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Electrons commonly couple through Fröhlich interactions with longitudinal optical phonons to form
polarons. However, trions possess a finite angular momentum and should therefore couple instead to
rotational optical phonons. This creates a polaronic trion whose binding energy is determined by the
crystallographic orientation of the lattice. Here, we demonstrate theoretically within the Fröhlich approach
and experimentally by photoluminescence emission that the bare trion binding energy (20 meV) is
significantly enhanced by the phonons at the interface between the two-dimensional semiconductor MoS2
and the bulk transition metal oxide SrTiO3. The low-temperature binding energy changes from 60 meV in
[001]-oriented substrates to 90 meV for [111] orientation, as a result of the counterintuitive interplay
between the rotational axis of the MoS2 trion and that of the SrTiO3 phonon mode.
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Introduction.—The quasiparticle concept is a powerful
tool for understanding physics of many-body phenomena
[1]. The concept was invented a few decades ago to
describe a Fermi liquid [2], and later on applied to a broad
range of phenomena including superconductivity [3,4],
magnetic ordering [5], and the fractional quantum Hall
effect [6]. Optically excited two-dimensional (2D) semi-
conductors contain tightly bound excitons and trions—
quasiparticles composed of electrons and holes glued
together by Coulomb forces [7]. Recently, yet another
exhibit in this quasiparticle zoo—a polaronic trion was
reported [8]. In this Letter, we demonstrate that a rotational
optical (RO) phonon mode is necessary for the trion to
engage in polaronic coupling that explains the underlying
mechanism leading to formation of polaronic trions and
enables significant tunability of trion binding energy (BE),
a key to realizing trion based optoelectronics.
In quasiparticle language, the conventional (Fröhlich

[9,10]) polaron is an electron dressed with phonons. The
energy needed to undress the polaron (i.e., to release the
electron) is the polaron BE. Typically, the strongest
Fröhlich coupling occurs with longitudinal optical (LO)
phonons in polar crystals with a large difference between
the static dielectric permittivity and its electronic contri-
bution, such as in SrTiO3 [11,12]. However, the trion-
phonon interaction is distinct from coupling of phonons to
free electrons. The outer electron in the trion is bound to the
excitonic core (see Fig. 1), resulting in a finite angular

momentum which enables stronger coupling with RO
rather than LO phonon modes. To maximize the effect,
the trion’s plane of rotation must match the polarization
plane created by the RO mode (see Fig. 1). Hence, we can
probe polaronic trions by either changing the Fröhlich
coupling itself or the angle between rotational planes of the
trion and the RO phonon mode. SrTiO3 hosts RO phonons
with very low vibration frequency [13] enabling an ideal
environment to investigate the rotational Fröhlich coupling
with trions. Notably, by changing the SrTiO3 crystal
orientation, one can tilt the rotational axis of the RO
phonon mode and hence investigate the angular depend-
ence of this coupling.
PL spectroscopy.—Monolayer MoS2 is grown on single

crystal SrTiO3 substrates by chemical vapor deposition
[14], and our samples are of comparable quality with those
reported previously, see Supplemental Material [15] for
sample characterization. We use three different crystallo-
graphic orientations of the SrTiO3 substrate to tailor the
polaronic effects in 2D MoS2. Figure 2(a) shows the
differential PL emission spectra of the excitonic (right)
and trionic (left) peaks in the MoS2 PL extracted from the
Lorentz fitting described in Ref. [15]. We have confirmed
that the low energy peak is indeed a trion and does not arise
from defect bound excitons through excitation power and
electrostatic doping dependent measurements (Figs. S4 and
S5 in Ref. [15]). The exciton-trion peak separation is the
trion BE we are after. At low temperatures, the trionic peak
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splits further away from the excitonic peak position, and the
splitting turns out to be dependent on the crystallographic
orientation of the SrTiO3 substrate. We have achieved BE
enhancement of up to 60 meV, that is enormous having in
mind that bare trion BE is less than 30 meV. Figure 2(b)
shows the full width at half maximum (FWHM) for trionic
and excitonic PL peaks. The trion FWHM experiences a
significant broadening below the soft phonon activation
temperature [13,16] Ta ∼ 132 K, and the broadening turns
out to be strongly dependent on the substrate orientation. In
contrast, the exciton FWHM demonstrates much smaller
broadening and weaker dependence on the substrate
orientation. Finally, the exciton emission energy exhibits
the usual monotonic blue shift given by the Varshni relation

