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Interfacing atomically thin van der Waals semiconductors with magnetic substrates
enables additional control on their intrinsic valley degree of freedom and provides
a promising platform for the development of novel valleytronic devices for informa-
tion processing and storage. Here we study circularly polarized photoluminescence
in heterostructures of monolayer MoSe; and thin films of ferrimagnetic bismuth iron
garnet. We observe strong emission from charged excitons with negative valley polar-
ization, which switches sign with increasing temperature, and demonstrate contrasting
response to left and right circularly polarized excitation, associated with finite out-
of-plane magnetization in the substrate. We propose a theoretical model accounting
for magnetization-induced imbalance of charge carriers in the two valleys of MoSe.,
as well as for valley-switching scattering from B to A excitons and fast formation of
trions with extended valley relaxation times, which shows excellent agreement with
the experimental data. Owur results provide new insights into valley physics in 2D
semiconductors interfaced with magnetic substrates.

Transition metal dichalcogenides (TMDs) in their mono-
layer form are attractive candidates for integration into
future on-chip opto-electronic devices as atomically thin
and air-stable materials that support strongly bound ex-
citons [1-3]. Broken inversion symmetry and strong spin-
orbit coupling in these systems result in the emergence
of two energy-degenerate but nonequivalent valleys K/K’
coupled to photons of opposite helicity [4, 5], which gives
access to a new “valley” degree of freedom and provides
opportunities for the development of TMD-based val-
leytronic devices [6, 7].

A promising general approach to further control of the
TMD excitonic valley properties is via interfacing with
magnetic materials [8]. It allows, for example, lifting the
energy degeneracy at the K and K’ points through prox-
imity effects and eliminating the need for large external
magnetic fields [9] as required for potential information
storage applications. This has generated much interest in
experimental studies of TMD systems put in proximity
with various bulk, thin films, or layered van der Waals
ferromagnetic and antiferromagnetic crystals [10-15].

Iron garnets, in particular yttrium iron garnet (YIG)
[16, 17], have recently attracted attention as promis-
ing magnetic substrates for TMD-based heterostructures.
Besides the unique spin properties of YIG enabling, for
example, efficient magnon-exciton coupling [18], this fer-
rimagnetic insulator with low surface roughness can sig-
nificantly dope adjacent TMD monolayers, thus boost-

ing the oscillator strength of trions without signifi-
cantly changing the quality of their optical response [19].
This provides an opportunity to study valley physics of
charged excitons in TMDs, as it was discussed in recent
reports of trion valley polarization in MoSy/YIG [19] and
WS2/YIG samples [20].

Here we study circularly polarized photoluminescence
of trions in MoSes monolayers interfaced with thin films
of a similar magnetic compound from the iron garnet
family, bismuth iron garnet (BIG) [21] deposited on
gadolinium gallium garnet (GGG) substrates. We ob-
serve contrast in co-polarized PL for left- and right- cir-
cularly polarized excitation, associated with a finite en-
ergy splitting between K and K’ points in MoSes induced
by the BIG film proximity, and measure its temperature
dependence. In addition, we report enhanced circular
polarization of trions opposite to that of the excitation
(negative polarization), which exhibits a crossover to a
finite positive polarization with increasing temperature.
To explain these results, we develop a theoretical model
based on intervalley scattering between B and A excitons.
The validity of our model is supported by experimental
data of the dependence of valley polarization on the ex-
citation laser wavelength. Our findings contribute to the
understanding of the valley physics in TMD-based sys-
tems and highlight TMD/BIG structures as a promising
platform for studying charged excitons and their valley
dynamics.
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FIG. 1. Measurement of circularly polarized photoluminescence in MoSe;/BIG structures. (a) Schematic of the
sample, consisting of monolayer MoSez transferred onto thin film of bismuth iron garnet (BIG) on gadolinium gallium garnet
(GGG) substrate, and different excitation/detection circular polarization channels. (b) PL spectra measured in a co-polarized
detection channel with right (RR) and left (LL) circularly polarized laser excitation. (c) PL spectra measured in co- (RR) and
cross- (RL) polarized detection channels with right circularly polarized laser excitation.

