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Magnon-exciton proximity coupling at a van der Waals heterointerface
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We report on an optically probed ferromagnetic resonance experiment which elucidates the magnon-exciton
coupling at the interface between a magnetic thin film and an atomically thin semiconductor. Our approach allies
the long-lived magnons hosted in a film of yttrium iron garnet (YIG) to strongly bound excitons in a flake of a
transition metal dichalcogenide, MoSe,. The magnons induce on the excitons a dynamical valley Zeeman effect
ruled by interfacial exchange interactions. This nascent class of hybrid system suggests new opportunities for
information transduction between microwave and optical regions.
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The emergence of 2D materials, such as graphene, sheds
a new light on condensed-matter physics, as these materials
can be artificially stacked to combine, protect, or enhance
individual pristine physical properties [1]. Atomically thin
semiconducting transition metal dichalcogenides (TMDs), ex-
hibiting a number of unique optical features such as large
excitonic binding energies, and valley-contrasting exciton se-
lection rules [2—4], attract a lot of attention as a new platform
for quantum optics and nanophotonics [5—7]. By a static valley
Zeeman effect, their exciton resonances are shifted by external
magnetic fields [8—10] or by the interfacial exchange fields
with a magnetic substrate [11-14].

In this work we study a heterostructure consisting of
MoSe, flakes transferred onto a magnetic film made of yt-
trium iron garnet [Fig. 1(a)]. The film supports long-lived
magnons, or magnetization oscillations [15] that can be co-
herently driven by microwaves. Magnons play a major role in
spintronics circuits as a low-loss information carrier [16,17],
and in quantum hybrid systems as a macroscopic quantum
interface to superconducting quantum bits [18-20]. Realizing
an interfacial coupling [21] between magnons and excitons, in
contrast to previous efforts involving bulk magnets [22,23] or
dilute ferromagnetic semiconductors [24,25], offers a promis-
ing way forward to connect these technologies to optics. Here
we demonstrate this magnon-exciton coupling at a van der
Waals heterointerface.

Figure 1(b) depicts schematically our experimental setup
at room temperature. The heterostructure MoSe,/YIG is
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placed in the gap of an electromagnet to saturate the YIG
magnetization within the film plane (Hpc ~ 0.1 T/uo).
Magnons in the uniform magnetostatic mode of the film
are excited with a microwave loop antenna connected to a
network analyzer. A typical spectrum of the microwave re-
flected off the antenna reveals the ferromagnetic resonance
(FMR) in Fig. 2(b), centered at w,,/2m = 5.64 GHz with a
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FIG. 1. Optically addressed TMD flake on a magnetic substrate
supporting magnon modes. (a) Atomically thin flakes of MoSe,
are stacked on a magnetic YIG film grown on gadolinium gallium
garnet (GGG) [26]. The magnetization of the film is saturated by
a static magnetic field Hpc directed within its plane. A microwave
antenna excites magnons of the fundamental magnetostatic mode of
frequency w,,/2w ~ 5 GHz through the alternating magnetic field
Hac. (b) The flakes are addressed normally with a focused laser
beam at A;, = 785 nm with a left- or right-handed circular polariza-
tion. A high-speed photodetector detects the optical signal reflected
off the sample with the same polarization as input (EM: elec-
tromagnet, PBS: polarizing beamsplitter, A/4: quarter-wave plate)
[26].
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FIG. 2. Dynamical valley Zeeman effect. (a) Magnons support a
coherent oscillation of the magnetization vector M (¢ ), responsible for
an effective magnetic field modulating the excitonic resonances of
the TMD flake through a dynamical valley Zeeman effect. Carrying
opposite magnetic moments, the two valleys K and K’ have their
excitonic resonance shifting opposite ways when experiencing an
out-of-plane magnetic field (E: relative energy, k: electron momen-
tum). The reflectance of the flake at a fixed laser wavelength A., on
the edge of the excitonic resonance, is subsequently modulated at
the magnon frequency. The phase of the reflected signal depends
on the valley index, selectively addressed with left-handed o, and
right-handed o_ circularly polarized light for K and K’ valleys,
respectively. (b) Microwave absorption signal revealing the ferro-
magnetic resonance (FMR) at w,,/27 = 5.64 GHz. (c) Magnitude
and relative phase of the optically probed FMR spectra R.[w] on
a MoSe, flake. The spectrum with the left (right)-handed circularly
polarized light is plotted as a solid red (blue) line, superimposed
on a red (blue) translucent Lorentzian fit (flake thickness: 20 nm,
Minagnon = 10'*, detection bandwidth: 5 Hz).

linewidth y,, /27 = 1.75 MHz. With a continuous-wave laser
(A = 785 nm) we examine the light reflected from the het-
erostructure on a high-speed photodiode.

