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It is well known that electrically neutral excitons can still be affected by crossed electric and magnetic
fields that make them move in a direction perpendicular to both fields. We show that a similar effect appears
in the absence of external electric fields, in the case of scattering of an exciton flow by charged impurities in
the presence of the external magnetic field. As a result, the exciton flow changes the direction of its
propagation that may be described in terms of the Hall conductivity for excitons. We develop a theory of
this effect, which we refer to as the anomalous exciton Hall effect, to distinguish it from the exciton Hall
effect that arises due to the valley selective exciton transport in transition metal dichalcogenides. According
to our estimations, the effect is relatively weak for optically active or bright excitons in conventional
GaAs quantum wells, but it becomes significant for optically inactive or dark excitons, because of the
difference of the lifetimes. This makes the proposed effect a convenient tool for spatial separation of dark

and bright excitons.
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Introduction.—Thomas and Hopfield [1] were the first to
point out that excitons propagating in the presence of an
external magnetic field orthogonal to their velocity acquire
stationary dipole polarization perpendicular to both the
magnetic field and their propagation direction. This is the
manifestation of the magnetic Stark effect for excitons that
was experimentally evidenced in a variety of semiconduc-
tor systems [2—4]. This effect is caused by the Lorentz force
that pulls an electron and a hole apart if an exciton as a
whole particle moves in the presence of a magnetic field.
Imamoglu and co-workers [5] pointed out that once an
exciton is placed in crossed electric and magnetic fields, it
starts moving as a whole in the direction perpendicular to
the directions of both fields, that leads to the renormaliza-
tion of the excitonic dispersion in quantum wells (QWSs) or
two-dimensional semiconductor crystals. The dynamics of
electrically neutral quantum liquids in the presence of
crossed electric and magnetic fields was studied by
Shevchenko and Fil [6-8]. Onga et al. [9] have recently
reported the experimental observation of an exciton Hall
effect in atomically thin layers of MoS, that manifests itself
in the appearance of an off-diagonal exciton conductivity in
the presence of a magnetic field. The effect is caused by the
strong spin-valley locking in monolayer transition metal
dichalcogenides (TMDs).

Here we predict an anomalous exciton Hall effect that is
independent of the exciton spin structure. We show that in
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conventional GaAs quantum wells containing charged
impurities, an exciton flow may be reoriented in the real
space due to the combined effect of the local electrostatic
potential created by charged impurities and the orbital
effect of a magnetic field applied in normal to the plane
direction. Conceptually, this effect is similar to the cross-
field effect proposed by Imamoglu and co-workers [5] and
it manifests itself in a very similar phenomenology to the
exciton Hall effect studied by Onga et al. [9]; however, it is
different from both abovementioned effects as neither
external electric field nor spin-valley locking is required
in our case. To distinguish from the previous studies and
emphasize the similarity with the anomalous Hall effect
(AHE), we refer to the effect we study as an anomalous
exciton Hall effect.

We argue that the effect may have a significant magni-
tude in fluids of optically inactive, dark excitons due to
their long lifetimes, and it is much weaker for short-living
bright excitons in conventional GaAs-based quantum wells.
This makes the anomalous exciton Hall effect a powerful
tool for spatial separation of dark and bright excitons.

Synthetic gauge fields.—In condensed matter physics,
gauge fields are ubiquitous. The best-known example is a
magnetic field B, which can be introduced into a single
particle Hamiltonian by substitution p; — p; — gA;, with ¢
being the electric charge of the particle, A; being compo-
nents of the vector potential, B = V x A. The presence of a
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magnetic field dramatically modifies the properties of the
system, and leads to such fundamental phenomena as the
quantum Hall and Aharonov-Bohm effects. For neutral
particles with ¢ = 0, a magnetic field does not affect the
orbital degree of freedom directly, and thus cannot be
considered as a real gauge field. However, if a particle
possesses internal degrees of freedom, such as spin,
polarization, or internal set of energy levels, creation of
so-called synthetic gauge fields becomes feasible. In
particular, for cold atoms both Abelian and non-Abelian
gauge potentials can be engineered by resonant drive of the
system with spatially inhomogeneous laser beams [10]. For
photons, the methods to create synthetic gauge fields
include dynamic modulation [11], use of coupled optical
resonators [12], engineering lattices with strain [13], or
reciprocal metamaterials [14].