In the experiment, we measure circular-polarization-
resolved photoluminescence spectra of monolayer MoSes
interfaced with thin (3 pm) bismuth iron garnet films
on 500 pm thick GGG (Gd3GasO12) substrates as illus-
trated in Fig. la. Magnetic films were grown by lig-
uid phase epitaxy. Specifically, two types of the gar-
net composition were used: (BiY)s(FeScAl)5012 with in-
plane magnetic anisotropy and (BiLuEu)3(FeGaAl)5012
with an easy axis along the out-of-plane direction. High-
quality flakes of MoSes monolayers were mechanically ex-
foliated from a commercial bulk crystal (HQ Graphene)
with Nitto tape. TMD/BIG structures were assembled
via dry transfer of MoSes onto BIG films with viscoelas-
tic polydimethylsiloxane stamps. We performed photo-
luminescence (PL) hyperspectral mapping on the pre-
pared samples to determine areas with uniform contact
between TMD and substrate and carried out further mea-
surements in the selected locations.

Spectroscopic measurements were performed with
samples mounted in a closed-cycle ultralow-vibration
cryostat (Advanced Research Systems) and maintained
at a controlled temperature in 6-50 K range. Samples
were excited either with a 632 nm (1.96 eV) cw HeNe
laser or with light from a supercontinuum source (Fian-
ium WhiteLase) spectrally filtered down to 4 nm band-
width with center wavelength continuously tuned from
550 nm to 750 nm. The excitation laser beam was fo-
cused onto the sample with a long-working distance mi-
croscope objective (Mitutoyo 50X/0.42) yielding a spot
size of ~ 1 pm, the incident power was kept at ~ 1 pW.
PL spectra were collected via the same microscope objec-
tive and detected with a spectrometer and liquid nitrogen
cooled CCD camera (Princeton Instruments SP2500 +
PyLoN). Right and left circular polarization states were
selected in the excitation and detection channels with
a combination of broadband polarizers and superachro-
matic A/4 and A\/2 plates.

Typical PL spectra measured on MoSes/BIG samples
with an easy axis (out-of-plane magnetization) in dif-

ferent polarization channels at 6 K excited by 633 nm
cw laser are shown in Fig. 1b,c (see Supplementary In-
formation for the results on the samples with in-plane
anisotropy). The two peaks correspond to emission from
the neutral (X) and charged (T, trion) exciton complexes.
In comparison to the case of monolayer MoSes on TasO5
substrates (see Supplementary Information), the trion
PL is enhanced while the neutral exciton PL is signifi-
cantly suppressed, which is due to electron doping from
BIG films.

Spectra with right (o4, R) and left (o, L) circu-
larly polarized excitation detected in the co-polarized
channel (RR, LL) are shown in Fig. 1(b). To quan-
tify the observed contrast, we introduce a parameter
p = (IRR — ILL)/(IRR + ILL)7 where IRRa ILL are PL
intensities in the co-polarized channel when excited with
right and left circularly polarized light, respectively. The
parameter p is related to the imbalance of carrier popula-
tion in the monolayer MoSey K/K’ valleys due to Zeeman
splitting in the proximity of the BIG film, leading to the
corresponding but opposite imbalance of trion popula-
tion, and is estimated as ~ 10% for the trion PL peak.

Spectra with right circularly polarized (R) excita-
tion and different detection polarizations are shown in
Fig. 1(c), where RR corresponds to co-polarized PL, and
RL to cross-polarized. We quantify the corresponding
contrast with the degree of circular polarization (DOCP)
defined as DOCP = (Ico — Ieross)/ (Ico + Ieross ), where Ieo,
Ieross are PL intensities in the co- and cross-polarized
channels, respectively. The DOCP value characterizes
the degree of valley polarization in the two valleys K/K’
of the MoSes monolayer and is estimated for the trion
PL peak as ~ —7%. The negative DOCP value implies
that, following excitation in a certain valley, the result-
ing population of trions becomes higher in the opposite
valley.

