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Abstract

We investigate exciton-polariton condensates with a rotating potential induced by an electric field in a
semiconductor microcavity ring. In the absence of transverse-electric-transverse-magnetic (TE-TM)
splitting, we find that there is a critical laser pump rate, above which the quantized phase slips appear
with hysteresis, and there exist quantized average angular momenta at fixed angular velocities,
regardless of the pump rate. When considering the TE-TM splitting, we find that there are a series of
hysteresis loops with the same intervals which are modulated by the magnitude of the splitting for a
linear polarization laser. Further, multistability occurs at large pump rate, and there arises a phase slip
for only one spin with large absolute value of the polarization degree, owing to the competition of the
TE-TM splitting and energy induced by rotation. These results can be verified experimentally with
current technology, and are useful for future electro-optic devices.

1. Introduction

Exciton polaritons (EPs) are quasiparticles resulting from the strong coupling between excitons and photonsin a
semiconductor microcavity which is a sandwich structure with quantum wells embedded between two Bragg
mirrors. Thus EPs can be understood as the quantum superposition of excitons and photons and possess a
number of properties that are different from either of the two constituents. The photonic component makes EPs
extremely light (about 10~>m with m being the mass of a free electron), and this unique feature leads to a very
high critical temperature for coherent effects, for instance, the coherence of condensates remains at room
temperature when the quantum wells are grown with wide-band gap inorganic semiconductors, such as GaN [1]
and ZnO [2], or organic materials [3]. While the excitonic component is responsible for the strong nonlinear
interactions between EPs, and interestingly, the interactions are spin dependent. Specifically, EPs repel each
other in the triplet configuration while attract in the singlet configuration, and the intensity in the latter is much
smaller than that in the former. Hence, many intriguing phenomena are attributed to the characteristics [4—6].

To further study the properties of EPs, one may introduce transverse-electric-transverse-magnetic (TE-TM)
splitting which can be interpreted as a kind of spin—orbit coupling [ 7] in a microcavity. This splitting brings
about lots of physical effects, such as the optical spin Hall effect [8, 9], optical Berry-phase interferometer [7],
topological spin Meissner effect [10], and half-skyrmion spin textures [11]. Besides, the topological properties of
EPs have been discussed with the TE-TM splitting in different structures [12—15].

Recently, hysteresis has been observed experimentally in a rotating atomic Bose—Einstein condensate [16],
which is considered to be very important in theoretical and practical researches [17]. Due to nonlinear
interactions, hysteresis also appears in the EP condensates [ 18], and the hysteresis loops can be modulated by an
external Zeeman field [19]. In this paper, we propose a method to generate the rotating EP condensates and
study nonlinear effects with the TE-TM splitting, which has not been considered so far. The results are beneficial
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Figure 1. (a) Schematic illustration of a semiconductor microcavity ring with the radius R, and (b) the potential rotates about the axis
through the center and perpendicular to the plane of the ring.

for comprehending the coherence in the rotating driven-dissipative systems and developing the optoelectronic
devices.

2. Model and formulation

2.1. A possible experimental method

To investigate rotating EP condensates, we should provide a method to realize such systems. An experimentally
feasible method may be to rotate a potential of EPs, so we need to consider how to create this kind of potential.
According to previous literature, there are several methods to trap EPs, such as a metal mask deposited on the
surface of a semiconductor microcavity [20, 21], application of local strain [22, 23], and fabrication of
micropillar cavities [24]. In addition, there is a time-dependent trapping potential generated by the surface
acoustic waves [25-27]. By analyzing the above methods, we find that they are not suitable for generating a
rotating potential. However, there exists a common ground that these methods make the energy of excitons or
photons different in real space, which is important for us to find a practical method.

Using an electric field is a possible way to create a rotating potential for EP condensates. As we know, an
electric field has an important effect on the energy of excitons, specifically, it can reduce the overlap of electron
and hole wavefunctions in quantum wells, which leads to the reduced vacuum Rabi splitting between excitons
and photons. Recent experiments have shown the influence of an electric field on the energy of EPs [28, 29].
Additionally, it is found that an external electric field can be used to directly control the spin of an EP condensate
and emission polarization [30]. A time-dependent electric field can also change the energy of excitonsin a
quantum well [31], and the variation of energy is able to be applied to realize the rotating potential.