In condensed matter physics, the typical example of an
electrically neutral quasiparticle is an exciton. Excitons
govern the optical response of semiconductor materials at
low and, in many cases, at high temperatures [15]. The
recent study of the electric field effect on the gauge fields
for exciton strongly coupled to light (exciton polaritons) [5]
showed the high potentiality of the gauge field approach to
the description of exciton and polariton dynamics in the
presence of a magnetic field. In this Letter we demonstrate
how the combination of the magnetic Stark effect [1] with
excitonic scattering by an impurity potential leads to the
anomalous exciton Hall effect link to the appearance of an
effective U(1) gauge field acting on the motion of the
exciton center of mass.

Phenomenological model—We start with a simplified
phenomenological model, assuming that the motion of the
exciton center of mass is decoupled from the relative
motion of the electron-hole pair. We consider a 2D exciton
confined in the xy plane and subject to the external
magnetic field directed along the z axis. If the exciton
center of mass is characterized by a nonzero momentum
k # 0, the magnetic field acting on the electron and hole
would dipole polarize the exciton in the direction
perpendicular to k, so that the electric dipole moment of
the exciton reads (d) = f(B)[e, x k], where f(B) is a
function of the magnetic field, which depends linearly on B
at weak fields, but becomes inversely proportional to B at
the large fields in the magnetoexciton regime [16—18]. At
small magnetic fields one can find f(B) by passing to the
center-of-mass reference frame, where the magnetic field is
absent, but an electric field E' = [k x B|/M appears;
here M is the exciton mass. If this electric field is weak,
then (d) = —e(r) = aE’ = alhk x B]/M, where a =
2la}4nege/ 128 is the 2D exciton polarizability [19]; thus,
f(B) = —ahB/M. At strong magnetic fields, in the mag-
netoexciton regime, the dipole moment is given by [18]
(d) = —e(r) = —e[e, x k|3, where I = \/A/(eB) is the
magnetic length; thus, f(B) = —#A/B.
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FIG. 1.

(a) The sketch of the system under consideration.
Excitons created by the optical pump travel in the plane of a
disordered quantum well in the presence of a uniform orthogonal
magnetic field B. The magnetic field induces an in-plane dipole
moment of excitons which leads to the asymmetric scattering of
excitons by impurities. This problem can be mapped to the
scattering of a charged particle by an impurity in the presence of
the position-dependent synthetic magnetic field B.;(R), de-
picted by the gray domain around the scatterer in the figure.
(b) Polar plot of [n(¢, B) — n(¢,—B)]/n(¢, B), where n(¢p, B) is
the concentration of excitons, propagating in the direction given
by the in-plane polar angle ¢, plotted at B = 1 T; see details in
Supplemental Material [20].

The presence of impurities and fluctuations of the doped
quantum well width leads to the appearance of the
scattering potential Uy (R) for excitons; here R denotes
the position of the exciton center of mass. Moreover, it
generates some nonzero in-plane distribution of the electric
field E(R), which can affect the exciton dipole moment
[see Fig. 1(a)]. Using these assumptions we write down the
model Hamiltonian of the system as

