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We study the magnetophotoluminescence of an optically trapped exciton-polariton condensate in a planar
semiconductor microcavity with multiple In0.08Ga0.92As quantum wells. Extremely high condensate coherence
time and continuous control over the polariton confinement are among the advantages provided by optical
trapping. This allows us to resolve magnetically induced ∼µeV fine-energy shifts in the condensate and identify
unusual dynamical regions in its parameter space. We observe polariton Zeeman splitting and, in small traps
with tight confinement, demonstrate its full parametric screening when the condensate density exceeds a critical
value, reminiscent of the spin-Meissner effect. For larger optical traps, we observe a complete inversion in the
Zeeman splitting as a function of power, underlining the importance of condensate confinement and interactions
with its background reservoir excitons.
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I. INTRODUCTION

Reconfigurable and highly nonlinear cavity-polariton sys-
tems controlled by external fields could be key for the
development of flexible spinoptronic semiconductor devices
[1] and optical topological insulators and lasers [2]. In con-
trast to weakly interactive pure photonic systems, a medley
of active materials embedded in planar microcavities [3] has
given unprecedented insight into strong light-matter physics
under variable electric, magnetic, and optical fields [4]. This
feature results from the hybrid nature of exciton-polaritons
(hereinafter called polaritons), which are formed by the strong
interaction of light and matter and inherit the properties of
both their components: photons and excitons (i.e., bound
electron-hole pairs) [5]. Possessing extremely light effective
mass and strong interactions, polaritons can accumulate in
a nonequilibrium analog of a Bose-Einstein condensate [6],
forming a strongly nonlinear polariton laser that can be elec-
trically driven [7,8] at both cryogenic and room temperatures.

Spinor polaritons possess two integer spin projections
s = ±1 on the growth axis of the cavity, explicitly related to
the two circular polarizations σ± of emitted light [5]. Hence,
when the polaritonic system is illuminated with a linearly
polarized nonresonant pump, the condensate also becomes
linearly polarized with a polarization vector determined by
the cavity strain or anisotropic disorder. The situation changes
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when an external magnetic field is applied parallel to the
growth axis (i.e., Faraday geometry). Due to the underlying
electron and hole constituents in the exciton wave func-
tion, the magnetic field results in a Zeeman effect between
the |ψ+〉 and |ψ−〉 polariton states denoted by the split-
ting, EZS = E+ − E−. The appearance of fine-structure energy
splitting is a fundamental manifestation of the influence of
the magnetic field on the polariton structure. In particular, the
dynamical interplay between the real magnetic field and an
effective magnetic field caused by spin-anisotropic polariton-
polariton interactions can lead to the full parametric screening
of the former [9,10]. This effect, known as the polariton
spin-Meissner effect, is a manifestation of collective quantum
behavior in driven-dissipative polariton fluids.

For more than a decade, the magnetic properties of
polaritons in planar microcavities or micropillars attracted
considerable attention, accumulating in the observation of
the Zeeman and spin-Meissner effects [10–20]. Moreover,
investigations using elliptically polarized excitation led to an
optical analog of the Zeeman effect [21–28]. In recent years,
the effect of a magnetic field on polaritons has also been stud-
ied in microcavities with semimagnetic quantum wells, with
reports of giant Zeeman splitting [17,18,20,29]. However, an
inherent limitation of the systems studied so far has been
their lack of reconfigurability, large disorder, and low coher-
ence times, which restrict polaritons for potential spinoptronic
applications [1].

Remarkable progress in the technology for the epitax-
ial growth of GaAs-based layers enables fabrication of
high-quality optical microcavities exhibiting significantly low
disorder, wherein optically trapped condensates [30–33] dis-
play self-induced Larmor precession with remarkably long
spinor coherence times of up to ∼9 ns [26,27], 3 or-
ders of magnitude longer than the polariton lifetime. When
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FIG. 1. Schematic illustration of the investigated sample. The
linearly polarized, nonresonant continuous-wave laser was used to
create equal populations of the |ψ±〉 polaritons. The corresponding
σ± emission (blue and red spirals) is detected simultaneously. The
magnetic field applied parallel to the sample growth axis lifts the
degeneracy of the polariton spins, manifesting in a detectable energy
difference (i.e., Zeeman splitting) between the emitted circularly
polarized photons.

dynamically driven, the spin coherence time can even reach
hundreds of nanoseconds [34]. However, so far, the influence
of the magnetic field on optically trapped polariton conden-
sates has not been investigated. In particular, spin-related
phenomena such as the spin-Meissner effect, which are dif-
ficult to observe due to the relatively small Zeeman effect
of GaAs and InGaAs quantum wells (QWs), have not been
observed in optically trapped condensates.