A semiconductor microcavity is fabricated in the shape of a circular ring with the radius being about 20 pm,
as presented in figure 1(a). A recent experiment has been carried out in this structure [32], and the researchers
have studied the polarization rotation around the ring and observed the half-quantum circulation in the
condensate. However, we investigate EP condensates with a rotating potential which is created by a rotating
electric field with the angular velocity 2 in the microcavity ring (figure 1(b)). When the intensity of the excitation
laser is large, the EP condensates appear for the opposite spins, and the coherence time is of the order of
hundreds of picoseconds. In addition, the superfluid states will be affected by the rotating potential. To study the
properties of the condensates, one should collect the EP luminescence in the direction perpendicular to the
plane of the ring and analyze it via the real space and dispersion imaging techniques. The condensate phases can
be extracted by the Michelson interferometer.

2.2. Formulation
Taking into account the dissipation and replenishment of EPs, nonlinear interactions, and TE-TM splitting, we
obtain the Gross—Pitaevskii equations in the rotating frame of reference (%2 = 1),
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where U, is the order parameter of EP condensates with o being the spin index, and & represents the opposite
spinto 0. Besides, 77 = 1and 7 = —1. The constant © is equal to 1/(2mR?*) (about1.9 1 eV), where m labels
the effective mass of EPs, and y denotes the magnitude of the TE-TM splitting. Owing to the loss of EPs at arate
7> EPs should be replenished by a reservoir with the density 7, in the steady state, and E, () and ~, are the laser
pump rate and dissipation rate of EPs in reservoirs. The term « (n1,,) is the stimulated scattering rate from the
reservoirs to condensates, and is approximatively proportional to the density 1, [33, 34]. The parameters 7, (1)
and 7 (1),) are the interaction constants of EPs in condensates and between condensates and reservoirs in the
triplet (singlet) configuration, respectively.

The potential U () is time independent in the rotating coordinate system, and written as

U(p) = Upexp[—4(p — m)*], 3)

where Uy is a constant and equal to 2000 throughout this work. This potential makes EP condensates rotate,
which will affect the properties of condensates.

3. Results and discussion

The steady states are discussed in the system, and we introduce the chemical potential 1 in the usual way and
have the expression 10;¥, = (1\l,. Here the parameter 1 is determined from the balance of gain and loss. Two
cases are distinguished to study the rotating EP condensates, that is, neglecting and taking into account the TE-
TM splitting, and the effect of this splitting will emerge by comparison. Additionally, we should point out that
the potential U () is created by an electric field, and the non-condensed EPs are also affected in reservoirs, so we
treat the pump rate P, () as its average in the microcavity ring.

3.1.No TE-TM splitting

We first consider a simple case that there is no TE-TM splitting (i.e., x = 0), and the states are degenerate for the
opposite spins. Thus one gets W = ¥ in this case, and W, is writtenas W, = /p, exp(i®,). The superfluid
velocity is defined from the phases of condensates, i.e., (. = (mR)"'0®, /D¢, and itis easily influenced by the
angular velocity.

By numerical calculations, we find that the angular velocity €2 has little effect on the condensate densities
which are greatly influenced by the potential. However, the condensate phases are very sensitive to the angular
velocity, as shown in figure 2(a). If the angular velocity is small, we obtain an expression, ®(0) = ®(27). The
value of ®(27) — ®(0) is 27 for larger 2. To discuss this phenomenon, we introduce the topological winding
number which reads W, = f; u 0,%,dp/(2).Itis easy to obtain the expressions, i.e., W, = 0 for {2 = 0.56,
and W, = 1for 2 = 1.50 or 20.

The superfluid velocity can help us to get more information about the condensate phases in figure 2(b), and
we discuss the physical quantities in the rotating frame of reference. For a fixed angular velocity, the variation of
¢, is obvious in the potential barrier region, as illustrated in figure 1(b). In the remaining region, ¢, is almost
unchanged and approximatively equal to W, in other words, the phases increase approximately linearly with the
angle . As the angular velocity rises, ¢ becomes large except the potential barrier region.

