmetric polar pattern (Fig. 2a). Notably, the latter matches
theelectric-dipole SHG of amaterial with point group 2 and C,-axis ori-
ented along the azimuthal angle ¢ = 90°, consistent with the emergence
ofaferroelectric polarization from a single domain. Afterisolating the
enantiopure domain, we perturbed the multiferroic state with alaser
pulse, triggering coherent oscillations of the electromagnon modes.
To minimize transient heating, we selected our pump photon energy
tolie below the charge-transfer gap of the material, inaspectral region
between different d-dtransitions®¥. As most pump photons remained
unabsorbed, the pump beam acted only as a weak perturbation to
the ground state. Leveraging the dual infrared and Raman activity of

the electromagnons, we then used a weak, off-resonant probe pulse
and monitored the coherent oscillations of the mode in the SHG and
Kerr rotation channels?®®%, As detailed in Supplementary Note 5, these
probes are, respectively, sensitive to the polarization and magnetiza-
tion modulations of the material.

Figure 2b shows the coherent oscillatory response in the time-
resolved SHG (tr-SHG) channel as a function of temperature in the
cross-polarized configuration. For these measurements, we chose
the incident probe polarization to be perpendicular to the C,-axis
(¢ =0°). Under these conditions, the response is well described by
the dynamics of a single collective mode, which both weakens and
softens with increasing temperature. A fit of the temporal traces
with a single damped sinusoidal function shows that this excitation
coincides with EM, (Extended Data Fig. 2). This is expected because
fluctuations of this mode lead to modulations of the electric polari-
zation perpendicular to the C,-axis. To visualize the full coherent
dynamics of the electric polarization on the Nil, planes, we meas-
ured the anisotropic SHG response while varying the incident probe
polarization in the (001) plane®* 2, Figure 2c-f shows the data for
both parallel- and cross-polarized configurations. By examining
the time-dependent polar patterns (Fig. 2c,e), we observed that the
parallel-polarized signal showed a two-fold pattern modulated by
a symmetry-conserving mode, whereas the cross-polarized signal
exhibited symmetry-breaking modulations thatresultin alternating
four-lobe and two-lobe patterns. The former is consistent with the
oscillation of a single mode, whereas the latter suggests a complex
interference between both modes. Thisinterpretationis further sup-
ported by the tr-SHG polar maps in Fig. 2d,f. Here the oscillations in
the parallel configuration show a stable phase relation across both
polarization and temporal axes, indicative of asingle-mode response.
By contrast, the crossed-polarized configuration signal contains oscil-
lations that gradually dephase from one another, abehaviour sugges-
tive of abeating between both electromagnons.

We retrieved the time-dependent evolution of the second-order
susceptibility tensor elements by modelling the anisotropic tr-SHG
signal (Supplementary Note 4). The results are shown in Fig. 3a. The
extracted susceptibilities can be partitioned into two groups (shown
inblueandred), oscillating at the EM.and EM, energies (Fig. 3b). Note
thatthe observed energies are slightly softened compared with those
in the static Raman spectra because of the residual pump absorption
(Supplementary Fig. 14). Taking the proportionality between the
susceptibility modulations and the polarization, we could track the
evolution of the latter in the xy plane (Fig. 3¢c). The spiral pattern that
emerges with shifting ellipticity originates from the beating between
the two coherent modes dephasing from one another.

After probing the dynamical evolution of ferroelectricity in the SHG
channel, we monitored the corresponding magnetization dynamics
using time-resolved reflective Kerr rotation (tr-RKerr)*, Figure 3d shows
the oscillatory signals measured inapolar tr-RKerr geometry for differ-
ent pump fluences. We obtained an excellent fit for these traces with
amodel based on a single damped harmonic oscillator. As shown in
Fig.3b, the extracted electromagnon energy matches the one of EM,,.
By contrast, contributions from EM, seem to be weak or absent in the
tr-RKerr signal for the givenin-plane pump and probe polarization. The
simultaneous presence of the coherent EM, response in the tr-SHG and
tr-RKerr channels under identical experimental conditions enabled
us to establish a precise comparison between the parameters of the
oscillations (see Supplementary Note 5). This comparison is crucial
for explaining the nature of the phenomenon governing the underly-
ing magnetoelectric response. Figure 3e shows theinitial phase of the
oscillations as a function of pump fluence. We observed a striking /2
phase shift in the EM, mode oscillations between the two channels
across all fluence values. This phase difference aligns with our DFT and
spinmodel calculations, which predict that the electric polarization and
magnetization evolve in quadrature with each other (Supplementary

