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Singly quantized vortices have already been observed in many systems, including the superfluid helium,
Bose-Einstein condensates of dilute atomic gases, and condensates of exciton-polaritons in the solid state.
Two-dimensional superfluids carrying spin are expected to demonstrate a different type of elementary
excitations referred to as half-quantum vortices, characterized by a p rotation of the phase and a p rotation
of the polarization vector when circumventing the vortex core. We detect half-quantum vortices in an
exciton-polariton condensate by means of polarization-resolved interferometry, real-space spectroscopy,
and phase imaging. Half-quantum vortices coexist with single-quantum vortices in our sample.

Q
uantized vorticity is a property of quan-

tum fluids that has been widely studied

in various types of superfluids, either

with or without spin (1–4). Superfluids

with a two-component (spinor) order parameter

are characterized by a different type of vortices

than those found in conventional scalar super-

fluids (5–8). This new type of vortices is the so-

called half-quantum vortices (HQV). They have

lower energy with respect to full vortices and

constitute the elementary excitations of spinor

superfluids. When circumventing their core, the

phase and the polarization vector experience a Tp

rotation. In this sense, HQV can be understood

as a half-phase vortex combined with a half-

polarization vortex (5). In 4He superfluids, the

HQV cannot be formed because the spin degree

of freedom is absent. However, in 3He (5, 6) or in

triplet superconductors (7, 8), the order parameter

has two or more components, so the formation of

HQV is possible. So far, experiments have not

presented unambiguous evidence for HQV in
3He (9), although more reliable indications of the

existence of HQV have been reported in cuprate

superconductors (10, 11). Recently, HQV have

been proposed as a smoking gun for the super-

fluid of exciton-polaritons in semiconductor mi-

crocavities (12). We report on a direct observation

of HQVs in a high-temperature quantum fluid:

microcavity exciton-polaritons. Exciton-polaritons

are composite bosons carrying spin. They can

occur in semiconductor microcavities in the strong

coupling regime and are partly excitons and partly

photons. The energy, wave vector, polarization,

and statistics of cavity polaritons are directly

transferred to light emitted by the microcavity

due to photon tunneling through the mirrors of the

cavity (13). Because of their photonic component,

the cavity polaritons have an extremely low

effective mass on the order of 10−4 of the free

electron mass. This allows for their Bose-Einstein

condensation (BEC) at temperatures achievable

by cryogenic means. BEC of exciton-polaritons

has been demonstrated in various types of micro-

cavities composed either of II-VI (14) or III-V

compounds (15). The most prominent effects

found in these systems are the bosonic stimulation,

the appearance of long-range spatial coherence,

and the buildup of the vector polarization (13).

Several indications of the polariton superfluidity

have been reported, including the Bogoliubov-like

dispersion (16), the appearance of phase vortices

(4), and diffusionless motion of coherent polariton

fluids in the presence of obstacles (17). In this

work, HQVs are reported in a II-VI microcavity

where BEC of the exciton-polaritons and for-

mation of the integer phase vortices have been

reported recently (4, 14). Coexistence of HQV

and integer vortices in the same sample is pos-

sible because of the spatially inhomogeneous
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Fig. 1. (A and B) Reconstructed interferograms for s+ and s– polarizations at the energy of the
condensate. (C and D) Real space phase map extracted from the interferograms (A) and (B) for
polarizations s+ and s–, respectively. The three circles with different colors denote the real space paths
over which we have plotted the phase as a function of the azimuthal angle in panels (E and F). The phase
profiles in s+ polarization (E) show that the phase changes by –2p when circumventing the vortex core,
which is the signature of the singularity. In contrast, for the s– polarization (F), we see a quasi-flat phase
profile with zero overall phase shift as one goes around the core. The farther we probe the phase away
from the vortex core, the more the phase diverges from the linear behavior versus angle.
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polarization splitting in microcavities, which is

responsible for the suppression of HQV in cer-

tain areas of the sample. Thus, in different parts

of the sample the polariton fluid has a different

topology.