[17] whereas the trion emission energy undergoes an
unusual red shift below Ta [see Fig. 2(c) and Table S1
in Ref. [15] ]. The data presented in Fig. 2 all together
indicates that the trion is not a conventional trion anymore
but is an entirely new quasiparticle, the polaronic trion [8].
Trion Hamiltonian.—The trion can be seen as an

electron weakly interacting with the excitonic core. The
unperturbed Hamiltonian describing the relative electron-
exciton motion can be written as

Ĥ0 ¼ −
ℏ2

2μT

�
1

r2
∂2

∂φ2
þ 1

r
∂
∂r

�
r
∂
∂r

��
: ð1Þ

Here, we use polar coordinates fφ; rg. The trion reduced
mass, μT ¼ mXme=mT , is defined in terms of the trion
(mT ¼ mX þme), exciton (mX ¼ me þmh), electron (me),
and hole (mh) effective masses, respectively. The energy in
Eq. (1) is counted from the exciton ground-state level, as
shown in Fig. 1(a). The first (second) term in the square
brackets is the tangential (radial) momentum operator with
the eigenvalues kφ (kr) given in units of the Planck constant
ℏ. The electron-dipole interaction perturbing Ĥ0 is much
weaker than the direct Coulomb potential responsible for
the exciton formation and rapidly vanishes at the distances
much larger than the exciton size. This results in the trion
BE being much lower than that of the exciton.
Rotational Fröhlich coupling.—The 2D Fourier trans-

form of the polaronic interaction can be written as
jVqj2 ¼ 8π2e2F2=q, where e is the elementary charge, q
is the in-plane wave vector, and F is a proportionality
coefficient between the phonon mode amplitude and
dielectric polarization created by this mode [18]. To express
F in terms of macroscopic quantities we adopt an argument
by Kittel [18] where the phonon perturbation producing
dielectric polarization is equivalent to the Coulomb poten-
tial screened by the phononic part of the dielectric
permittivity, i.e.,

2e2
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q

2πe2
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where ϵ0 (ϵ∞) is the static (high-frequency) dielectric
permittivity at the MoS2=SrTiO3 interface, ℏω is the
phonon energy quantum, r is the in-plane coordinate,
and Q is the phonon wave vector whose absolute value
can be written in terms of in-plane (q) and axial (qk)

components as Q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2k þ q2 − 2qqk cosðπ=2þ θÞ

q
. The

axial component does not contribute to rotational
Fröhlich coupling and can be integrated out easily. The
resulting polarization turns out to be θ dependent,
F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏω cos θðϵ−1∞ − ϵ−10 Þ=ð8πÞ

p
, and the 2D Fourier

transform of the polaronic potential reads

FIG. 1. (a) A trion consists of a tightly bound excitonic core and
an electron weakly coupled to the core by the electron-dipole
interactions. In a polaronic trion, a RO phonon mode couples
with the tangential momentum of the outer electron increasing the
resulting quasiparticle BE. The electrons and holes are repre-
sented by the green and blue balls, respectively. The tangential
polarization generated by the RO phonon mode is shown by the
red arrows. The black and magenta arrows show directions of the
trion (LT) and RO phonon (LRO) angular momenta, respectively,
and θ is the angle between them. The trion-phonon coupling
maximizes at θ ¼ 0 and vanishes at θ ¼ π=2, as shown by the
polaronic trion BE curve (magenta). The bare trion BE does not
depend on θ at all. (b) Schematic of the MoS2=SrTiO3 hetero-
structure utilized to create rotational Fröhlich interactions. MoS2
being an n-type semiconductor exhibits negatively charged
trions. At low temperature, SrTiO3 experiences structural cu-
bic-to-tetragonal phase transition that activates the RO phonon
mode due to the rotating TiO6 octahedra (see also Fig. 3).