Nature | Vol 632 | 8 August 2024 | 275



Article

O Parallel
O Cross

lgng (@.u.)

40 60 100

Temperature (K)

80

¢ Parallel
45°
[
180° 0°
e

180°

270°

Fig.2|Staticand transient SHG polarimetry. a, Temperature-dependent
static SHG signal on an enantiopure domain of exfoliated Nil, collected in
both parallel- (blue) and cross- (red) polarized detection configurations. The
insets show the anisotropic SHG signal both above and below the transition
temperature T,y = 60 K. b, Temperature-dependent oscillatory tr-SHG
measurements on Nil, taken at anincident pump fluence of1.10 mJ cm™

with the probe perpendicular to the C,-axis (¢ = 0°) in the cross-polarized
configuration. The oscillator energy matches the C,-odd electromagnon, EM,

Note 2). The same models also explain the absence of the EM, coherent
signalinthe polar tr-RKerr response, attributing it to the C,-evenelec-
tromagnon lacking an out-of-plane magnetization component. Thus,
our findings underscore the distinct sensitivities of tr-SHG and tr-RKerr
probes to variations in dipolar and magnetic order, respectively.

Dynamical magnetoelectric coupling

Finally, we retrieved the magnetoelectric coupling constant for EM,
by transforming the corresponding tr-SHG and tr-RKerr signals to

276 | Nature | Vol 632 | 8 August 2024

B ama e 55 K
50 K
40K
30K
20K
10K

e 2.4 K

2 4 6 8 10 12 14

Delay time (ps)
d 2 - q’arallel
- ‘-
3 = -
4 s i

2 s

Q

£ e

&

K 7

8 [
-1 0 A
9 Algyg
0 90 180 270 360
Polarization angle ¢ (°)
f 2 re— T T T B¥ss
L - - -
3 - - - i
{8 B
4 = - - -
@ i - ns -
£ 5
Q
£
s 6
>
©
8 7
8 E .
-1 0 1
9 Alsa
0 90 180 270 360

Polarization angle ¢ (°)

(Extended DataFig.2).c,e, The anisotropic tr-SHG signal atapump-probe
delay time of 1.9 ps (blue) and 2.2 ps (red) for both parallel- (c) and cross-
polarized (e) detection configurations. d,f, The anisotropic tr-SHG signal is
shownas afunction of pump-probe delay time and the probe polarization
angle ¢ for both parallel- (d) and cross-polarized (f) detection configurations.
The datawere collected with anincident pump fluence of1.65mJ cm2at 2.4 K.
a.u., arbitrary units.

modulations of the material polarization AP, and magnetization AM,
projected onto the corresponding k axis. We performed this conver-
sion for oscillatory signals at a pump fluence of 1.65 mJ cm (Supple-
mentary Note 6). The resulting dynamics are shown in Fig. 4a (solid
lines) alongside the theoretical prediction (shaded curve). Importantly,
the /2 out-of-phase response characterizes both curves, confirming
that the observed magnetoelectric effect is related to chiral symme-
try breaking and natural optical activity. We also obtain a giant mag-
netoelectric coupling constant along the EM, modulation axis k of
Im{a,,} =11 x10° ps m? at around 4 meV (that is, 1 THz), in excellent
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Fig.3|Electric polarization and magnetization dynamics.a, The
second-order nonlinear optical susceptibilities A)(Ejzk) (t)(dots), extracted from
Fig.2d,f, areshown as afunction of time along with fits (lines) toadamped
oscillator model. The curves have been vertically offset for clarity. b, Oscillator
energies obtained from the fitsindicate separate electromagnon modulations
of'the C,-even-like (blue) and C,-odd-like (red) tensor elements. The frequency
obtained fromthe tr-RKerr signal A6, (see d) at the same pump fluenceis also
shown. ¢, Temporal evolution of the electric polarization components AP,