To fully characterize a vortex in a polar-

iton condensate, one needs two winding num-

bers, (k,m), one for the polarization angle and

one for the phase. One can express the order

parameter of the condensate in the linear xy

basis as

ylinðrÞ ¼
ffiffiffi

n
p

eiqðrÞ
cos hðrÞ
sin hðrÞ

 !

ð1Þ

where q(r) is the phase of the coherent polar-

iton fluid and h(r) is the polar angle that char-

acterizes the orientation of the electric field of

polaritons, i.e., the polarization angle. Vortices

are described in this notation by rotation of the

phase and the polarization as hðrÞ→ hðrÞþ 2pk

and qðrÞ → qðrÞ þ 2pm where k,m can take

integer or half-integer values with ðk þ mÞ ∈ ℤ.
Four types of half vortices are described by

winding numbers ðk,mÞ ¼ T
1
2
,T 1

2

" #

. To reveal

the specific phenomenology of HQVs with

respect to the integer vortices, it is conve-

nient to analyze the circularly polarized com-

ponents of the order parameter, which can be

expressed as

ylinðrÞ ¼
ffiffiffi

n
p

2
eiðqðrÞ − hðrÞÞ 1

i

 !

þ eiðqðrÞ þ hðrÞÞ 1

−i

 !$ %

ð2Þ

One can see that for hðrÞ → hðrÞ þ p and

qðrÞ → qðrÞ þ p a zero rotation takes place for

one circular polarization and a full 2p rotation is

achieved for the other circular polarization. This

means that if one were to detect a half vortex, it

would be easiest when looking in s
+ and s

–

polarizations simultaneously. Then HQV would

be observed as a full vortex in one polarization

and no vortex in the other one. A signature for the

phase vortex is a forklike dislocation in the inter-

ference pattern (4, 18). In the case of full phase

vortices, the forklike dislocations are expected

to be seen in the same place in both circular

polarizations, whereas in the case of HQV the

fork appears only in one of the circular polar-

izations. In the circular basis, one can write the

order parameter of HQV in cylindrical coordi-

nates as

yk,mðr,fÞ ¼
ffiffiffi

n

2

r

eimf
½ f ðrÞ þ sgnðkmÞ gðrÞ$⋅e−ikf
½ f ðrÞ − sgnðkmÞ gðrÞ$⋅eikf

&'

ð3Þ

with r ¼ r
a
being the relative distance from the

vortex core in vortex radii and f being the an-

gular coordinate. The form of the two radial den-

sity functions f and g is known (12) and will give

zero density for one circular polarization ( f – g)

and a finite density for the other polarization

( f + g), as it is expected for the simplistic image

of a full vortex in one circular polarization and no

singularities for the other circular polarization.

An important feature of polariton condensates

is the presence of polarization splitting induced

by the structural anisotropy and stationary dis-

order. This splitting pins the polarization vector

of the condensate to a given crystal axis. It is

theoretically predicted that HQVs still exist in this

case but the spatial distribution of the polariton

vector field is modified. Similarly to the vortices

in multicomponent quantum Hall systems (19),

the polariton half vortices acquire “strings” [or

solitons; figure 16.1 in (6)], whereby the polar-

ization angle rotates by p (20). The width of the

string is given by ℏ=
ffiffiffiffiffiffiffiffiffiffiffi

2m∗e
p

, where m* is the ef-

fective mass of polaritons and e is the energy of

the polarization splitting. HQVs remain the lowest-

energy topological defects if this width is greater

than or comparable to the excitation spot radius.