PHYSICAL REVIEW LETTERS 125, 086803 (2020)

086803-2



Vq ¼ −iℏω
ffiffiffiffiffiffiffiffiffiffi
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p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2παrω
q

s
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where rω ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ=2μTω

p
is the interaction length, and

α ¼ e2

2ℏωrω

�
1

ϵ∞
−

1

ϵ0

�
ð4Þ

is the standard Fröhlich coupling constant [9]. The striking
difference between the standard 2D polaronic interaction

[11,18] and Eq. (3) is the
ffiffiffiffiffiffiffiffiffiffi
cos θ

p
prefactor that occurs due

to the special direction singled out by the angular momen-
tum of a RO phonon mode. Note that the effective mass in
rω is given by μT instead of me as in the conventional
case [11].
Polaronic perturbation.—In the nonperturbed limit,

when both dipole and polaronic perturbations vanish, the
plane-wave solution suggests the kinetic energy Ek of the
relative electron-exciton motion be a sum the radial
ℏ2k2r=2μT and tangential ℏ2k2φ=2μT terms. The latter is

FIG. 2. (a) Pseudocolor map of the differential PL emission intensity (jdI=dEj) from 2D MoS2 demonstrates two quasiparticle peaks
attributed to excitons and trions. The splitting between them depends on temperature and SrTiO3 substrate orientation with the strongest
separation for [111]-oriented SrTiO3 crystals below 50 K. (b) Temperature dependence of FWHM for trionic (upper panel) and excitonic
(lower panel) PL quasiparticle peaks for different SrTiO3 substrate orientations indicates much stronger Fröhlich interactions for the
former than for the latter. (c) Extracted trionic and excitonic PL energies vs temperature with the corresponding Varshni fits as dashed
lines indicate anomalous behavior of the PL trion peak below 132 K. The error bars are the standard error for three samples.
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quantized in any circularly symmetric potential, however,
we assume that the normalization length is long enough to
justify integration instead of summation and map tangential
and radial momenta onto the Cartesian coordinates. We
note that within the Fröhlich approach, the angular
momenta indicated in Fig. 1 are quasiclassical quantities
and are not associated with the s and p quantum states. The
perturbation theory suggests the following expression for
the polaronic energy correction [18]:

EP ¼ −
Z

d2q
ð2πÞ2

jVqj2
Ek − Ek−q − ℏω

: ð5Þ

We evaluate Eq. (5) for the BE correction (k → 0). Despite
the electron-exciton relative motion being 2D, the rota-
tional polaronic coupling is effectively 1D. This is because
RO phonon modes produce no radial polarization [hence,
no radial electric field, see Fig. 1(a)], and, therefore, the
energy difference Ek − Ek−q does not contain qr. The BE
correction can then be written as

EP ¼ 2

π

Z
∞

0

dqr

Z
∞

0

dqφ
ℏ2ω2αrω cos θffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q2φ þ q2r
q 2μT=ℏ2

q2φ þ r−2ω

¼ αℏω cos θ ln ð2rω=aÞ; ð6Þ

where 1=a is a momentum cutoff. Similar to the conven-
tional expression for the 2D polaron BE, EP ¼ ðπ=2Þαℏω,
our result is linear in α (this also holds beyond perturbation
theory, see, e.g., Refs. [11,19,20]) and linear in phonon
energy ℏω, setting the scale of polaronic interactions.
However, Eq. (6) is different in two important ways: since
the RO phonon modes are decoupled from both the axial
and radial electron motion, this results respectively in the
cos θ and ln ð2rω=aÞ prefactors (the latter is a weak
function of the order of unity and less important than

the former). The logarithmic divergence is a well-known
property of the Fröhlich coupling in a 1D limit [21]. The
length a is the lattice constant that determines the first
Brillouin zone size in MoS2. If qr is retained in the
denominator of Eq. (5), and θ is set to zero, we recover
the conventional result.
Discussion.—The dressed trion BE is EPT ¼ EP þ ET ,

where ET is the bare trion binding energy. To make
predictions regarding BE in realistic samples the multi-
domain structure of the SrTiO3 substrate must be taken into
account. The axis of antiphase rotation of neighboring
oxygen TiO6 octahedra is different in each domain [22]. We
assume that the domain orientation is perfectly random, so
that any of three mutually perpendicular orientations are
weighted equally in the BE calculation. In the simplest case
of the [001]-grown substrate, the rotational axis of the RO
mode in [001]-oriented domain is normal to the trion plane
and the polaronic effect is maximal [see Fig. 3(a)]. The
other two [010]- and [100]-oriented domains do not
contribute at all because the phonon mode rotation axis
is parallel to the trion plane and θ ¼ π=2 in Eq. (6). Hence,
the total EPT reads