In this article, we present experimental evidence of both
the Zeeman and spin-Meissner effects in an optically trapped
polariton condensate. Observation of the above-mentioned
effects is possible due to the decreased overlap between the
pump-induced background reservoir of incoherent excitons
and the stimulated coherent polariton condensate, conse-
quently decreasing the linewidth of the condensate emission.
This makes it possible to detect even minor variations in the
polariton fine energy structure. Moreover, using the all-optical
reconfigurability of the investigated system, we show that we
move from suppressed Zeeman splitting to inverted splitting
by simply tuning the optical trap size and the condensate
density. Our findings are supported by a generalized spinor
Gross-Pitaevskii equation coupled to a reservoir rate equation.

II. EXPERIMENTAL DETAILS

The studied sample is a strain-compensated, high-Q (Q ∼
12 000 [35]) GaAs-based 2λ microcavity with embedded
6 nm In0.08Ga0.92As QWs (see schematic Fig. 1). In the cavity
region, three pairs of QWs are located in the central three
antinodes of the electric field. Two additional QWs positioned
at the extreme nodes of the cavity wells serve for carrier
collection. The top (bottom) distributed Bragg reflector is
made of 23 (26) pairs of alternating refractive index GaAs and
AlAs0.98P0.02 layers. The microcavity is a wedge type, which
allows tuning of the light and matter fractions of polaritons
by choosing the appropriate in-plane location on the sample.
In this study, the experimental measurements are conducted at

an exciton-cavity mode detuning of around −1.9 meV in the
absence of magnetic field.

The experiments are performed at cryogenic tempera-
ture (∼7 K) in a closed-cycle cryostat equipped with a
superconducting magnet producing a magnetic field par-
allel to the optical axis in the range from −5 to 5 T.
The sample is excited nonresonantly with a linearly polar-
ized continuous-wave Ti:sapphire laser tuned to the Bragg
reflector’s minimum (λexc = 758.8 nm) of the sample and
modulated by an acousto-optic modulator to avoid heating.
The pump beam excites the colocalized high-energy charge
carrier distribution, which undergoes fast energy relaxation
to form an incoherent exciton reservoir which, in turn, feeds
the condensate [5]. Because the photoexcited reservoir of
excitons produces not only local gain for polaritons but also
local blueshift, the resultant condensate can be confined when
the laser beam is structured into an annular profile [30]. For
this purpose, we use a spatial light modulator to create a
ring-shaped pumping beam, like in the case of a set of axicon
lenses [36], which forms the transverse trap. The photolu-
minescence (PL) is collected through a microscope with a
numerical aperture of 0.4, allowing for the collection of light
from the condensate within the trap and the surrounding exci-
ton reservoir. The combination of a quarter-wave plate and a
Wollaston prism is used to simultaneously detect signals from
both circular polarization components.

III. EXPERIMENTAL RESULTS

A. Zeeman splitting of optically trapped polaritons

In the absence of a magnetic field, the linearly excited
sample has equal buildup of spin-up and spin-down exciton
reservoir populations, resulting in the formation of a lin-
early polarized polariton condensate when pumped above the
threshold [6]. When an external magnetic field is introduced,
the Zeeman effect splits the energy of the spin-up and spin-
down excitons and the corresponding exciton-polariton spin
states |ψ±〉, as shown in Fig. 1 (also referred to as σ± po-
larized photons). The nonequilibrium spin populations of the
reservoir excitons become unequal in the magnetic field be-
cause of the different spin relaxation rates [37]. The excitons
in our quantum wells are found to have a negative heavy-hole
exciton g factor [38,39], meaning that their spin ground state is
antiparallel to the magnetic field. Consequently, the stimulated
polaritons will preferentially condense in their spin ground
state antiparallel to the field, resulting in strong circularly
polarized emission of definite handedness [14,16].