P P 1. .
HP =—— 4 V®=—— 4 U (R)-z(d-E+E-d), (1
7 opp T Use(R)=>(d-E+E-d). (1)

where d = f(B)[e. x k], M is the exciton mass, and
p= 7k is the exciton center-of-mass momentum operator.
Note that as an exciton is a composite particle, there is no
simple straightforward relation between the scattering
potential and the electric field E = E(R), produced
by the scatterer. After some algebra this can be cast in
the form A% = [p — eA 4 (R)]>/(2M) + U4 (R), where
Aui(R) = Mf(B)(he) ' [e,E,(R) — ¢,E,(R)] is a syn-
thetic vector potential, corresponding to the magnetic
field B(R) = —e.,Mf(B)(he) 'divE(R). U (R) =
Ui (R) = Mf?(B)(2h*)"'E?(R) is the effective scalar
potential. One can see that for the appearance of a nontrivial
synthetic gauge field, two conditions need to be fulfilled:
(a) B#0 and (b) the presence of an inhomogeneous
electric field.

We consider now the scattering of an exciton by a single
radially symmetrical impurity with U, (R) = U, (R) and
E(R) = E(R)R/R. We obtain the following elastic scat-
tering matrix elements between the exciton states with the
center-of-mass momenta k and k" (k| = |Kk'|):
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ihflk'xk]|,

viP U (Ak
o = Vel AR+ o

/ Y dR2EJ, (|AK|R).  (2)
0

Here we performed the integration over the polar angle,
which yielded the Bessel functions, Ak = k/ — k is the
transferred momentum, the arguments of f(B) and E(R)
are omitted for brevity. The first term Uy (Ak) =
(27)7" [° RARU.(R)Jo(|AK|R) is real and it describes
the normal symmetric scattering of an exciton by an
impurity, while the second imaginary term accounts for
the breaking of the time-reversal symmetry by the

magnetic field (as Vf{lﬁ(, # V‘il}z,’_k). This term gives rise
to the asymmetric scattering (analogous to skew scattering)
of excitons by the impurities and thus leads to the excitonic
analog of the anomalous Hall effect. Thus, the physical
mechanism of the proposed effect is similar to the AHE
[21], where the role of spin-orbit coupling is replaced by
momentum dependent exciton dipole polarization.

Microscopic theory—Now we proceed with a full
microscopic model of exciton-impurity scattering in the
presence of a magnetic field that accounts for the coupling
of electron-hole relative motion and the exciton center-of-
mass motion.

The Hamiltonian A, of the relative motion of an e — h
pair characterized by the center-of-mass momentum 7k in
the presence of a perpendicular magnetic field B =
(0,0, B) has the form [16,22,23]

N h? 7 1 1
fa=—2v2-T¢( L L) rx v,
2u 2 \m, my,
e’B? , eh e’ n’k?
— —B-rxkjl-——+—, 3
- 8u i [ ) 4ﬂ€0€|1‘|+ 2M 3)

where r =r, — 1}, is the relative e — h coordinate, and
' =m;' + m;'. Deriving this expression we have
taken advantage of the existence of an exact integral of
motion, namely the magnetic center-of-mass momentum
[22], defined by the operator Ak = —ihVy — eA(r),
where R = (m,r, + myr;,)/M is the center-of-mass
coordinate, M = m, + m,, and the vector potential is
taken in the symmetrical gauge A(r) = B xr/2. The
exciton wave function has the form Y, (R,r)=
exp {i(R/h)[Ak + eA(r)]}®y (r), where @y (r) is the
corresponding eigenstate of the Hamiltonian above. An
important point is that the wave function @ of the relative
motion depends on the center-of-mass momentum 2k [22];
1.€., the relative motion and the center-of-mass motion are
coupled. The scattering matrix elements Vy o= (¥ | V[P
between the exciton states with the center-of-mass momenta
k and k' in the external potential V = V,(r,) + V,(r,,) are
given below.