and AP, induced by the oscillations of both electromagnon modes compared

agreement with our theoretical value of 12 x 10° ps m™. This, in turn,
yields alarge natural optical activity (7 =1,000° mm™) surpassing that
of other helimagnets, including CuO (ref. 14) and CuFe 4,sGag 350,
(ref.13). This value also exceeds the strength of other magnetoelec-
tric coupling phenomena mediated by the same tensor (for example,
gyrotropic birefringence and directional dichroism) observed in all
measured single-phase multiferroics®**>¢ (Fig. 4b and Supplementary
Table 7).

with the static polarization P,. Data points (dots) are shown alongside fits
of the temporal dynamics (lines). d, tr-RKerr signals for several incident
pump fluences at 2.4 K. Experimental data (dots) are shown alongside fits to
adamped oscillator model (lines). The curves have been vertically offset for
clarity. e, Theinitial oscillatory phases, @, obtained from the fits of the tr-SHG
and tr-RKerr signals are shown as a function of incident pump fluence
(Supplementary Note 5). All error bars show the 95% confidenceintervals
obtained fromthefits.

Discussion

Our theoretical model explains the reasons for the pronounced natural
optical activity exhibited by Nil, at terahertz frequencies (Supplemen-
tary Note 2). In contrast to other multiferroics in which the electro-
magnons stem from phonon-mediated mechanisms, in Nil,, these
excitations originate from the IDMinteraction. This purely electronic
character conspires with the spin-orbit coupling on the ligands and the
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a, Time-dependent modulations of the two-dimensional electric polarization
and magnetization extracted for EM, from the tr-SHG (blue dots, lines) and
tr-RKerr measurements (red dots, lines). Theoretical electric polarization
and magnetization dynamics of the EM,mode obtained from DFT calculations
and presented assuming a phenomenological damping rate (filled areas). To
clarify the oscillatory dynamics, the experimental data were interpolated by
afactor of2and thensmoothed with amoving average filter.b, The dynamical
magnetoelectric coupling constant a(w) in the terahertz spectral range
retrievedinavariety of materials (Supplementary Table 7). Data points are
categorized by their associated optical rotational phenomena.NOA, natural
optical activity (blue circles); GB, gyrotropicbirefringence (red triangles).

d-phybridization between the nickel and theiodine atoms, resultingin
agiantelectric polarization and consequent magnetoelectric coupling
strength. In particular, the d-p hybridization in Nil, is unusually strong
because of the substantial electronegativity of nickel and the large
atomic radius of iodine?. Collectively, our findings underscore the
extraordinary magnetoelectric performance thatis attainable through
directelectronicinteractions, providing aroadmap for the realization
of even larger chiral magnetoelectric couplingsin future spiralmagnets.
Webelieve that the layered nature of van der Waals solids could lead to
further enhancements of chirality by spin-orbit coupling engineering
atinterfaces” or tailored suppression of electronic screening®.