We first study the linear regime at low pumping powers
below the condensation threshold. We note that the threshold
power depends on the magnetic field, and we will use the
notation Pth,B, where the second index refers to the field value
the threshold is evaluated at. The evolution of the circularly
polarized PL spectra, extracted at k ∼ 0, for consecutive val-
ues of the magnetic field is shown in Fig. 2(a). The higher
energy peak corresponds to polaritons in the ground state of
the optical trap, whereas the lower energy peak is attributed
to the linear PL of polaritons from the pumping area and out-
side the trap. Scrutinizing the higher energy peak (i.e., trapped
polaritons), we observe a parabolic diamagnetic shift in both
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FIG. 2. (a) Polarization-resolved PL spectra around k ≈ 0 below
the condensation threshold under a changing magnetic field and
constant excitation power of P = 0.32Pth,5T. The diameter of the trap
is 16 µm. The lower and upper peaks in each pair correspond to
untrapped and trapped polaritons, respectively. The applied magnetic
field causes a diamagnetic shift visible as a parabolic change in
the emission energy of both spins. The tuning range is ≈0.2 meV.
Another manifestation of the influence of the magnetic field is the
polariton Zeeman splitting detected as an energy difference between
the two opposite circularly polarized emission peaks, reaching a
splitting value around ≈24 µeV at 5 T for the trapped polaritons.
(b) Same as (a), but for varying pump powers and fixed field of
B = 5 T, showing a narrowing and blueshift of the trapped spin
peaks. The latter is attributed to the growing densities of interacting
reservoir excitons and condensate polaritons within the trap. When
the critical value (Pcrit ≈ 1.5Pth,5T) is reached, suppression of the
Zeeman splitting occurs as a result of the parametric screening of
the magnetic field.

spin components [40] alongside the fine-structure splitting
due to the Zeeman effect [12,15,16].

We next fix the magnetic field at B = 5 T in Fig. 2(b) and
increase the excitation power. We note that here each subpanel
is normalized independently to keep better track of the peak
location. For low pumping power values, the upper spin peaks
corresponding to the trap ground state monotonically blueshift
as the density of reservoir excitons and condensate polaritons
increases. The splitting of the two spin peaks can be clearly
resolved all the way up to a critical value of P ≈ 1.5Pth,5T. The
lower peaks remain fixed since they correspond to residual
low-energy polaritons outside the trap. After reaching this
critical value, the energy difference is eliminated completely
by parametric screening of the magnetic field. This effect is
known as the nonequilibrium spin-Meissner effect [12,18,41]
and, so far, has not been reported in optically trapped polariton
condensates.

In Fig. 3, we compare the polarization- and momentum-
resolved spectra for two different pump powers, P = 0.3Pth,0T

and P = Pth,0T, and two field values, B = 0 T and B = 5 T.
At low powers and zero field the polaritons are mostly un-
confined, and two spin-degenerate dispersion branches are
observed [see Fig. 3(a)]. Introducing a B = 5 T magnetic field
at low powers results in diamagnetic energy shift of 0.2 meV
and Zeeman splitting of around 24 µeV [see Fig. 3(b)], the
same as in Fig. 2(a). Figures 3(c) and 3(d) represent the

FIG. 3. Polarization-resolved PL spectra (extracted around
k ≈ 0) and corresponding dispersion of the polaritons measured both
below and at the threshold for both zero and finite magnetic field.
The diameter of the trap is 16 µm. Approaching the condensation
threshold increases the density of reservoir excitons observed as
a blueshift of the trap ground state [compare the right peaks in
(a) and (c)] with enhanced polariton intensity. When a magnetic
field is applied, the condensation threshold lowers with an enhanced
emission intensity of trapped polaritons [compare (c) and (d)]. The
diamagnetic blueshift is also clearly visible for all peaks [compare
(a) and (b)]. Notably, a ladder of trap modes starts forming with the
magnetic field due to the larger exciton fraction of polaritons (i.e.,
the trap effectively becomes deeper).

same experiment conducted at higher excitation power, which
reveals a qualitative change in the dispersion when a magnetic
field is applied. The magnetic field lowers the condensation
threshold power [42] in both spin components, with polaritons
antiparallel to the magnetic field condensing first in the trap
ground state. We note the much weaker residual emission
coming from the trap excited states.