By analogy to valley Zeeman effects observed in TMDs
with a static magnetic field [8—12], we expect the out-of-plane
magnetization oscillations due to driven magnons to shift
dynamically the excitonic resonance. The transverse mag-
netization per single magnon depends on the magnetic film
volume, as our magnetostatic mode is delocalized over the en-
tire magnetic film [26]. The relevant interaction Hamiltonian

can be written as

A /\T )
H:thg(a—;a )x'x (1

where T = %1 is the index for K and K’ valleys, and a (a")
and % (") are the annihilation (creation) operators for magnon
and exciton, respectively [26]. The magnon-exciton coupling
rate g corresponds to the excitonic resonance shift induced
by a single magnon. This could stem from a short-range
interfacial exchange field or from a long-range dipolar field.
The microscopic origin of the coupling will be discussed
later.

The choice of MoSe, is motivated by its bright excitons,
with a high emission yield and a fundamental resonance
around 800 nm [27] corresponding to a low-absorption win-
dow for YIG. In the absence of external magnetic field, pho-
toluminescence measurements [26] show that the excitonic
resonances of the MoSe, flakes are not significantly affected
by their stacking on the YIG and match the typical values
obtained on Si/SiO, substrates [27]. The optical reflectance
of the flake at a fixed wavelength, situated on the edge of the
excitonic resonance, should be subsequently modulated at the
frequency of the magnetization oscillations [Fig. 2(a)], consti-
tuting a signature of the dynamical valley Zeeman effect. The
tenuous Zeeman shift induced by the magnons at microwave
frequencies would be otherwise challenging to observe with
conventional optical spectroscopy methods.

We demonstrate that, through the dynamical valley Zee-
man effect, the FMR can be optically probed by the focused
laser beam illuminating the heterostructure at normal inci-
dence. The left-handed (o) and right-handed (o_) circularly
polarized light mainly address the excitons in K and K’ val-
leys, respectively. The reflected photons with the same helicity
are detected on the high-speed photodiode. Inherited by the
long magnon lifetime in YIG, the quality factor of the ferro-
magnetic resonance (Q ~ 10*) enhances the magnon-induced
Zeeman shift and the resulting optical signal. Figure 2(c)
presents the reflected optical intensity around the FMR fre-
quency Ry[w] and R_[w], acquired with o4 and o_ optical
polarizations, respectively, picturing optically detected FMR
spectra of a multilayer MoSe, flake (for a trilayer response,
see [26]). The amplitudes |Ri[w,,]| for both optical polariza-
tion, addressing K and K’ valleys, are the same. Nevertheless,
the two signals are phase shifted by = (R;[w,,] = —R_[wp]).
In TMD monolayers, the excitonic resonance shifts due to an
out-of-plane magnetization are opposite for the two valleys K
and K’ [14,28]. Through this valley-resolved magnon-exciton
coupling, the information of the microwave imprinted on the
magnons is transferred to the reflected visible light via the ex-
citons. It seems that the valley-contrasting features, which are
characteristic of monolayers, are preserved even in multilayer
flakes. However, as we discuss later and in the Supplemental
Material [26], this valley selectivity is caused by the reflection
from the bottom monolayer at the van der Waals heterointer-
face.

In order to study the dependence of the effect on the
number of layers, we perform spatially resolved measure-
ments over different flakes. The laser spot position on the
heterostructure is controlled by a three-axis stage supporting
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FIG. 3. Thickness dependence of the magneto-optical response.
(a) Optical micrograph of the heterostructure under white light
illumination (i) abutting a topography measurement along the dark
orange line realized with an atomic force microscope (ii), where ¢
is the calibrated thickness and N; is the deduced number of MoSe,
layers [26]. Black contours highlight change in optical contrast. A
green circle marks the region investigated in the calibrated mea-
surements in Fig. 4. The horizontal dashed lines along the y axis
mark the successive positions of the laser spot center (waist ra-
dius: 2 um). (b) Differential optical reflectance AR[w] = |R;[w] —
R_[w]| around the magnon frequency as a function of the laser
position on the sample. The spectra at positions y = 80 pum (black),
y =20 pum (blue), and y =110 um (purple) are shown in (c),
corresponding respectively to bare YIG, a thick MoSe, flake (N, ~
46), and a few-layer MoSe, flake (N, ~ 8). The purple translu-
cent line is a Lorentzian fit (w,,/27 = 5.58 GHz). (d) Decay of the
normalized differential optical reflectance with the MoSe, number
of layers while driving magnons at ,,/2mw. The solid thick line
is a fit with a model of the fraction of light coming back from
the very bottom layer (red dotted line) and a plateau (black dotted
line). Data with large error bars in brown, marked as translucent,
are not used for the fit [26]. Note that the point reported at ¢ ~
20 nm encompasses different terraces and cannot be normalized

properly.

the optical microscope. An optical micrograph of the flakes
under scrutiny is presented in Fig. 3(a)(i), accompanied by
a topography measurement realized with an atomic force
microscope shown in Fig. 3(a)(ii). We define the differential
optical reflectance AR[w] = |Ri[w] — R_[w]|, with Ri[w]
the modulation signals of the reflection originating from o
optical polarizations, such that their w-phase difference is
highlighted. Figure 3(b) presents AR[w] along the vertical
section shown in Fig. 3(a)(i). This measurement shows a
strong modulation of the reflected light when the laser illu-
minates MoSe, flakes with less than ten layers.