Conclusion

Inconclusion, we have observed giant terahertz magnetoelectric oscil-
lations from anindividual chiral domaininavan der Waals multiferroic.
Our study has established the key factors necessary to achieve unparal-
leled dynamical magnetoelectricinteractions, which could playacru-
cial partinnext-generation devices for chiral spintronics and sensing.
Moreover, the extraction of the phase of the electromagnon oscillations
realized in our approach will enable chirality-sensitive domainimaging
invarious multiferroics. Extensions of our theoretical model to account
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for nonlinear magnonic couplings®**° and light-matter hybridization
would show the effects of chiral magnetoelectric correlations in the
presence of intense driving fields or polaritonic environments. Assess-
ing these challenges could pave the way for the coherent switching of
chiral domains by intense terahertz pulses* * and the emergence of
exotic magnetic states mediated by chiral cavity fields***.
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Methods

Nil, single-crystal growth

Nil, single crystals were grown in a similar method as previously
reported". Pure nickel (99.99%) (Ni) and iodine (I,) reagents were pur-
chased from Sigma Aldrich. The growth of Nil, single crystals was per-
formedin quartzampoules by mixing Niand I, powders underavacuum
of 107 Pa. The ampoules were placed in a horizontal furnace at 650 °C
for 2 days to obtain partially mixed crystals. Afterwards, the mixed
crystals were used to grow the pure Nil, single crystals with the help of
achemical vapour transport method setup. For the growth of Nil, single
crystals, the end of the ampoule containing the preheated material was
held at 750 °C, and the growth end was maintained at a temperature
near 650 °C with a temperature gradient near 2.5 °C cm™ for 2 weeks.
Shiny Nil, single crystals of sizes up to 6 x 4 x 1.5 mm?were obtained.

Sample preparation and optical measurements

Nil, flakes with bulk-like thickness were mechanically exfoliated with
scotch tape and polydimethylsiloxane (PDMS) onto Si substrates
covered with a 285-nm-thick SiO, layer. The preparation was done in
an N,-filled glovebox to prevent sample degradation. To minimize
exposure to ambient air, the sample transfer from the glovebox to the
cryostat was carefully managed, ensuring an exposure time of less than
5min. The measured flakes have atypicallateral size of 30 um x 30 pm
and a thickness of about 100 nm.

Alloptical measurements, including spontaneous Raman scattering,
SHG and RKerr, were performed within a helium-cooled closed-cycle
cryostat (Quantum Design, OptiCool) with a temperature range
from 1.6 K to 350 K. Nanopositioners (Attocube, ANPx101/LT-linear
X-nanopositioner) with sub-nanometre precision were used to control
the sample position. To focus the light onto the sample and collect
the optical signal, a 50x objective (Mitutoyo MY50X-825, numerical
aperture 0.42) was used. In the time-resolved experiments, the pump
and probe beams were combined with abeamsplitter. They propagated
collinearly into the objective and overlapped on the sample. To ensure
that the pump spot size was larger than the probe spot size, the probe
photonenergy (1.20 eV) fell within the achromatic range of our objec-
tive (1.16-2.67 eV), whereas the pump photon energy (1.13 eV) did not.
Thus, the probe was tightly focused into a diffraction-limited spot of
1pm onto the sample, whereas the pump spot size remained poorly
focused and relatively large (approximately 2.5 um). This approach
enabled us to create a uniform photoexcited region to be probed.

Spontaneous Raman scattering

Circularly polarized spontaneous Raman scattering measurements
were performed using a2.33 eV (532 nm) continuous wave laser (Cobolt
Samba) with an incident power of 150 pW. The inelastically scattered
beam was collected using a mid-focal-length imaging spectrometer
(Horiba, iHR550) equipped with a diffraction grating of 1,800 grooves
per mm. The Raman signal was detected withaliquid-nitrogen-cooled
charged-coupled device camera (Pylon 100BR eXcelon). Anachromatic
quarter-wave plate was used to generate left and right circular polarized
light for Raman circular dichroism measurements (Fig.1d). Each scan
was integrated over 6 min, and no analyser was used.

Static and time-resolved optical second-harmonic generation

For static SHG measurements, anamplified Yb:KGW laser (Light Conver-
sion, Carbide 40 W) was used to generate probe pulses centred around
1.20 eV at a100 kHz repetition rate. A motorized half-wave plate was
inserted to rotate the incoming probe polarization and collect SHG
polarimetry patterns. The back-reflected SHG beam was directed to
ananalyser, which selected the SHG signal parallel- or cross-polarized
withtheincident probe light. After filtering out the fundamentallight,
the SHG signal was detected by a photomultiplier tube (Hamamatsu,
H9305-01) coupled to alock-in amplifier (Ziirich Instruments, UHFLI).