B. Suppression of the Zeeman splitting

We now perform a systematic scan over both the pump
power and the magnetic field and scrutinize the changes in
the position of the polarization-resolved spectral peaks in the
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FIG. 4. (a) Zeeman splitting of the trapped polariton condensate
as a function of excitation power and magnetic field. The diam-
eter of the trap is 18 µm. The splitting is clearly visible for high
magnetic field strengths and low excitation power but vanishes at
certain critical boundaries in the B-P plane (white region), becoming
parametrically screened by the condensate interactions. (b) Corre-
sponding mean field modeling (see Sec. IV). (c) and (d) Cross
sections from (a) at 0, 3, and 5T and at P = 1.05Pth,0T and P =
1.80Pth,0T, respectively. The plots show that with increasing excita-
tion power, the range of the magnetic field value in which Zeeman
splitting is completely suppressed expands.

trapped condensate. Figure 4(a) shows the average Zeeman
splitting of the condensate as a function of excitation power
and magnetic field (i.e., each pixel represents the average
over many condensate realizations). Two regimes of oppo-
site splitting can clearly be seen, separated by a region of
negligible splitting. In the latter, the condensate components
become equal in terms of population and emission energy,
resulting in a strongly linearly polarized emission from the
condensate. The nongradual change in the splitting implies
an abrupt change in the condensate dynamics, wherein the
Zeeman splitting becomes fully suppressed. The experimental
results are reproduced through numerical simulations using
a generalized Gross-Pitaevskii equation describing a spinor
condensate order parameter coupled to excitonic reservoirs
[see Fig. 4(b) and Sec. IV].

FIG. 5. Power-induced inversion of the Zeeman splitting. The
diameter of the trap is 27.2 µm. (a) Energy splitting as a function
of the magnetic field and excitation power. The emission energy of
both circular polarization components is measured simultaneously.
The plot presents the partial suppression of Zeeman splitting and
the reversal of sign after the critical value of the excitation power
is exceeded. (b) Corresponding mean field modeling (see Sec. IV).
(c) and (d) Horizontal and vertical cross sections of the data in (a),
respectively.

We select three horizontal and two vertical cross sec-
tions from Fig. 4(a) and plot them in Figs. 4(c) and 4(d) for
clarity. Figure 4(c) shows a nonmonotonic behavior in the
Zeeman splitting as a function of power whose origin may be
related to pump-induced ellipticity with increasing magnetic
field due to birefringence of the pumping optics.

C. Magnetically induced spin inversion

The Zeeman suppression presented in the previous sec-
tion occurs for relatively small optical traps (around �
20 µm). In this section, we describe a qualitatively dif-
ferent regime by increasing the size of the optical trap,
consequently reducing the confinement of the condensate. In
particular, the Zeeman suppression is now accompanied by a
regime of power-induced inverted Zeeman splitting, as shown
in Fig. 5(a). A similar inversion was reported recently in
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FIG. 6. The map of Zeeman splitting for different sizes of the
trap: (a) 27.2, (b) 26.4, and (c) 25.6 µm. In contrast to the suppres-
sion regime, where, after the critical value of power is exceeded,
the Zeeman splitting is fully suppressed, in the inversion regime,
exceeding the critical value results in the reversal of the Zeeman
splitting sign. The value of the critical power that triggers the inver-
sion depends on the applied magnetic field and the size of the optical
trap.

optically trapped condensates in which an elliptically polar-
ized excitation beam replaced the role of a real magnetic field
[23]. Also, an inversion of the Zeeman splitting was reported
for the excited quantum-confined states in wider InGaAs
quantum wells [43] and quantum wires under high magnetic
field [44]. Mean field simulations taking into account the
increased size of the trap also reproduce the experimental
observation, as shown in Fig. 5(b) (see Sec. IV B for details).
We select three horizontal and two vertical cross sections from
Fig. 5(a) and plot them in Figs. 5(c) and 5(d) for clarity. We
note that the slight asymmetry of the observed splitting about
B = 0 in Fig. 5(a) is due to the small polarization ellipticity in
the pump beam.

In Figs. 6(a)–6(c) we compare the Zeeman splitting in-
version for three different sizes of the trap: 27.2, 26.4, and
25 µm, respectively. We observe a decrease in the inversion
region with decreasing trap size. In addition, the boundary
between regions with positive and negative Zeeman splitting
is noticeably blurred, and the area in which Zeeman splitting
is completely suppressed increases noticeably. This can be
attributed to the beginning of the transition from the inver-
sion regime to the suppression regime. As we mentioned
before, the asymmetry of the splitting pattern about B = 0 in
Fig. 6 is due to the small polarization ellipticity in the pump
beam.

IV. THEORETICAL MODEL

In this section, we describe how the magnetic field changes
the exciton spin levels and how these effects enter into the
polariton states through strong light-matter coupling. We then
move onto a many-body mean field treatment in which we
introduce a zero-dimensional generalized Gross-Pitaevskii
equation describing the condensate spinor order parameter
coupled to excitonic reservoirs [32]. Numerically solving the
equations of motion allows us to produce qualitatively the
experimental observations in Figs. 4(b) and 5(b).