Weak magnetic fields.—In the weak-field limit, [z > ap,
the scattering matrix elements can be found analytically;

here ag = 4neyeh? /(ue?) is the Bohr radius (the 1s exciton
radius is ag/2). We shall neglect excitonic transitions to the
excited states of internal e — & motion, i.e., the center-of-
mass momentum |K| < az'. The ground-state wave func-
tion @, (r) is calculated in a magnetic field using the
perturbation theory. The corresponding scattering matrix
elements V) \ are obtained in Ref. [24] and read as
follows:

Vi =V (AK)F,(Ak) +V,(AK) F), (AK)

ag\? ~ -
+ilk'xk].a% (E) V. (AK)a, -V, (AK)a,]. (4)

Here V;(k) is the two-dimensional Fourier transform
of the potentials V;(r)(j=e,h), Fp(Ak) =
(1 = 3am2, (AK)2/(32M2) + B(AK)2ad(ap/¢p)")
and Ak =k’ —k is the transferred momentum. In the
derivation above only the terms of up to the second order in
B and the lowest order in |k|ap are taken into account.
The expressions for the dimensionless constants a, ;) and
Peny Tor a 2D Wannier-Mott exciton can be found in
Ref. [24] (we corrected typographical errors in the
original formulas): ﬁ€<h):4‘6M‘2(105m%<e)—159/42/2)
and @, =—2mpyk/M, k =—=21u/(162M). Note that
P, P, > 0 are positive; therefore, the exciton scattering
cross section increases with B when [z > ag. An important
point is that the time-reversal symmetry is broken
Vikk, # V_k, -k, and the structure of Vy - resembles its
counterpart Eq. (2) from the simplified phenomenological
model. The ground-state exciton energy spectrum is
given by

-8 )] -op- ()] o

where the parameter I, = (3/128)"/%a; determines the
diamagnetic shift. The first term stands for the center-of-
mass kinetic energy, whereas the second term represents the
binding energy.

Magnetoexciton regime.—In the opposite regime, where
the magnetic field is strong (i.e., ag > [p), one can neglect
the Coulomb interaction term in the Hamiltonian (3) and
the exciton dynamics is governed by the magnetic field
solely. In this regime, which is often referred to as the
magnetoexciton regime, one can calculate the dispersion of
the ground state of the system, treating the ¢ — h Coulomb
potential as a perturbation [25,26],

1 T 62 272 k212
kK)=—hw —,/=——— ~Fl/4 [ Z_B
e(k) 2 @c \/;47[808136 0( 4 ) (6)

where [ is the modified Bessel function. The correspond-
ing impurity scattering matrix elements are given by
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. j AK2[2
Vikx = V.(Ak)exp (—%[k/ X k]zl% I B)

Ak2[2
1 B>; (7)

+ V,(AK) exp <—|—% K’ x K].l3 —

here w- = eB/u is the cyclotron frequency.

Scattering rates.—The scattering 7 matrix can be
defined as Ty o = (P |V|Py), where V=V, (r,)+V,(r,)
is the impurity potential operator, |V} ) is the eigenstate of
the free Hamiltonian ﬁlo, describing a 2D exciton in a
magnetic field, and |¥,/) is the eigenstate of the full
Hamiltonian A = H, + V. The T matrix satisfies the
Lippmann-Schwinger equation,

dzg Vk,ng,k’
(272 E—e(g) + 0’

Ty = Vi +/ (8)

where ¢(g) is the dispersion of the bare Hamiltonian H,
and it is given by Eqgs. (5) and (6) for the two regimes under
consideration, respectively, and E is the energy eigenvalue
corresponding to |¥,/). Two contributions can be
distinguished in the square modulus of the 7 matrix:
Vol Tea” = G + Twws here Gy =G(0) = G(-0),
Jxw =J(0) =-J(—0) are dimensionless symmetric
and asymmetric contributions to the scattering rate, respec-
tively, @ = @ — ¢’ is the scattering angle, ¢, ¢’ are the polar
angles of k,k’, and v, = M/(2zh?) is the 2D density
of states of free particles with parabolic dispersion. The
density of states is defined as v(k) = |Je(k)/Ok|'k/(2x).
Here we restrict ourselves to the case of elastic scattering
|k| = |k'|. Tt is the asymmetric part Jy ) of exciton
scattering by impurities that gives rise to the Hall
current. The properties of [Jy s are discussed in detail
in Refs. [27-29].