For tr-SHG experiments, a portion of the laser was coupled into
an optical parametric amplifier (Light Conversion, Orpheus HF) to
generate pump pulses centred around 1.13 eV. The pump repetition
rate was set at 50 kHz using an electro-optic modulator (ConOptics,
M350). The pulse duration of the pump and probe pulses was 100 fs and
270 fs, respectively. Full tr-SHG polar maps were collected by varying
the incident probe polarization and the pump-probe delay, with the
latter done using a delay-line stage.

Time-resolved reflective Kerr rotation

tr-RKerr measurements were performed using the same pump and
probe pulsesasinthe tr-SHG experiments. The Kerr rotationinduced
by the pump was detected by a polarization-resolved scheme. In this
setup, the reflected probe light was split into two beams polarized
at +45° with respect to the incident polarization using a Wollaston
prism and a half-wave plate. These orthogonally polarized beams
were directed into a balanced amplified photodetector (Thorlabs
PDB230A). The differential pump-induced photocurrent was then
read out by a lock-in amplifier synced to the 50 kHz pump modula-
tion frequency.

Effective spin Hamiltonian

We studied the magnetic properties of Nil, under the assumption that
interlayerinteractions canbe neglected. The resulting Hamiltonian of
asingle magnetic layer is H= H*° + ", where the dominant isotropic
part H*is

o 1 B
S0 = E Z-IU Si' Sj+ E <z> (S[- . Sj)z, o))
7 i

where/;areisotropic exchange interactions extending up to the third
nearest neighbours, denoted respectively by/,,/,and/;. The dominant
term/;=-5.03 meV is a ferromagnetic nearest-neighbour exchange,
complimented by a small antiferromagnetic next nearest-neighbour
interaction /,=0.32 meV and a large antiferromagnetic third
nearest-neighbour exchange/; = 3.95 meV. The competition between
theseinteractions resultsinaproper-screw spin-spiral ground state*.
Finally, B=-0.89 meVisaferromagnetic nearest-neighbour biquadratic
exchange, which acts as arefinement to ;.

Apart from the dominant isotropic Hamiltonian, we find an aniso-
tropic correction of the form

ani 1 r 1
H =5%S['(_Iijsj)"'ilzsi'(/tssi)' (2

where J is a traceless and symmetric matrix describing nearest-
neighbour (/7) and third nearest-neighbour (/3) anisotropic exchange,
and A,is amatrix quantifying the single-ion anisotropy. H*" breaks the
SU(2) spin symmetry and fixes the global orientation of the ground
state.

The magnetic Hamiltonian was fully parameterized from DFT cal-
culations, as described in the section below. The values of both the
isotropic and anisotropic interactions are found in Supplementary
Table 1. Supplementary Note 2 discusses how our model compares
with those previously reported in the literature®*.

Density-functional theory calculations

We performed DFT calculations to obtain the exchange parameters and
electric polarization, using the projector-augmented wave method as
implementedinthe VASP code. The Ni3d and 4s, as well asthe I 5sand
5p orbitals, were explicitly included as valence states in the calcula-
tion, with a plane-wave cut-off of 350 eV. We used the Perdew-Burke-
Erzenhof (PBE) exchange-correlation functional and performed PBE + U
calculation within the Dudarev approach, with U= 4 eV and the spin-
orbit coupling fully considered.