A. Single spinor polaritons in a magnetic field

The energy of excitons in III-V semiconductors is modified
by the magnetic field B in the following way:

EX,± = EX,0 ∓ gXμBB + γdiaB2. (1)

Here, EX,0 is the bare exciton energy, μB is the Bohr magne-
ton, gX is the exciton Landé g factor, and γdia quantifies the
exciton diamagnetic shift. Both coefficients determining the
magnetic response of the exciton level can be estimated from
fitting to experiment, giving gX = −0.364, in good agreement
for 6 nm In0.08Ga0.92As QWs [39] and γdia = 0.117 meV T−2

(see Appendix A for details).
The energies of the spin-up and spin-down lower-branch

polaritons follow directly from a standard coupled oscillator
model [5]:

E± = Eph + EX,±
2

− 1

2

√
4�2 + �2±. (2)

Here, � is the Rabi energy (i.e., light-matter coupling
strength), Eph is the cavity photon energy, and �± = Eph −
EX,± is the detuning. In the absence of any pumping, the
polariton Zeeman splitting is simply

E (0)
ZS = −gXμBB + 1

2 [
√

�2− + 4�2 −
√

�2+ + 4�2]. (3)

The square brackets are related to the matter content of the
polaritons, which is given by the exciton Hopfield coefficient,

|X±|2 = 1

2

⎛
⎜⎝1 + �±√

�2± + 4�2

⎞
⎟⎠. (4)

Moreover, under the influence of the magnetic field, the wave
function of the exciton decreases, which results in an increase
of the exciton oscillator strength and, consequently, Rabi
splitting [45–47],

� = �0√
2

⎡
⎣

√
1 + 3

2

(
e2a4

0B2

h̄2

)
+ 1

⎤
⎦

1
2

. (5)

Here, �0 and a0 are the bare Rabi energy and Bohr radius of
the exciton, respectively. The above expressions determine the
Zeeman splitting of the lower-branch polariton in the single-
particle limit.

B. Generalized Gross-Pitaevskii model

To understand the effect of the condensate and background
excitons on the polariton spin energy levels we start by
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defining the condensate spinor order parameter as � ≡
(ψ+, ψ−)T, describing the phase and population |ψ±|2 ≡ ρ±
of each spin component in the optical trap ground state. The
condensate state is often conveniently described in terms of it
pseudospin,

S ≡ 〈�|σ̂|�〉
〈�|�〉 , (6)

where σ̂ is a vector of Pauli matrices. The components of
the condensate pseudospin are proportional to the Stokes
parameters of the emitted cavity light, permitting full spin
characterization through standard polarimetry measurements
[24].

The corresponding zero-dimensional generalized Gross-
Pitaevskii equation coupled to the rate equation describing a
hot background exciton reservoir n± can be written as [32]

ih̄
dψ±
dt

=
[

E± + ih̄

2
(Rn± − γ ) + α±|ψ±|2

+ G±

(
n± + P±

W

)]
ψ± + EXY

2
ψ∓, (7)

dn±
dt

= −(� + �s,± + R|ψ±|2)n±

+�s,∓n∓ + P±, (8)

where γ −1 is the polariton lifetime and R quantifies the
scattering rate of reservoir excitons into the condensate. We
will neglect opposite-spin polariton interactions since they
are much weaker than same-spin interactions [48,49] and
include only same-spin polariton-reservoir G± = 2uX|X±|2
and polariton-polariton α± = ξuX|X±|4 interactions. Here, uX

stands for the exciton-exciton Coulomb interaction strength
normalized over the number of quantum wells. � is the reser-
voir decay rate, and �s,± describes the rate of spin relaxation
for each spin component. We also account for finite linear
polarization splitting using the parameter EXY, which comes
from small random birefringence due to sample strain and
disorder [6,24,32].

Here, we have introduced a dimensionless parameter ξ

describing the ratio of the two overlap integrals,

ξσ =
∫ |〈r|ψσ 〉|4 dr∫ |〈r|ψσ 〉|2nσ (r) dr

. (9)

Here, n±(r) ∝ P(r) is the exciton reservoir density in real
space, which is proportional to the nonresonant pump profile.
For simplicity we will assume that the spatial profiles for both
spins are similar so that ξ± 
 ξ . Equation (9) comes from
projecting the two-dimensional Gross-Pitaevskii equation into
a zero-dimensional equation. Because the amplitudes of the
reservoir and the condensate can be scaled arbitrarily by ad-
justing R, it is safe to fix all overlap-dependent parameters
and allow only ξ to vary when the trap size is changed. Larger
traps result in a higher pump threshold and larger condensate
population [24], implying that ξ scales in proportion with trap
size.