To clarify the mechanism of the negative trion DOCP,
we measured PL spectra in the co- and cross-polarized
channels for different excitation wavelengths. The ob-



tained spectra for selected excitation wavelengths are
shown in Fig. 2a, where black and red curves correspond
to co- and cross-polarized PL, respectively. For low ex-
citation photon energies hwexe ~ 1.7 €V close to the
trion emission energy, we observe a small positive DOCP
(3 —4%) of the trion PL peak, which switches sign and
grows negative for higher photon energies hwexc ~ 2.0 eV
and ultimately approaches zero for hweyxe > 2.2 eV.

Fig. 2b shows the extracted DOCP for the trion PL
peak as a function of the excitation photon energy (cir-
cles and green curve as a guide to the eye, left axis),
together with the corresponding trion PL excitation spec-
trum (gray, right axis). The PL excitation spectrum ex-
hibits 2 peaks at ~ 1.9 eV and < 1.70 eV, correspond-
ing to the B and A excitons, respectively, in monolayer
MoSey. As seen in the figure, trion DOCP values are neg-
ative when exciting at or slightly higher than the B ex-
citon frequency and become positive when exciting close
to the A exciton frequency, which we will address in the
discussion below.

We further investigate the mechanisms behind the ob-
served parameters DOCP and p by measuring their de-
pendencies on temperature. In Fig. 3 we show the values
of DOCP (a, circles) and p (b, circles) obtained experi-
mentally for the trion PL peak at varying sample tem-
peratures. As seen in the plots, the trion DOCP changes
sign at T' ~ 25 K and becomes positive for higher tem-
peratures, while the parameter p exhibits only a slight
decrease with increasing temperature.

In the following discussion, we address the observed
trends and develop a theoretical model that explains
the experimental findings. The two distinct features ob-
served in the experiment are (i) the negative degree of
trion circular polarization at low temperatures, which
changes sign as temperature is elevated, and (ii) the con-
trast between co-polarized trion PL response for right
and left circularly polarized pump.

The former effect does not require time reversal sym-
metry breaking in the sample and thus can also be ob-
served, although less pronounced, in monolayer MoSes
on substrates without out-of-plane magnetization when
excited close to resonance with B exciton (see Supple-
mentary Information and Ref. [22]). We explain this ef-
fect by the presence of two competing energy relaxation
pathways for the B exciton in MoSes as illustrated in
Fig. 2c: the first one involves spin-preserving phonon as-
sisted scattering of the B exciton in the K (K') valley to
the opposite K'(K) valley (shown with solid arrows); the
second one corresponds to the exchange driven intraval-
ley spin-flip process [23] (shown with dashed arrows).
Both of these processes are irreversible due to the large
energy difference between A and B excitons. At low tem-
peratures, the intravalley process is suppressed since ex-
citons mostly occupy the band minima, and the intraval-
ley exchange coupling is proportional to the mean ther-
mal momentum of the excitons [24]. Thus the interval-
ley relaxation with the emission of a phonon dominates,
which results in an excess population of A excitons in
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FIG. 2. Excitation frequency dependence of the trion
PL response in MoSe;/BIG structures. (a) Normalized
PL spectra taken in co- (RR, black curves) and cross- (RL, red
curves) polarized detection channels for selected laser excita-
tion frequencies indicated on the right. (b) Measured degree
of circular polarization (DOCP) of the trion PL peak (blue
circles, the green line is a guide to the eye, left vertical axis)
and corresponding PL intensity (shaded gray curve, right ver-
tical axis) as functions of the excitation photon energy. Xa
and Xp indicate peaks corresponding to excitation of A and
B excitons. (c) Schematic of the process resulting in the neg-
ative valley polarization of trions.

the opposite valley. While neutral excitons in monolayer
MoSe, rapidly depolarize [25], trions exhibit extended
valley relaxation times and thus partially retain the neg-
ative valley polarization. As temperature is increased,
the intravalley process becomes dominant, thus switch-
ing the sign of the trion valley polarization. We note
that valley-switching processes involving scattering be-
tween A and B excitons in other TMD compounds have
been discussed in literature previously [26, 27]; however,
negative DOCP was reported only for the case of up-
converted emission. The dynamical processes underlying
the formation of trions with negative valley polarization
in TMD-based heterostructures can be in future stud-
ied with time-resolved spectroscopy using, for example,
time-resolved Kerr rotation [28].