Dynamic effects on thinner flakes are actually belittled
as the measured signal is proportional to the static optical
reflection coefficient ry,, with N, the number of MoSe, lay-
ers [26]. To underline the dynamic response, we model the
local reflectance and examine AR[w,,]/ry, [Fig. 3(d)]. The
observed dynamic effects decay with the number of layers,
in a fashion similar to the fraction of light coming from
the very bottom layer [26]. This qualitatively indicates that
the magnon-exciton coupling originates mainly from inter-
facial exchange interactions [28]. The tail at large Ny may
be in part attributed to the long-range effect of the tenuous
dipolar field created by the magnons. As the static reflection
coefficient ry, and the portion of light coming back from
the bottom layer, respectively, increases and decreases with
an increasing number of MoSe, layers, there is an optimum
number of layers giving the largest reflected optical intensity
at the FMR frequency (N, ~ 6 in our experimental conditions
[26]).

Finally, in order to get additional insights into the micro-
scopic origin of the interaction, we quantitatively determine
the magnon-exciton coupling rate g. We perform calibrated
measurements of the magnon-induced excitonic resonance
shifts. The calibration procedure consists of comparing the
optical reflection modulations induced by a known number
of magnons nyagnon and those induced by a modulation of the
laser frequency itself with a known modulation depth, without
driving any magnons [26]. The number of magnons nyagnon in
the concerned magnetostatic mode is determined through the
analysis of the FMR absorption spectra [26].

The dynamical valley Zeeman shift, collectively enhanced
by a factor of /Mimagnon [29], is AQ, = 8/Mimagnon [26].
We measure calibrated exciton resonance shifts while ramp-
ing the microwave excitation power pumping the magnons.
The coupling rate g is obtained by extrapolating the ex-
citonic resonance shifts induced by a single magnon. The
measurement presented in Fig. 4 is realized on an eight-
layer flake. The calibrated magnon-exciton coupling strengths
are fig, = (4.44+0.9) x 107 eV and hg_ = (3.1 +£0.7) x
10~ eV for left- and right-handed circular polarizations
(equivalently g1 /2w ~ 1Hz). These similar g values reflect
that the excitons in the valleys K and K’ have the same sensi-
tivity to the dynamic magnetic field, as it could be expected for
a static magnetization in the plane of the film [14]. The small
discrepancy between the two values does not seem substantial
and is most likely due to systematic errors such as the quality
of the polarizing cubes and electrical environment. The Zee-
man shift induced by the effective magnetic field generated
by a single magnon B, can be written as lig = A, By, with
A, the Zeeman shift of the exciton per unit magnetic field
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FIG. 4. Magnon-exciton coupling strength. Evolution of the
magnon-induced valley Zeeman shift ZAQ, with the number of
magnons Mmaenon for a few-layer flake [V, ~ 8, marked by a circle
in Fig. 3(a)] for o_ and o, optical polarization on the upper and
lower panels, respectively. The thick solid lines correspond to linear
fits, leading to magnon-exciton coupling strengths of 7ig_ = (3.1 £
0.7) x 107 eV and fig, = (4.4 £0.9) x 10~ eV for the K’ and K
valleys, respectively, exceeding the estimated value for a coupling
originating purely from dipolar effects 7igp = 1.2 x 107!7 eV, sug-
gesting that exchange interactions are at play [26]. The inset sketches
are exaggerated for the sake of clarity.

(A, =0.12 meV/T for MoSe, monolayers [8]). We evaluate
the dipolar magnetic field produced by a single magnon, small
but nonzero for a finite-size sample, as 0.1 pT and the re-
sultant dipolar-originated magnon-exciton coupling strength
as figp = 1.2 x 1077 eV (gp/2m ~ 3 mHz [26]). This value
constitutes an upper limit for the dipolar contribution to the
effective magnon-exciton coupling strength. Finding magnon-
exciton coupling rates g > gp adds another evidence that the
exchange interaction at these van der Waals heterointerfaces
is the dominant cause of the dynamical valley Zeeman effect
we observe.

In conclusion, we have demonstrated qualitatively and
quantitatively the magnon-exciton coupling at a heteroint-
erface formed by an atomically thin semiconductor and a
magnetic film by dynamic proximity effects. This hybrid sys-
tem allows a control of the excitonic resonances at microwave
frequencies at room temperature. Reducing the size of the
magnetic film will confine the magnetic energy and enhance
the magnetization oscillation amplitude per single magnon,
leading to a stronger magnon-exciton coupling by 3—4 orders
of magnitude [26]. By optimizing the sample preparation
methods and improving the interface quality, the proximity
coupling may be further increased. Our work initiates the
investigation of dynamic magnetic proximity effects at van der
Waals heterointerfaces [30-33] towards the dynamical local
control of the excitons properties, through exotic spin textures
for example [34], valley-dependent spin transport [35] and
novel microwave-to-optics transducers [36-38], establishing
multiple promising routes for interconnecting efficiently op-
tics and spin physics.
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