The parameter W > 0 quantifies the conversion of dark
and high-momentum inactive excitons P± into the active “bot-
tleneck” exciton reservoir n± which sustains the condensate.
Under continuous-wave excitation we can approximate the

steady state of the inactive reservoir as [50](P+
P−

)
= P

W + 2�s

(
W cos2(θ ) + �s,−
W sin2(θ ) + �s,+

)
. (10)

Here, P denotes the power of the nonresonant pump, and θ

is analogous to the quarter-wave plate angle for the incident
excitation, which defines the ellipticity of the excitation. We
will consider a linearly polarized excitation with θ = π/4
throughout the study.

We account for the influence of the magnetic field on the
exciton spin relaxation [51] using polynomial regression to fit
the different spin relaxation rates to the behavior of the exciton
reservoir degree of circular polarization below threshold. The
general form of the spin relaxation parameters can be written
as

�s,± = �s ± η(B), (11)

where the details of determining the function η are presented
in Appendix B.

Numerically solving Eqs. (7) and (8) in time, we are
able to qualitatively reproduce the experimental observations.
For small traps in Fig. 4(b) we show the energy splitting
coming from solving the generalized Gross-Pitaevskii equa-
tion (7) from random initial conditions for ξ = 20 and EXY =
0.6 ns−1. All other parameters are kept fixed and can be found
in Appendix C.

For a given external magnetic field Bext in Fig. 4, the
suppression of the fine-structure splitting happens above a cer-
tain critical pump power P > Pcrit due to the spin-anisotropic
interactions of polaritons [48,52]. When the external magnetic
field splits the spin levels (see Fig. 1), condensate polaritons
start accumulating in the spin ground state. As the conden-
sate becomes more circularly polarized, it produces its own
interaction-induced magnetic field, written as

Bint ∝ (α+ρ+ − α−ρ− + G+n+ − G−n−)ẑ. (12)

With increasing power, the condensate and reservoir spin pop-
ulation imbalance increases, eventually generating a strong
enough effective field which counters the real field until

|Bext + Bint| � |B‖| = EXY /μB. (13)

When the total out-of-plane field is weak compared to the
effective in-plane field, an elliptically polarized fixed point
attractor forms in the phase space of the condensate which
“pins” the pseudospin [24,53] and suppresses the energy dif-
ference of emitted σ± photons. This corresponds to the white
region in Figs. 4(a) and 4(b). In the blue and red regions the
condensate converges into a limit cycle with the pseudospin
undergoing a tilted precession on the Poincaré sphere [24] at
a rate given by the energy splitting. It is important to note
that without EXY no stable fixed point attractors are found in
simulation for low magnetic fields B and the sharp boundary
of the white region in Fig. 4(b) is absent.

To reproduce the Zeeman inversion shown in Fig. 5 for
larger traps we need to increase the interaction-induced mag-
netic field for the corresponding power range. We observe
that the larger trap has a higher threshold and higher con-
densate population relative to the condensation point [24].
This implies that ξ must be increasing with trap size. For
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FIG. 7. Inversion of the Zeeman splitting from the analytical
solution (19) using the same parameters as in Fig. 5(b).

this purpose we increase the condensate blueshift term to
ξ = 47 and also set EXY = 0, although this is not strictly
necessary (see Appendix E). The resulting energy splitting
from mean field simulations is presented in Fig. 5(b), showing
good qualitative agreement with experiment. We note that
the local birefringence EXY can be different between the two
experiments in Figs. 4 and 5 because two different sam-
ple locations were used without affecting the exciton-photon
detuning.

Therefore, by adjusting only two parameters, ξ and
EXY , we are able to reproduce both the reported screening
(pseudospin pinning) and inversion (pseudospin precession
reversal) effects of our experiment. A more detailed compari-
son of how these parameters change the energy splitting of the
spins is given in Appendix E.

C. Spinor condensate solution

Here, we derive an analytical expression for the Zee-
man splitting in Eq. (19), complementing our numerical
simulations.