When the EP condensates rotate, it is necessary to discuss the average angular momentum which has the
expression,

f pg 2de
L, = (C))
o " p,dg
From equation (4), we can see that the average angular momenta are mainly determined by the condensate
phases for the opposite spins, while the phases can be regulated by the angular velocity. Hence the angular
momenta will be greatly affected by the angular velocity. In this system, U, has the expression, ¥, = 1), exp(ije)
with jbeing an integer. If the pump rate is small, the average angular momenta increase with the angular velocity,
and the winding numbers directly jump fromjto j + 1at certain angular velocities €2, that is, the quantized
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Figure 2. The condensate phases ®, and superfluid velocities ¢, as a function of the angle ¢ with different angular velocities in the left
panels, and the average angular momenta I, and winding numbers W, varying with the angular velocity (2 in the right panels.
P; = P, = 50000 inall the figures.
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Figure 3. The average angular momenta I, varying with the pump rate B, with different angular velocities.

phase slips take place. When we substitute the factor of condensate phases into equation (1), a valuable
expression is obtained,

Q=2+ 1o, (€)

and thus the winding numbers jump with a period 20. When the pump rate is large, hysteresis arises by varying
the angular velocity, which is reflected on the average angular momenta and winding numbers, and €2, lies at the
center of the hysteresis loops. As the angular velocity continues to increase, there emerge periodic hysteresis
loops with the interval 20, and phase slips appear with hysteretic behavior.

When the pump rate varies, the condensate densities and phases are influenced, which leads to the variation
of the average angular momenta. From the above discussion, we find that the winding numbers jump directly
fromO0to 1 at ) = © with small pump rate, and hysteresis arises for larger P,. Hence it is interesting to study the
average angular momenta at {2 = © by varying the pump rate, as shown in figure 3(a). I, and W, are both
unchanged for smaller P,, which can be explained by the fact that the densities of condensates are symmetrical in
the ring, namely, p (7 — ¢) = p (7 + @), and the average values of superfluid velocities are equal to 0.5.
According to equation (4), the average angular momenta are about 0.5 and almost unchanged. Importantly,
there is a critical pump rate P, for hysteresis, that is, only one steady state exists if B, < E., and two states appear
if P, > P.. As P, continues to increase, I}, first goes up fast and then slowly in the upper state with W, = 1, while
it reduces gradually in the lower state with W, = 0.
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Figure 4. The condensate phases ®, and superfluid velocities ¢ versus the angle  with different magnitudes of the TE-TM splitting
in the upper panels, and the winding numbers W, as a function of the angular velocity €2 in the lower panel. The different spins are
marked on the lines in (a) and (b), and Q2 = 1.50. The solid and dotted lines represent the spin up and spin down, respectively, in (c),
and y = 0.20. P; = P; = 50000 in all the figures.

If the angular velocity lies out of the hysteresis loop in figure 2(c), the average angular momenta can be
changed by the pump rate for different angular velocities in figure 3(b), to be specific, when FE, rises, I}, decreases
slowlyif 0 < Q) < ©,and increases in the interval (6, 20). But I}, is almost unchanged for smaller pump rate,
which mainly comes from the unaltered superfluid velocity. Note that there is a specific angular velocity, i.e.,

2 = 20, at which the average angular momenta are constants and not influenced by the pump rate. Besides, the
winding numbers are still a single value and unchanged with the variation of P,.

A different scenario has been put forward to stir the EP condensate by using a laser field carrying orbital
angular momentum, and persistent currents and quantized vortices have been observed in the experiment [35].
In the work, the winding number of the vortices is mainly influenced by the excitation laser. In our system,
persistent currents appear if there is a rotating potential, and the winding number is determined by the angular
velocity and interactions between EPs without the TE-TM splitting.

3.2. With TE-TM splitting

When we consider the TE-TM splitting in the microcavity ring, the degenerate states are broken, and the
condensate phases are different for the opposite spins. For a given microcavity, the magnitude of the TE-TM
splitting y can be modulated by the detuning of the microcavity mode with respect to the center of the stop band
of the distributed Bragg mirrors [36, 37]. A giant splitting has been achieved by using an organic microcavity
[38, 39] or a tunable open microcavity [40], and this result is conducive to investigating the novel quantum
phenomena.