The elastic scattering rate Wy, from k' to k state is
expressed with use of the Fermi golden rule Wy =
271 Ry | T o [*6(€x — €xs), Where nyy, is the surface
density of impurities. The presence of the magnetic field
breaks the time inversion symmetry in the problem and
leads to the disbalance of scattering rates Wy - and Wy,
which is why a nonzero Hall contribution J ' emerges.

Let us assume that the impurity potential is described
by the Coulomb potential [30] V,(r)=-V,(r) =
—€qimp/ (4zeger). The Lippmann-Schwinger equation can-
not be treated perturbatively for such a potential in our
system, which is why we solve this integral equation (8)
numerically.

The developed formalism allows us to predict the
anisotropy of an angular distribution of the exciton emission
that would appear if a flow of excitons propagates in a plane
of a doped quantum well in the presence of a magnetic
field normal to the plane of the well [as Fig. 1(a) shows
schematically]. The angular distribution of the exciton

emission may be found as n(¢) = [¢° ny [kdk/(2x)?], where
ny is the occupation numbers of exciton states having
wave vectors k. The normalized variation of this quantity
due to the inversion of the orientation of the applied field is
shown in Fig. 1(b). For a detailed description of the relevant
formalism we refer the reader to the Supplemental Material
[20]. The observation of a predicted variation of the angular
distribution of the excitonic emission can be considered as a
smoking gun for the anomalous exciton Hall effect. We note
that dark excitons contribute very little to the intensity of
photoluminescence, while they strongly contribute to its
blueshift [31,32]. Experimental measurement of the angular
resolved blueshift of the bright exciton photoluminescence
peak might certify the presence of a flow of dark excitons.

Next, to obtain the Hall angle, we study the classical
transport regime |k |/ > 1, where [ is the exciton mean free
path. We use the semiclassical Boltzmann equation,

dn d’K’
d_tk =P =Ty + /W(Wk.k’nk’ = Wiwn),  (9)

where Py is the coherent pump term, I'=1/7, is
the particle decay rate. In the stationary regime,
performing the integration over the absolute value of k',
the Boltzmann kinetic equation can be rewritten as
Py =Ty — [do'(wiome — wiegng),  where  wy o =
Nimpo/ [MV(K)?](Gx + Tk k) and the exciton density
of states v(k) = |0e(k)/0k|™'k/(2x). Let us assume the
in-plane wave vector Kk, of the pump is pointing along the x
axis, i.e., ko=(ko,0)7, which implies P, =Py5(k —k,)=
(Py/k)S8(k—kg)5(¢) and we note that this function is even
with respect to ¢. Assuming that only the dipole type of
anisotropy of the momentum-space distribution function
is significant, we represent ny = ng(k) + én(k), where
on(k) = n (k) cos @ + n_(k) sing, ny(k) is the isotropic
part of the distribution function which depends only on energy.
Substituting this decomposition into the kinetic equation and
integrating over ¢’ in the collision term, we obtain

0= %5(k — ko)8(g) + cos @ <Q(k)n_(k) - ”;(g))

- sin(p<£2(k)n+(k) + ’1—(—55‘))) - ’;—;‘ (10)