Above the condensation threshold, where one or both
condensate spin populations ρ± are finite and positive, the
Zeeman splitting (3) becomes modified due to reservoir
saturation (i.e., gain clamping) and interactions with the con-
densate. The below-threshold solution is given in Appendix D.
Focusing on the optically isotropic cavity where EXY = 0 and
assuming that the condensate spin populations have reached a
steady state ρ̇± = 0 for given pump power and magnetic field,
we can write a general ansatz

� =
(√

ρ+e−iEc,+t/h̄

√
ρ−e−iEc,−t/h̄

)
, (14)

where

Ec,± = E± + α±ρ± + G±

(
n± + P±

W

)
. (15)

This solution describes a precessing pseudospin similar to
the self-induced Larmor precessing condensate pseuodspins
reported for elliptically polarized pumps [26,27].

Substituting Eq. (14) into Eq. (7), we arrive at

ρ± =
⎛
⎝P±

γ
+

�s,∓P∓
γ

− �(�+2�s )
R

� + �s,∓

⎞
⎠

× H[P∓ − Pth,∓]H[Pth,± − P±]

+
(P±

γ
− � + �s,± − �s,∓

R

)
H[P± − Pth,±], (16)

where H[· · · ] is the Heaviside function and Pth,± denotes the
condensation threshold for each spin component. The first
set of brackets denotes a fully circularly polarized conden-
sate in which only one spin component, the one with the
lower threshold, has condensed. The second set of brackets
describes an elliptically polarized solution in which both com-
ponents are above threshold.

The solution for the reservoir is segmented into three terms,

n± = (� + �s,∓)P± + �s,∓P∓
�(� + 2�s)

H[Pth,± − P±]

+ γ�s,∓/R + P±
� + �s,±

H[P∓ − Pth,∓]H[Pth,± − P±]

+ γ

R
H[P± − Pth,±]. (17)

Here, the first term describes the reservoir occupation when
both condensate spin components are below threshold (no
condensate); the second term describes when one compo-
nent is above threshold (circularly polarized condensate), and
the third term describes when both components are above
threshold (elliptically polarized condensate). Note that at zero
magnetic field the two thresholds coincide and can be written
simply as

Pth,0T = 2γ�

R
. (18)

The complete expression for the Zeeman splitting is

EZS = E (0)
ZS + G+

(
n+ + P+

W

)
− G−

(
n− + P−

W

)
+α+ρ+ − α−ρ−. (19)

In Fig. 7 we plot Eq. (19) for the same set of parameters as
used in the numerical simulation presented in Fig. 5, showing
excellent agreement between numerics and the derived Zee-
man splitting using (14).

V. CONCLUSIONS

In conclusion, we demonstrated the appearance of Zeeman
splitting of an optically trapped polariton condensate sub-
jected to an external magnetic field along the optical axis of
a planar microcavity embedded with several pairs of InGaAs
quantum wells. We explained the conditions needed to obtain
two operation regimes where we observe two qualitatively
different spin-related effects: (1) the full parametric screening
of external magnetic field and the suppression of the Zee-
man splitting and (2) the inversion of the spin population
and sign reversal of the Zeeman splitting. We developed a
mean field model based on a zero-dimensional generalized
Gross-Pitaevskii equation coupled to a rate equation for the
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exciton reservoir, which qualitatively captures the observed
effects.

Optical trapping of the polariton condensate offers a pow-
erful tool for magneto-optical studies of microcavities which
has not been explored so far. The advantage of the tech-
nique used in this work is its tunability and reconfigurability.
The efficient manipulation of spins with a magnetic field in
systems with arbitrarily arranged pump geometry opens up
new possibilities for a wide class of magnetically controlled
polariton devices. The single optical trap system presented in
this study is a building block which can be adapted to com-
plex polariton systems, such as polariton lattices and coupled
trapped condensates. As an example, a natural next step could
be investigating magnetic manipulation of synchronization
and emission properties between spatially coupled [54,55] or
time-modulated [34] optical traps.
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APPENDIX A: ESTIMATION OF THE EXCITONIC LANDÉ
g FACTOR AND DIAMAGNETIC COEFFICIENT

Here, we present the data used to determine gX, the exciton
Landé g factor, and γdia, the exciton diamagnetic shift param-
eter, in Eq. (1). Figure 8(a) shows the polarization-resolved
exciton line (below threshold), and Fig. 8(b) shows the peak
value of each spectral component as a function of magnetic
field. Solid lines are the fit using Eq. (1), giving gX = −0.364,
in good agreement for 6 nm In0.08Ga0.92As QWs [39], and
γdia = 0.117 meV T−2.