However, when this length becomes comparable

to the vortex core size (a ≈ ℏ=
ffiffiffiffiffiffiffiffiffiffiffi

2m*m
p

, where m

is the chemical potential), the excitation of HQVs

would require too much energy, and the integer

phase vortices (0, T1) become elementary topo-

logical excitations. For a realistic vortex core size

on the order of ~2 mm and the polariton mass

m* ≈ 10−4me, pairs of HQVs will be replaced by

integer phase vortices for polarization splittings

e ≥ 100 meV. [Two close pairs of HQVs are

shown in (21), figs. S2 and S3].

The situation in real microcavity samples is

additionally complicated by the fact that the po-

larization splitting e fluctuates as a function of

the coordinate in the plane of the cavity. This is

why the HQVand integer phase vortices may co-

exist within the same condensate. The underly-

ing mechanisms for the polarization splitting are

thought to be the different penetration depths in

the distributed Bragg reflectors (microcavity mir-

rors) for transverse electric and transverse mag-

netic polarizations (22) and the intrinsic anisotropy

of the microcavity (23, 24). The anisotropy is ex-

pected to be the product of a number of param-

eters, including the alloy concentrations, the wedge,

quantum well width fluctuations, and the built-in

strain. Splittings vary from zero to several tenths

of meVs. All HQVs that we observed in this sam-

ple were at regions where the splitting was less

than our experimental resolution (≈ 20 meV).
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Fig. 2. (A and B) Polariton densities in real space at the frequency of the condensate for s+ and s
–

polarizations, respectively. It is easily seen that at the position of the vortex core (0,0), which is indicated
by the red cross for s+ polarization and the blue cross for the s– polarization, there is a local minimum for
s+ polariton density and a local maximum for the s– density. (C) Density profiles along the x direction for
the two polarizations and (D) the corresponding density profiles along the y direction. Experimentally
measured polariton density behaves in excellent agreement with the theoretical prediction [Eq. 3 and
(21)]. This behavior is also evident from the fact that half vortices must be fully circularly polarized at the
centers of their cores.
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The sample we studied is the same CdTe/

CdMgTe microcavity that was used in our previ-

ous experiments cooled down to ~10K by a liquid

helium flow cryostat (4). We used continuous-

wave monomode nonresonant optical excitation.

Detection was performed by means of the

modified Michelson interferometer in the mirror-

retroflector configuration with active stabiliza-

tion (4) completed by a lambda quarter and a

Wollaston prism. This allowed for polarization-

resolved interferometry in s+ and s– polarizations

simultaneously, which facilitated the identifica-

tion of half vortices (21). All spectral studies

were performed using a monochromator with

≈ 20 meV resolution. The output of the interfer-

ometer could be sent to the entrance slits of the

spectrometer through a polarizer, allowing for

spectrally and polarization-resolved interferome-

try images to be acquired. The HQV were ob-

served only at the excitation powers exceeding

the condensation threshold. Once a good candi-

date was found, we performed a number of

preliminary “test experiments” to verify unam-

biguously the persistence of the vortex for all

possible detection configurations. The two most

reliable tests were to change the overlap condi-

tions at the output of the interferometer by shifting

the mirror arm image with respect to one reflected

from the retroreflector and to rotate by p the

orientation of the fringes, making sure that for all

orientations the singularity of the vortex is always

clearly observable (4). We took care to verify the

mutual coherence of the two cross-circular po-

larization components by means of polarization

mixing interferometry in order to eliminate the

possibility of having two independent conden-

sates in the two polarizations. In all cases, we

observed excellent mutual coherence properties

with good contrast in the interference fringes

between the two circular polarization components

(21). The appearance of half vortices was quite

rare; that is, one out of six regions with no po-

larization splitting was exhibiting a HQV.