where (k) is given by the symmetric scattering
term 7(k) ™" = nyporo/ [Av(K)?] [37 Gy o (1 — cos §)dO; here
0 =¢— ¢ is the scattering angle. The factor Q(k) is
governed by the asymmetric scattering term Q(k) =
—Mimplo/ [Av(K)?] [#* Ty sin@do, and it mixes the
even n, (k) and odd n_(k) contributions to the density
distribution, yielding a Hall current in the transverse y
direction. Using the orthogonality of sing and cos e,
the kinetic equation is readily solved, yielding n_(k) =
—Q(k)to(k)n (k). Here we introduced the total relaxation
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FIG. 2. (a) The dependence of the dipole moment (absolute
value |(r)|) on the magnetic field strength for GaAs and CdTe
quantum wells. The solid lines are obtained from the numerically
found eigenstates of Eq. (3), whereas the dashed lines (shown in
insets) are obtained using the perturbation theory. The parameters
of the plot are typical of GaAs quantum wells: the effective
electron and hole masses m, = 0.067m,y, m;, = 0.5m,, the
dielectric constant of the quantum well ¢ = 12.5. The exciton
momentum corresponds to the wavelength of the absorbed photon
A =860 nm as |k| =2xsin(z/2 —/8)/4, where the angle of
incidence is setto z/2 — z/8. The linear part of the curve describes
the weak magnetic field limit, whereas the decaying tail corre-
sponds to the magnetoexciton regime. (b) The Hall angle in a
GaAs quantum well as a function of the exciton lifetime in two
regimes: weak fields ap/lz < 1 and the magnetoexciton regime
ag/lg > 1. The expected behavior in the nonperturbative regime
ag/lp ~ 1, where the Hall angle is expected to be the largest, is
shown with the dashed curve.

time 7, (k) = [z5" + 7(k)~']"!. The Hall angle [33] is
defined as the ratio of the Hall current j, and the longitudinal
current  j, is jy/jx = _Q(kO)TtotU{O)’ where jx,y =
[ hk, ,6n(k)d®k/(27)*. Note that Onga er al. [9] use a
different definition. We estimate the Hall angle for the typical
parameters of doped GaAs quantum wells 7, ~ 10! cm™2,
ko~ 7 x 10° m~' (see the caption of Fig. 2), e = 12.5,
Gimp = €, and 7o~ 10 ps (for bright excitons). At a weak
magnetic field B=1T the numerical solution of the
Lippmann-Schwinger equation with the kernel (4) yields
7(ko) = 3.8 ps and j,/j, = —Q(ko)7i1(ko) ~ 0.8%. At an
increased concentration and a strong magnetic field B = 18 T
we solve the Lippmann-Schwinger integral equation numeri-
cally with the magnetoexciton kernel (7), which yields
Iyl Jx = =Q(ko) T (ko) ~ 1.8%. One may expect, by look-
ing at Fig. 2(a), that at intermediate magnetic field strengths
(about B = 10 T) the Hall angle would be significantly larger,

as the exciton dipole moment reaches its largest value in this
nonperturbative regime, while still not switching to the
magnetoexciton regime. We also note that the range of
magnetic fields corresponding to the largest dipole moment
is easily achievable experimentally, which makes the obser-
vation of the predicted phenomenon realistic. The dependence
of the Hall angle on the exciton lifetime is shown in Fig. 2(b).
Clearly, for dark excitons whose lifetime is significantly larger
than the lifetime of bright excitons, the Hall angle is notably
larger. This shows that the anomalous exciton Hall effect may
be used as a tool for spatial separation of dark and bright
excitons.

Conclusions.—In conclusion, we demonstrated that the
magnetic Stark effect for 2D excitons may lead to the
emergence of an effective U(1) gauge field. This field can
result in the excitonic analog of the anomalous Hall effects.
For the latter we presented a detailed microscopic descrip-
tion of the scattering mechanism and analyzed the transport
properties, showing that the effect can be observed exper-
imentally in conventional GaAs quantum wells and that it is
much stronger for dark than bright excitons.

The work of V. K. K. related to numerical analysis of the
magnitude of the predicted effects was supported by Russian
Science Foundation, Grant No. 19-72-20120.1. A. S. thanks
Ministry of Education and Science of Russian Federation,
Project No. 14.Y26.31.0015, and Icelandic Research
Fund (Rannis), project “Hybrid Polaritonics.” A.V.K.
acknowledges the support from International Center for
Polaritonics under Project No. 041020100118 and Program
2018R01002 supported by Leading Innovative and
Entrepreneur Team Introduction Program of the Zhejiang
Province.