The second observed effect, namely the difference be-
tween RR and LL signals, requires the breaking of time
reversal symmetry in the sample and can be observed
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FIG. 3. Temperature dependence of the trion PL cir-
cular polarization in MoSe;/BIG structures. (a) Tem-
perature dependence of the degree of circular polarization.
(b) Temperature dependence of the parameter p defined as
contrast between co-polarized PL response for right and left
circularly polarized excitation (see text). Experimental data
points are shown with circles, and results of calculations ac-
cording to the model are shown with shaded curves.

only in the MoSey/BIG sample with out-of-plane mag-
netization. We associate the observed contrast with the
difference in the residual electron concentrations induced
by the electron Zeeman effect. We note however that Zee-
man splitting is not observed directly as its value is be-
low our spectral resolution. The trion oscillator strength
fr o< nefx is proportional to the residual electron con-
centration and the neutral exciton oscillator strength in
the absence of doping fx [29]. With the applied magnetic
field the electron concentration difference in the two dif-
ferent valleys An. can be approximated as:

neA, 1

Ane = %p 1+ e cr/GT)

(1)

where A, = g.upB is the electron Zeeman splitting, with
the electron g-factor g. and Bohr magneton up, € is
Fermi energy, and T is temperature.

Both observed effects can be modelled with a system

of kinetic equations for the occupation numbers corre-
K(K') K(K')

sponding to A and B excitons ny ',nyp ’ and trions
K(K') .
nT( ) in the two valleys:
i i i i i
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i i i i i Q
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where 4,7 = K, K’ is the valley index, P is the pump
rate into the specific valley, T(4 p 7], are the radiative
lifetimes of A,B excitons and trions, T4e,(4,5,7] are the
respective valley depolarization times, Tintrq and Tinter
are the characteristic times of the intra- and intervalley
relaxation of B excitons to A excitons, and 7pp is the
trion formation time, which depends on the momentum
distribution of the A excitons and thus on the temper-
ature. Note that we account for the different trion ra-
diative lifetimes due to the applied magnetic field. Since
the trion formation rate depends on the residual elec-
tron concentration in the specific valley [29], the applied
magnetic field makes g valley dependent.

Using the proposed model, we calculate temperature
dependencies of the trion DOCP and parameter p by nu-
merically finding the steady state solutions of Egs. (2)
and evaluating the relative PL intensity as I o« n/7,.. The
calculation results are shown in Fig. 3 with solid shaded
curves and are in good agreement with the experimen-
tal data. From the calculated temperature dependence
of the p parameter and Eq. (1) we estimate the value of
the Fermi energy er ~ 4 meV and the Zeeman splitting
A, ~ 0.3 meV. This results in the estimated value of the
effective magnetic field B =~ 2.5 T, which is much larger
than the saturation magnetization field of BIG and thus
may indicate the presence of the proximity effects in the
heterostructure.

In summary, we have investigated circularly polar-
ized photoluminescence of trions in monolayer MoSes
interfaced with ferrimagnetic BIG films. The experi-
mentally observed negative trion DOCP and contrast in
co-polarized PL for the right and left circularly polarized
excitation are explained with a model accounting for a
an effective magnetic field due to the presence of BIG
and valley-switching scattering from B to A excitons
in MoSes. Our results provide basic understanding of
the mechanisms of trion polarization in such systems
for the development of future devices based on the
combination of electronic and valley degrees of freedom
for information storage and processing.
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