APPENDIX B: DEPENDENCE OF RESERVOIR SPIN
RELAXATION ON MAGNETIC FIELD

In this Appendix, we determine the function η(B) in
Eq. (11), which describes how the magnetic field modifies the
exciton spin relaxation rate �s. This effect leads to different
steady state populations of the reservoir exciton spins under
linearly polarized pumping θ = π/4 below the condensation
threshold (|ψ±|2 = 0). Consequently, it contributes to the dif-
ferent blueshifts experienced by the trapped polariton spins
when a magnetic field is present [see the term proportional to
G± in Eq. (7)].

In order to estimate the modified spin relaxation rates of
the excitons we scrutinize the degree of circular polarization
(DCP) of the emitted photons below the threshold. Assuming
that most of the below-threshold emission is coming from
reservoir excitons in the bottleneck region, we can define the
below-threshold DCP in terms of the reservoir densities n± in

FIG. 8. (a) PL spectra of the emission from the excitonic level
with increasing magnetic field. With the magnetic field, the Zeeman
splitting value increases, reaching ∼0.21 meV at 5 T. (b) Shift of
exciton energies with applied magnetic field for σ+ (red) and σ−

(blue) polarization of detection; solid lines show fits using Eq. (8).

a standard way,

DCP = n+ − n−
n+ + n−

. (B1)

The steady states of n± below the threshold can be trivially
obtained from Eq. (8). We can fit the above equation to our
experimental data (see Fig. 9) using a simple polynomial
model for the change in spin relaxation,

η(B) = η1B + η3B3, (B2)

where η1 and η3 are fitting parameters. For the purpose of
this study, we found that sufficiently good agreement between
experiment and theory was found by considering only the
lowest-order η1 contribution.

FIG. 9. Degree of circular polarization of the cavity photolumi-
nescence below the threshold as a function of magnetic field.
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FIG. 10. Numerically obtained energy difference between the polariton spin components from solving the 0DGPE in time. Panels from
left to right: EXY = (0, 0.2, 0.4, 0.6) ns−1. Panels from bottom to top: ξ = (17, 27, 37, 47). The two panels outlined in yellow correspond
approximately to Figs. 4(b) and 5(b).

APPENDIX C: PARAMETERS OF SIMULATIONS

Parameters to obtain the result presented in Fig. 4(b)
are as follows: ξ = 20, Eph − EX,0 = −1.9 meV, EXY =
0.4 µeV, �0 = 4 meV, uX = 10 µeV, R = 1.2 × 10−2 ps−1,
γ −1 = 5.5 ps, � = 2W = 5�s = 5 × 10−2 ps−1, a0 = 10 nm,
and η1 = 2 × 10−4 ps−1 T−1.

Parameters to obtain the results presented in Figs. 5(b)
and 7 are the same as in Fig. 4(b), except ξ = 47 and
EXY = 0.

APPENDIX D: BELOW-THRESHOLD SOLUTION

Below the condensation threshold, we have n± > 0 and
ρ± = 0. The Zeeman splitting felt by any uncondensed po-
laritons is then modified by the reservoir as follows:

EZS = E (0)
ZS + G+

(
n+ + P+

W

)
− G−

(
n− + P−

W

)
. (D1)

The steady state solution of (8) for linearly polarized pumping
results in the following expression for the reservoir contribu-
tion to the different blueshifts of the polariton spins below

threshold:

nσ + Pσ

W
= P

W + 2�s

[
1

2
+ �s,−σ

W

+ (� + �s,−σ )
(

W
2 + �s,−σ

)+�s,−σ

(
W
2 + �s,σ

)
�(� + 2�s)

]
.

(D2)
Here, we have used σ = ± for brevity.

APPENDIX E: ENERGY SPLITTING AS A FUNCTION
OF EXY AND ξ

Figure 10 shows the numerically obtained energy splitting
of the condensate spins when varying ξ (vertical) and EXY

(horizontal). We see that the inversion is more pronounced
when ξ is increased. This is because the condensate is able to
counter the real magnetic field and flipping of the precession
of the pseudospin better. When EXY is increased, a fixed point
attractor becomes more pronounced, corresponding to a larger
white area (i.e., screened condensate). The panels with the
yellow borders correspond to Figs. 4 and 5. Each pixel in the
numerical results corresponds to a simulation starting from
random initial conditions, which explains the slight noise in
the obtained energies.
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