[1] D.G. Thomas and J.J. Hopfield, Phys. Rev. 124, 657
(1961).

[2] M. Lafrentz, D. Brunne, B. Kaminski, V. V. Pavlov, A. V.
Rodina, R. V. Pisarev, D.R. Yakovlev, A. Bakin, and M.
Bayer, Phys. Rev. Lett. 110, 116402 (2013).

[3] Y.J. Chen, E. S. Koteles, B. S. Elman, and C. A. Armiento,
Phys. Rev. B 36, 4562 (1987).

[4] P. Andreakou, A. V. Mikhailov, S. Cronenberger, D. Scalbert,
A. Nalitov, A. V. Kavokin, M. Nawrocki, L. V. Butov, K. L.
Campman, A. C. Gossard, and M. Vladimirova, Phys. Rev. B
93, 115410 (2016).

[5] H-T. Lim, E. Togan, M. Kroner, J. Miguel-Sanchez, and A.
Imamoglu, Nat. Commun. 8, 14540 (2017).

[6] S.I. Shevchenko, Pis’ma Zh. Eksp. Teor. Fiz. 28, 112
(1978) [Pis’ma Zh. Eksp. Teor. Fiz. 28, 103 (1978)].

[7]1 D. V. Fil and S.I. Shevchenko, Low Temp. Phys. 46, 420
(2020).

[8] S.I. Shevchenko, Phys. Rev. Lett. 75, 3312 (1995).

[9] M. Onga, Y. Zhang, T. Ideue, and Y. Iwasa, Nat. Mater. 16,
1193 (2017).

[10] J. Dalibard, F. Gerbier, G. Juzelinas, and P. Ohberg, Rev.
Mod. Phys. 83, 1523 (2011).

036801-5


https://doi.org/10.1103/PhysRev.124.657
https://doi.org/10.1103/PhysRev.124.657
https://doi.org/10.1103/PhysRevLett.110.116402
https://doi.org/10.1103/PhysRevB.36.4562
https://doi.org/10.1103/PhysRevB.93.115410
https://doi.org/10.1103/PhysRevB.93.115410
https://doi.org/10.1038/ncomms14540
https://doi.org/10.1063/10.0000875
https://doi.org/10.1063/10.0000875
https://doi.org/10.1103/PhysRevLett.75.3312
https://doi.org/10.1038/nmat4996
https://doi.org/10.1038/nmat4996
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/RevModPhys.83.1523

PHYSICAL REVIEW LETTERS 126, 036801 (2021)

[11] K. Fang, Z. Yu, and S. Fan, Nat. Photonics 6, 782 (2012).

[12] M. Hafezi, E. A. Demler, M. D. Lukin, and J. M. Taylor,
Nat. Phys. 7, 907 (2011).

[13] M. C. Rechtsman, J. M. Zeuner, A. Tiinnermann, S. Nolte,
M. Segev, and A. Szameit, Nat. Photonics 7, 153 (2013).

[14] F. Liu, T. Xu, S. Wang, Z. H. Hang, and J. Li, Adv. Opt.
Mater. 7, 1801582 (2019).

[15] G. Wang, A. Chernikov, M. M. Glazov, T.F. Heinz, X.
Marie, T. Amand, and B. Urbaszek, Rev. Mod. Phys. 90,
021001 (2018).

[16] L. V. Lerner and Y. E. Lozovik, Zh. Eksp. Theor. Phys. 78,
1167 (1978) [Sov. Phys. JETP 51, 588 (1978)].

[17] L. V. Butov, C. W. Lai, D. S. Chemla, Yu. E. Lozovik, K. L.
Campman, and A. C. Gossard, Phys. Rev. Lett. 87, 216804
(2001).

