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Supplementary Note 1: Coupled Quantum Well structure

Supplementary Figure 1 shows the energy diagram of
the coupled quantum well (CQW) structure.

Supplementary Figure 1: IX band diagram. Energy diagram
showing CQW structure with an applied electric field along the
z-axis. e (h) indicate an electron (hole). The arrow indicates an
indirect exciton.

Supplementary Note 2: Supplemental Data

The lower row in Supplementary Figure 2 is similar to
Figure 1 in the main text, the upper row of Supplemen-
tary Figure 2 shows the same raw data without markup.

Supplementary Note 3: Experimental Setup

We use a Mach-Zehnder (MZ) interferometer to probe
the coherence of the exciton system (Supplementary Fig-
ure 3). The emission beam is made parallel by an objec-
tive inside the optical dilution refrigerator and lenses.
A combination of a quarter-wave plate and a half-wave
plate converts the measured polarization of the emission
to the y-polarization, which is then selected by a linear
polarizer. This ensures only y-polarized light enters the
MZ interferometer eliminating polarization-dependent
effects in the interferometer and spectrometer. The emis-
sion is split between arms of the MZ interferometer. The
path lengths of the arms are equal. The interfering emis-
sion images produced by arm 1 and 2 of the MZ inter-
ferometer are shifted relative to each other along x (or y)

directions to measure the interference between the emis-
sion of excitons, which are laterally separated by 6x (or
0y). After the interferometer, the emission is filtered by
an interference filter of linewidth +5 nm adjusted to the
exciton emission wavelength = 800nm. The filtered sig-
nal is focused to produce an image, which is measured
by a liquid-nitrogen cooled CCD. We measure exciton
emission intensity I; for arm 1 open, intensity I, for arm
2 open, and intensity I;; for both arms open, and then
calculate

Lot = Ly-L-D
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shown in Supplementary Figure 2a. In general, for two
partially coherent sources located at r; and r, one has
the relation [1],

)

Iinterf = cos 60 (rll r2) C (rll rZ) s (2)

where 60 (11, 1y) is the phase difference of the two sources
and C(ry, 1) is their degree of coherence. In our exper-
imental geometry, there is a small tilt angle o between
the image planes of the two arms. As a result, the phase
difference

00 (r1,12) = qyy + ¢ (11, 12) 3)

has a component linear in y - the coordinate in the di-
rection perpendicular to the tilt axis - which produces
periodic oscillation of [inwrf. The period of the interfer-
ence fringes is setby g, = 2na/A. The coherence function
C(ry, 1p) for r; —r, = Oris given by the amplitude of these
interference fringes. The amplitude and phase of the in-
terference fringes in Supplemental Figure 2 (b) and (c)
were calculated from the interference pattern (Supple-
mentary Figure 2(a)) using a two dimensional windowed
Fourier transform with a gaussian window.

At high temperatures, the linear polarization Piinear =
(IX — Iy) / (Ix + Iy) of exciton emission is expected to van-
ish, and indeed for Tyan = 7 K, in the region of an
LBS, Plinear is small, < 5%, that is within the polariza-
tion calibration accuracy. fiinear is defined as the radius
where Pjinear along £ changes sign. The slope of the line
Tphase (Tlinear) (Fig. 3c in the main text) is equal to 1 within
the calibration accuracy.



a Iinterf b Ainterf c ¢|nterf d PIin
0.2 +0.2 O 07 -~ -+t 0.2 +0.2

———

i

0 50 ) 0 0
X (um) X (um) X (um)

Supplementary Figure 2: Coherence and polarization patterns of indirect excitons (IXs). a,e Shift-interference pattern of IX
emission, Linerf(x, ¥). The shift 6x = 2 um. b,c f,g Amplitude, Ainwert(x, v), b,f and phase, Pineer(X, ), ¢,g of interference fringes in
ae. d,h The linear polarization of IX emission, Pjinear(X, ¥). a-d show the raw data without markup. In e, the positions of phase
jumps of interference fringes are marked by magenta lines and the positions of left (right) forks of interference fringes are marked
by green (red) circles. The lines are solid in the circular region around each LBS where the jumps are sharp and dashed outside
these regions where the jumps are smoother. These lines and circles are copied to f-h to show spatial correlations in Ajinert(¥, y),
QPintert (X, Y), Plinear(x, ¥). Excitation power P = 1.2 mW. Tpos, = 0.1 K.