The condensate densities are almost immune to the TE-TM splitting, while the phases are greatly influenced
by it with the linearly polarized exciting laser, i.e., P; = P|, which can be seen from equations (1) and (2). In
figure 4(a), x has a great effect on the phases for the opposite spins, e.g., ®;(27) — ®;(0) is equal to 0, 27, and
4mat y = —0.40, 0.10,and 0.40, respectively. Accordingly, ®|(27) — ®,(0)is 47, 67, and 87. The difference
of phases can be discussed by the winding numbers, and W; (W))is 0 (2), 1 (3), and 2 (4) at the corresponding
value of x. It is evident that we can obtain an expression, W, — W; = 2, since this result directly comes from the
TE-TM splitting. This splitting greatly affects the properties of EP condensates and makes the warping of half-
quantum vortices appear [37]. The superfluid velocities, reflecting the variation of phases, can be divided into
two parts here. One part represents the winding numbers, and the other denotes the small variation of phases in
1. From figure 4(b), we can see that the former is greatly influenced by , while the latter is not sensitive to it, and
the variation of the latter is similar to that in figure 2(b). Hence, the winding numbers which are affected by the
TE-TM splitting play an important role in the superfluid velocities.

For a fixed y, the average angular momenta increase as the angular velocity becomes large, and there are still
hysteresis loops for each spin. In figure 4(c), the winding numbers are shown with several loops. Comparing with
the results in figure 2(d), we find that the winding number increases by two for spin down, which stems from the
factor exp(42iy) in equation (1). There are more loops as the angular velocity rises, and the intervals of adjacent
loops are the same. By analysis, the order parameters can be expressed as, ¥; = 1y exp(iW; ¢) and
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Figure 5. The average angular momentum I} varying as a function of the magnitude of the TE-TM splitting x with different angular
velocities. The numbers, labeled on the lines, denote the winding number W; in the corresponding regions of x. P; = P| = 50000.

W = 1), exp(iW, ), with the TE-TM splitting. When these expressions are substituted into equation (4), we
obtain the interval A of adjacent loops,

A=2(1 - Y)6. (6)

From equation (6), we can see that the interval is related with the TE-TM splitting, which agrees with the
numerical results. Besides, the difference of average angular momenta reads,

I -L=W-Ww=2, @)

and it is independent of the magnitude of the TE-TM splitting, so we can only take into account one spin with
the linearly polarized laser.

To reflect the effect of the TE-TM splitting on hysteresis, we change the magnitude of the splitting and
display the results for spin up in figure 5. The average angular momentum I rises with the increasing TE-TM
splitting, and hysteresis appears in some regions. When the angular velocity is small, there is only one hysteresis
loop, and the width of the loop is about 0.160 in figure 5(a). As {2 becomes large, there appear more hysteresis
loops with the variation of , e.g., two loops at {2 = © and threeloops at {2 = 20. In figure 5(c), the winding
number W; jumps from 0 to 1, 1 to 2, and 2 to 3 at the first, second, and third loop, respectively. The width of the
loopsisabout 0.30, 0.090, and 0.040, respectively, so it becomes small as y goes up, and simultaneously, the
interval of adjacent loops reduces.

When the pump rate is small, there are no hysteresis loops, and the average angular momenta increase
continuously. Besides, the winding numbers jump directly at fixed points, for instance, if 2 = 20, these points
areabout y = —0.350, 0.20, and 0.430, respectively. When the pump rate is large, all the hysteresis loops
emerge, and the centers of the loops are still at these points, which is not affected by the pump rate. Thus the
position of the center of loops is determined by the angular velocity and magnitude of the TE-TM splitting.

In the above discussion, we only consider a linearly polarized laser, and the TE-TM splitting has an
important effect on the properties of condensates. If an elliptically polarized laser is applied, the phenomena may
be different. We define the circular polarization degree of an excitation laser, v = (P; — P)) /(P; + P|),and the
polarization will affect greatly the condensate densities and phases [41]. If v > 0, p; islarger than p, and their
difference becomes large with the increasing v, as can be seen from equations (1) and (2).