[18] Yu.E. Lozovik, I. V. Ovchinnikov, S. Yu. Volkov, L. V.
Butov, and D. S. Chemla, Phys. Rev. B 65, 235304 (2002).

[19] T. G. Pedersen, Solid State Commun. 141, 569 (2007).

[20] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevLett.126.036801 for a derivation of the
angular distribution of excitons.

[21] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and
N.P. Ong, Rev. Mod. Phys. 82, 1539 (2010).

[22] L. P. Gorkov and I. E. Dzyaloshinskii, Zh. Eksp. Teor. Fiz.
53, 717 (1967) [Sov. Phys. JETP 26, 449 (1968)].

[23] K. B. Amardottir, O. Kyriienko, and I. A. Shelykh, Phys.
Rev. B 86, 245311 (2012).

[24] P.1. Arseev and A. B. Dzyubenko, J. Exp. Theor. Phys. 87,
200 (1998).

[25] A.B. Dzyubenko and G.E.W. Bauer, Phys. Rev. B 51,
14524 (1995).

[26] Yu. A. Bychkov, S.V. lordanskii, and G. M. Eliashberg,
Pis’ma Zh. Eksp. Teor. Fiz. 33, 152 (1981) [JETP Lett. 33,
143 (1981)].

[27] K.S. Denisov, I.V. Rozhansky, N.S. Averkiev, 1. V.
Rozhansky, N.S. Averkiev, and E. Lihderanta, Sci. Rep.
7, 17204 (2017).

[28] K.S. Denisov, I. V. Rozhansky, N.S. Averkiev, and E.
Lihderanta, Phys. Rev. Lett. 117, 027202 (2016).

[29] K.S. Denisov, I. V. Rozhansky, N.S. Averkiev, and E.
Lihderanta, Phys. Rev. B 98, 195439 (2018).

[30] S. Fraizzoli, F. Bassani, and R. Buczko, Phys. Rev. B 41,
5096 (1990).

[31] M. Combescot, R. Combescot, M. Alloing, and F. Dubin,
Europhys. Lett. 105, 47011 (2014).

[32] Y. Mazuz-Harpaz, K. Cohen, M. Leveson, K. West, L.
Pfeiffer, M. Khodas, and R. Rapaport, Proc. Natl. Acad. Sci.
U.S.A. 116, 18328 (2019).

[33] P. Schwab, R. Raimondi, and C. Gorini, Europhys. Lett. 90,
67004 (2010).

036801-6


https://doi.org/10.1038/nphoton.2012.236
https://doi.org/10.1038/nphys2063
https://doi.org/10.1038/nphoton.2012.302
https://doi.org/10.1002/adom.201801582
https://doi.org/10.1002/adom.201801582
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/PhysRevLett.87.216804
https://doi.org/10.1103/PhysRevLett.87.216804
https://doi.org/10.1103/PhysRevB.65.235304
https://doi.org/10.1016/j.ssc.2006.12.015
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.036801
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.036801
https://doi.org/10.1103/RevModPhys.82.1539
https://doi.org/10.1103/PhysRevB.86.245311
https://doi.org/10.1103/PhysRevB.86.245311
https://doi.org/10.1134/1.558641
https://doi.org/10.1134/1.558641
https://doi.org/10.1103/PhysRevB.51.14524
https://doi.org/10.1103/PhysRevB.51.14524
https://doi.org/10.1038/s41598-017-16538-4
https://doi.org/10.1038/s41598-017-16538-4
https://doi.org/10.1103/PhysRevLett.117.027202
https://doi.org/10.1103/PhysRevB.98.195439
https://doi.org/10.1103/PhysRevB.41.5096
https://doi.org/10.1103/PhysRevB.41.5096
https://doi.org/10.1209/0295-5075/105/47011
https://doi.org/10.1073/pnas.1903374116
https://doi.org/10.1073/pnas.1903374116
https://doi.org/10.1209/0295-5075/90/67004
https://doi.org/10.1209/0295-5075/90/67004