To obtain the exchange parameters, we used the four-state
method*®* ona7 x 5 x 1supercell of monolayer Nil,, and used a k-point
mesh of 1 x1 x 1. We calculated the electric polarization using the
modern theory of polarization for a7 x 1 x 1 supercell, compatible
with the spin-spiral ground state, using a k-point mesh of 1x 6 x 1. To
obtain the ground-state polarization, we calculated the polarization
difference between the spin configurations with q = (1/7, 0, 0) and its
mirrorimage withq =(-1/7, 0, 0). To estimate the electricdipole of the
electromagnon modes, we displaced the equilibrium spin configura-
tion according to the real-space structure of the magnon modes and
calculated the change of polarization with respect to the equilib-
rium configuration. This formalismis also known as frozen-magnon
approximation?. To constrain the spinsinto a given pattern, we used
the penalty functionalimplemented in VASP with iw =1.0 eV.

Ground-state and electromagnon polarization
The ground-state electric polarization was found to be P, =5.3 x
107 C m™ for the two-dimensional unit cell (P, = 8.0 x 10 C m™>for the
three-dimensional unit cell) and to be directed along the [010] direc-
tion, consistent with our symmetry analysis and previous works™".
Similarly, the electromagnon mode EM, was found to have an elec-
tric dipole moment of magnitude d, = 2.5u;/c, perpendicular to the
ground-state polarization, and the mode EM, to have an electricdipole
moment of magnitude d, = 10.3u;/c parallel to P,.. Here, g is the Bohr
magneton and c is the speed of light. This shows that the modes are
electromagnons with colossal oscillating electric dipole moments.
Theseresults were further reproduced by an analytical generaliza-
tion of the spin-current model presented in refs. 50,51 to the case of
Nil,. Using the generalized model, the change in electric polarization
due to the magnetic order is given to the first order by

At . 3)
P=" gl (S, xS)],

where Ais the I spin-orbit coupling, tis the Ni-lhopping amplitude, A
isthe charge-transfer energy betweenNiandlionsand d,.,isthe dipole
moment of an Ni-Ibond. The vector fiis normal to the plane spanned
by the Ni-I-Ni cluster containing spins S, and S,, whereas the vectord
isnormal tobothfiand the vector between the spins §,and S,. Summing
over thebonds of the magnetic unit cell yields a total electric polariza-
tionalong the [010] axis of magnitude P,,=4.1 x10™ C m™, inagreement
with our first-principles calculations. For a detailed derivation, see
Supplementary Note 2.

From equation (3), we find that for collinear spin structures or van-
ishing spin-orbit interaction, the electric polarization disappears.
Therefore, a non-collinear magnetic order and spin-orbit interac-
tion are necessary to induce a macroscopic electric polarization in
Nil,. Equation (3) also provides the electric polarization associated
with each magnon mode, which agrees with our first-principles cal-
culations and again confirms that these modes are electromagnons.
We note that the strength of the electric polarization arises from the

very large spin-orbit coupling of I, at a value of A = 0.5 eV, as well as
the unusual strength of the d-p hybridization?, defined as the ratio
t/A=0.33.

Data availability

All data required for assessing the conclusions are available online.
Source dataare provided with this paper.
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Extended DataFig.1|Optical absorptionspectrum of Nil,at 5K. Light bars denote the photon energies used in our pump (Aw ., =1.13 €V) and probe
attenuation coefficient as afunction of photon energy. Aset of d—d transitions (h®,,p.=1.20 €V) experiment. Datais adapted fromref. 52.
and exciton states emerge across the near-infrared spectral range. The vertical
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Extended DataFig.2|EM,energyinthe tr-SHG data. Temperature-dependent EM,energies obtained from fits of the tr-SHG datain Fig. 2b (circles) are shown
alongside aguide tothe eye (line).



Article

Extended Data Table 1| Theoretical values of natural optical
activity in resonance with electromagnon modes

Mode Qij Value (ps m™1)
EM, Ima,,] 12 x 10°
EM. Im[a,,] 49 x 10°

Magnetoelectric coupling tensor elements a; of the EM, and EM, electromagnon modes
obtained from ab initio calculations within the frozen-magnon approximation. Note that the
couplings of EM, and EM, are imaginary and diagonal along their respective modulations axes
R ~ (X ++/22)/-/3 and y, highlighting natural optical activity.
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