EPT ½001� ¼ ET þ αℏω ln ð2rω=aÞ: ð7Þ

In the case of either [011] or [101] domain orientation we
have cos θ ¼ 1=

ffiffiffi
2

p
[see Fig. 3(b)]. The [110]-oriented

domains do not contribute here, and EPT reads

EPT ½011� ¼ ET þ
ffiffiffi
2

p
αℏω ln ð2rω=aÞ: ð8Þ

The [111] orientation suggests cos θ ¼ 1=
ffiffiffi
3

p
[see Fig. 3(c)],

and all three possible mutually perpendicular domain ori-
entations do contribute equally. Hence, we have

FIG. 3. (a) In a [001]-oriented SrTiO3 domain, the TiO6 octahedra rotate in the same plane as the trion in 2D MoS2 placed on top.
Here, the trion’s and RO phonon planes of rotation are shown by the gray and reddish discs, respectively. (b),(c) Once the SrTiO3

substrate orientation changes, the rotational axes of the trion and RO phonon mode (depicted by black and magenta arrows, respectively)
do not align anymore and span the angle θ determined by the domain orientation. The bold numbers indicate the number of mutually
perpendicular domain orientations contributing to the polaronic trion BE.
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EPT ½111� ¼ ET þ
ffiffiffi
3

p
αℏω ln ð2rω=aÞ: ð9Þ

The BE is shown in Fig. 4 as a function of temperature
for different substrate orientations. The highest BE
(∼90 meV) is achieved for the [111]-grown substrate
despite the smallest cos θ ¼ 1=

ffiffiffi
3

p
(hence, the weakest

coupling) for [111]-domain orientation. This is almost
twice larger than the highest trion BE reported so far in
n-doped MoS2 (∼40 meV [23], ∼50 meV [24]). Moreover,
the polaronic trion BE allows for 200% tunability (from
∼30 meV to ∼90 meV), which far exceeds that possible by
conventional electrostatic gating [24]. The bare trion
energy ET (black line) is estimated using the phenomeno-
logical approach of Ref. [23]. Equations (7), (8), and (9)
combined with the material parameters, ϵ0ðTÞ, ϵ∞, and
ωðTÞ, are able to explain the measured polaronic trion BE
behavior for all crystallographic orientations of the sub-
strate. We do not adjust the material parameters, see
Supplemental Material [15], which also includes
Refs. [13,14,16,17,23–40].
The polaronic effect we have discovered is not limited to

trions in MoS2. We have tested a few similar samples where
MoS2 has been substituted byWSe2 and found the same PL
features as shown in Fig. 2. The PL emission fromWSe2 on
SrTiO3 at 10 K (see Fig. S7 in Ref. [15]) shows spectral
broadening and an anomalous enhancement in the energy
separation between the exciton and trion peak (as compared

with the spectra at 300 K), suggesting an increased trion
binding energy. The polaronic trion BE in WSe2 has turned
out to be a little lower than in MoS2, see inset in Fig. 4 for
comparison. As the high-frequency dielectric permittivity is
the same for both MoS2 and WSe2 [29], we attribute this
difference to the lower effective mass in WSe2 [31,33], see
Ref. [15] for details.
Outlook.—The polaronic trion discussed here is a com-

plex three-component quasiparticle comprising the exciton
core, an electron, and an RO phonon mode coupled
together by both Coulomb and Fröhlich interactions,
resulting in a large enhancement of the BE. Since the
polaronic interaction length rω is much larger than the lattice
constant, we expect these polaronic trions to only weakly
depend on SrTiO3 surface termination [41]. Despite its
complexity we have shown that the quasiparticle can live
in 2D semiconductors other than MoS2. We therefore
anticipate further discoveries revealing a hierarchy of
energy-rich quasiparticles [42] optically excited in 2D semi-
conductors with unconventional substrates underneath.
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