For the small pump rate, the winding numbers are unchanged with small v, while the average angular
momenta have different variations for the opposite spins, i.e., I decreases gradually, but I rises as v goes up.
When the pump rate is large, there exist different phenomena, as shown in figure 6. When we fix the angular
velocity €2 and change the magnitude of the TE-TM splitting, there are two states at y = 0.30, namely,

(W, W) = (1, 3) (denoted by case 1) and (W;, W) = (2, 4) (denoted by case 2). When the value of |¢/] is small,
we find that more states emerge for case 1, to be specific, there are three states, (W;, W) = (1, 3),
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Figure 6. The winding numbers W, varying with the polarization degree v in left panels, and the average angular momenta I, versus
the pump rate in the right panel. One state is denoted by the same two lines (marked by spin up and down), and the winding numbers
are given in every state in (c). The pump rateis P(1 + v) and P(1 — v) for spin up and spin down, respectively, and P = 70009 in
(a)and (b),and v = 0in(c). 2 = 20 and y = 0.30 in all the panels.

W, W) = (1, 4),and (W}, W) = (2, 3),if|[v| < 0.1, and this is multistability. This effect emerges due to the
nonlinear interactions, and it also takes place in the absence of the TE-TM splitting [42]. If 1ocates in the
interval (—0.22, —0.1) or (0.1, 0.22), two states exist, and this is bistability in figure 6(a). As || becomes larger,
only one state remains, thatis, (W;, W) = (1, 4) or (W}, W]) = (2, 3). For case 2, there is only one state as the
polarization degree varies, and (W;, W) = (2, 4) directlyjumpsto (3, 4)and (2, 5)atv = —0.4and v = 0.4,
respectively, in figure 6(b). An electrical spin switch has been realized recently [30], and the spin bifurcation can
be promoted by an electric field. There are differences between the spin bifurcation and the multistability
discussed here in the presence of the TE-TM splitting, for example, the spin bifurcation forms due to the
anisotropy of the nonlinear interactions, and a polarization state can be selected deterministically by the pump
intensities in multistability.

From figure 6(a), we can see that the winding numbers jump with hysteresis as the polarization degree varies,
in other words, the quantum phase slips arise with hysteretic effect. For case 2, there also exist phase slips, but
without hysteretic behavior. It should be noted that new states appear with large || for both cases, and the
winding numbers may be different from the their initial values, although there are hysteresis loops. The phase
slip exists for one spin, and the winding number is unchanged for the other spin. This phenomenon can be
explained as follows, when |v/| is little, the difference of the densities is small for the opposite spins, so the winding
numbers are mainly determined by the angular velocity €2, and the TE-TM splitting makes W, — W; equal 2, as
shown in equation (1). If || becomes large, the effect of the splitting is different for the opposite spins, for
example, the density p, islarger than p, atpositive v, so the effect of the splitting becomes weak for spin up, and
W; is dependent on €2. While for spin down, the splitting is strong and makes W, increase. Therefore, there
exists a competition between the TE-TM splitting and energy induced by rotation for the winding numbers.

When the polarization degree is fixed, the variation of the average angular momenta is small by varying the
pump rate, as shown in figure 6(c). As the pump rate decreases, there are four states, (W;, W) = (1, 3), (2, 4),
(2, 3),and (1, 4), which agree with the results in the left panels of figure 6, and then two states remain, i.e., (1, 3)
and (2, 4). Atlast, there is only one state, namely, (W;, W)) = (2, 4), for the smaller pump rate. This
phenomena result from the width of hysteresis loops in figure 6(a). Besides, I and I} have the similar variations
in the states (W;, W) = (1, 3) and (2, 4), and have different variations for the other states.

4, Conclusion

We have studied the EP condensates rotating around the axis through the center and perpendicular to the plane
of the microcavity ring. In the absence of TE-TM splitting, we find that there exists a critical pump rate, above
which the quantized phase slips occur with hysteretic effect, and there are quantized average angular momenta at
the fixed angular velocities, which is independent of the pump rate. When the TE-TM splitting is fully taken into
account, the winding numbers, as well as the average angular momenta, are affected. We find that there are a
series of hysteresis loops with the same intervals which are determined by the magnitude of the TE-TM splitting
for alinear polarization laser. In addition, the hysteretic behavior also appears by varying the magnitude of the
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splitting. When an elliptically polarized laser is applied, we find that multistability occurs for large pump rate
with small absolute value of the polarization degree, while only one state exists at small pump rate. For large
absolute value of the polarization degree, there emerges a phase slip for one spin, and the winding number of the
other spin is unchanged, which can be explained by the competition of the TE-TM splitting and the energy
induced by rotation. These results can be verified experimentally with current technology, and are useful in
electro-optic devices.
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