Once the HQV was identified, the interfero-

metric image was being sent on the entrance slits

of the spectrometer. Then we performed an op-

tical tomography experiment (25) for s+ and s–

polarized images, which provided us with the full

set of polarization-resolved interferograms in real

space for all frequencies within the observable

spectral window. Figure 1, A and B, shows the

reconstructed interferogram coming from the fre-

quency of the polariton condensate for the po-

larizations s+ and s–, on which we have added

a red circle centered at the vortex core to help

the reader locate the singularity. The singularity

(forklike dislocation) is clearly visible for the s+

polarization, whereas on the same position in real

space for the s– polarization we observe straight

fringes. The interference patterns gave us access

to the phase of the coherent polariton fluid. To

extract the phase, we assumed that the reference

field coming from a region of the condensate

without a vortex has a flat phase profile. Figure 1,

C and D, shows the phase of the polariton fluid in

real space calculated from the interferograms.

The phase has distinguishable characteristics only

where there is enough signal intensity, whereas at

the regions with no signal we get a noisy phase

with no distinguishable features. The position of

the HQV in the phase map is highlighted by

circles. In s+ polarization, the phase rotates by 2p

as one goes around the core. This behavior of the

phase is clearly seen within an area of a few

micrometers’ size. In the same region for the s–

polarization, there are no observable singularities

and the phase is homogeneous. Figure 1, E and F,

shows the phase as a function of the azimuthal

angle as one goes around the core along the cir-

cles of different radii (shown by color). For the

radius of 1mm, the phase changes monotonously

in s+ polarization, decreasing by 2p as one makes

a full round. Contrary to this, for the same radius

in s– polarization, we observe a quasi-flat phase

profile indicating the lack of any singularity. For

larger radii, the phase dependence on the azimuth-

al angle becomes strongly nonlinear, whereas the

total phase shift as one goes around the core

remains –2p for one and 0 for the other po-

larization. Distortion of the phase profile at the

large radii may be indicative of the existence of

nearby regions with substantial vorticity but can

also be indicative of formation of a string.

We note that the specific HQV shown in

Fig. 1 is characterized by the winding numbers

ðk,mÞ ¼ þ 1
2
,− 1

2

" #

, while we have observed also

the three remaining types of HQVs in different

locations on the sample (21). On the basis of

measurements we have done, we believe that

four possible types of HQVare realized with ap-

proximately the same probability in our sample.

Using the same tomographic technique of spec-

trally resolved real space imaging as before, we then

probed only the density of polaritons in the con-

densate state (Fig. 2, A and B). Locating the vortex

in real space and looking at the density close to its

core, we observed that a local minimum for one po-

larization coincides with a maximum for the other

one, as Fig. 2, C and D shows. The widths of these

minima/maxima coincide with the theoretical vor-

tex core size a. This behavior is another signature

of HQVs, as one can see from Eq. 3. The theory

(12) predicted that at the center of the HQV the

condensate should be fully circularly polarized, and

this is exactlywhatwe observe in Fig. 2, C andD).

The HQVwe observed here are pinned by the

disorder to specific locations on the sample. This

is confirmed by the behavior of the interferomet-

ric images as a function of the pumping power.

Increasing the excitation intensity, we modify

the effective disorder potential acting upon the

polariton condensate by changing the polariton-

polariton repulsion strength. When the pumping

is strong, we screen the disorder potential so that

HQV get unpinned and disappear from the inter-

ferometry image of a specific spot on the sample.

This is what we observed at the excitation power

exceeding the threshold pumping by a factor of

4.5. Above this power, the forklike dislocation in

s
+ polarization disappears (21).

The stationary disorder fixes the winding num-

bers of the pinned vortices, so that repeating the

experiment we find HQVs with the same wind-

ing numbers in the same locations. This is also

true for the integer vortices. Handedness of each

pinned vortex is dependent on the direction of

polariton fluxes propagating in the disorder land-

scape during formation of the condensate, as the

modeling based on the Gross-Pitaevskii equation

showed (4, 26).

This experimental work provides direct evidence

of half-quantum vortices in a spinor condensate,

by means of polarization-resolved interferometry,

phase imaging, and spectrally resolved real space

density imaging.
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