to spin currents carried by electrons and holes bound into

bright and dark IX states. This model is based on ballistic

cco - ﬁ | | | H IX transport out of the LBS origin and coherent electron
w2 18 sample and hole spin precession [2, 3]. Ballistic IX transport orig-

inates from the suppression of scattering in the conden-
sate of IXs. Coherent electron and hole spin precession
Supplementary Figure 3: Imaging Setup. Schematic of the ~ Originate from the suppression of spin relaxation in the
shift-interferometry and polarization imaging setup. condensate of IXs. The states with different spins are split
due to the splitting of linearly polarized IX states and
spin-orbit interaction, which is described by the Dressel-

haus Hamiltonian He = fe (kiax - kjay) for electrons and
Hn = Bn (kf}ax + k}y‘ay) for holes [4-6] (k. are electron

and hole wave-vectors given by ke = kexttte/(me + 1),
kn = kexmn/(me + my), me and my, are in-plane effective

Supplementary Note 4: Theory

We use a theoretical model which describes the ap-
pearance of the IX polarization textures and links them



masses of electron and heavy hole, respectively, ke is
the exciton wave vector, Ben are constants, and Oy,y are
Pauli matrices). In the basis of four IX states with spins
J. = +1,-1,+2,-2, the coherent spin dynamics in the
system is governed by a model matrix Hamiltonian:
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where Ly, and Eq are energies of bright and dark IXs in
an ideal isotropic QW, &, and 64 describe the effect of
in-plane anisotropy resulting in the splitting of IX states
linearly polarized along the axes of symmetry. The angle
@ is measured from the x axis.

This Hamiltonian governs the dynamics of a spin den-
sity matrix,
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according to the quantum Liouville equation
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Here VW = (W,,V_1,V,,,V_,) is the exciton wave-
function projected to four spin states.

The components of the Stokes vector S1, S, and S3 and
the polarization degree of light emitted by IXs are given
by the elements of the density matrix p. The circular
polarization degree is given by

Pc = 53 = (p11 — p2)/(p11 + p22), ()

the linear polarization degree is given by

p1 =51 = (p12 + p21)/(p11 + p22), 8)

and the linear polarization degree measured in the di-
agonal axes (also referred to as a diagonal polarization
degree) is given by

pa = Sz = i(p12 — p21)/(p11 + p22)- )

In order to obtain the spatial distribution of Stokes
vector components in the cw regime we assume that
IXs propagate in radial directions from a point-like or

a ring-like source. Their polarization state in a point
characterized by the polar coordinates (r, ¢) is obtained
from the elements of the density matrix p(t, ¢) with r =
tvex Where Vey = fikey /(e + my) is IX velocity.

The initial IX state considered by this model is a ring
around the LBS center where the IX gas is classical. The
ring radius is taken 4 um. In the simulations presented
in Fig. 5a, 5b, and 5c, we use x-polarization as the initial
condition to follow the experiment: The x-polarization is
observed at 7 < Finear = Fcoh = phase before IXs condense
and coherent precession starts, see Fig. le, 2c, and 2d.
No simulations were performed inside this ring. For IX
states on this ring, the simulations consider the classi-
cal IX energy distribution, i.e., the distribution with the
density matrix p(t = 0) = exp(—H /KT). As discussed
in Supplementary Reference [2], spin-orbit interaction,
exchange interaction, and the crystal field lift the de-
generacy of the four exciton spin states and create pref-
erential spin directions. Beyond this ring, the simula-
tions consider ballistic IX transport with coherent spin
precession. We use parameter values f. = 2.7 peVum,
Prn =092 peVum, 6, = 0.5 peV, 6qg = —13 peV, E, — Eq =
5 peV, kex = 15.4 um™, and T = 0.1 K. These parameters
were chosen following earlier studies, see Supplemen-
tary Reference [2]. The details of this model are pre-
sented in [2, 3]. Improvements of the model and fitting
the parameters to the measured phase shifts can be sub-
jects of future work. In particular, a model can be made
more realistic by including exciton interaction, genera-
tion, energy relaxation, and recombination.
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