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Using a microfabricated p-type GaAs Hall bar, it is shown that the combined application of co-

planar electric and magnetic fields enables the observation of spatial oscillations of the photolumi-

nescence circular polarization due to the precession of drifting spin-polarized photoelectrons.

Observation of these oscillations as a function of electric field gives a direct measurement of the

minority carrier drift mobility and reveals that the spin coherence length can be tuned up to more

than 10lm with electric fields below 1 kV/cm. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979097]

I. INTRODUCTION

In the context of future active spintronic devices, the

diffusion1–3 and drift4–9 of spins in semiconductors have

been investigated by numerous authors. N-type GaAs seems

particularly promising because of the weak spin relaxa-

tion,10 but p-type material cannot be overlooked since in

proposed bi-polar spintronic devices,11 it is the minority

carrier (electron) spin that determines the common base

current gain. While in a p-type material charge transport

has been widely investigated,12–14 only a few studies have

considered spin transport.15,16 For all these studies, while

time-resolved investigations give direct access to the trans-

port dynamics, continuous wave (CW) imaging of spin

transport, using luminescence,17 or Kerr microscopy1 gives

diffusion and drift lengths from which it is possible to

obtain spin mobilities provided that spin lifetimes are mea-

sured independently.3

In the present work, we investigate charge and spin

transport in p-type GaAs using a CW photoluminescence

(PL) imaging technique.17 The photoelectrons are generated

by a tightly focused circularly polarized laser excitation and

acquire in the applied electric field ~E a drift velocity

~v ¼ le
~E, where le is the mobility. Their precession in the

magnetic field B, applied in the sample plane, occurs with a

frequency x ¼ �h�1g�lBB, where g*¼�0.44 is the effective

Land�e factor, 2p�h is Planck’s constant, and lB is the Bohr

magneton. This precession produces spatial oscillations of

the component of the electronic polarization along the direc-

tion of excitation. By imaging the degree of circular polari-

zation of the luminescence, one obtains the spatial period of

these oscillations, approximately given by

l � le

E

B

h

g�lB

: (1)

The measurement of l directly gives the photoelectron drift

mobility. This semi-quantitative picture neglects for simplic-

ity the mechanisms for loss of spatial spin coherence, which

are mostly due to diffusion and to spin relaxation, as charac-

terized by the time T1, and which introduce a damping of the

oscillations and a possible slight shift of the extrema. Thus,

precession in a magnetic field tranverse to the light excita-

tion acts to effectively time-resolve the experiment and ena-

bles the measurement of the relevant parameters for spin

transport. This method is analogous to investigations of spin

precession using Kerr microscopy18,19 and has the originality

of using luminescence, thus giving access to spectroscopic

investigations and to simultaneous measurements of charge

and spin transport.

II. EXPERIMENTAL

As shown in Fig. 1, we use a Hall bar, microfabricated

from a 3 lm-thick p-type GaAs sample (acceptor doping

1018 cm�3) on a semi-insulating substrate. The electric field

electric field is applied to the [110] crystallographic direc-

tion.20 The maximum value of the electric field used here

(800 V/cm) is well below that required to saturate the drift

velocity at low temperatures.21 A magnetic field of 0.23 T is

permanently applied in the sample plane. A CW laser at

1.59 eV is tightly focused to a spot of gaussian half width

r� 0.5 lm, as measured from the spatial profile of the laser

beam reflected from the sample surface. The excitation

power is very low (12 lW), so that photoelectron transport is

not affected by ambipolar effects15,20 or by Pauli block-

ade.16,22 The luminescence is focused on the entrance slit of

the spectrometer, parallel to the longitudinal axis x of the

Hall bar defined in the bottom panel of Fig. 1, and one moni-

tors the image provided by a CCD camera placed in the out-

put plane. All experiments are performed at a lattice

temperature of �40 K.

For E¼ 0, an image of the PL intensity is shown in

Panel a of Fig. 2. A cut of this image along its horizontal

axis, perpendicular to the entrance slit, gives the local lumi-

nescence spectrum at a given distance r from the excitation

spot. An example of such a spectrum at r¼ 0 is shown in
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Curve a of the bottom panel of Fig. 3 and reveals, as

expected for pþ GaAs,23 a single relatively broad emission

line centered at 1.497 eV. From the exponential high energy

tail of the spectrum, we obtain a photoelectron temperature

of Te¼ 48 K. Conversely, a cut of the image along the verti-

cal axis (parallel to the entrance slit) gives the spatial inten-

sity profile at a given energy, along a line on the sample

parallel to the spectrometer entrance slit and to the electric

field (the origin of ordinates denoting the distance to the

excitation spot). For E¼ 0, this profile at the energy of the

maximum of the PL intensity is shown in Curve a of the left

panel of Fig. 4.

Panel c of Fig. 2 shows the corresponding image at

E¼ 800 V/cm. This image reveals a tail of drifting electrons

extending over several tens of microns that is essentially

independent of energy and is revealed from the spatial profile

shown in Curve h of Fig. 4. The shape of the luminescence

spectrum is independent of position, and this spectrum at the

excitation spot and for E¼ 800 V/cm is shown in Curve b of

the bottom panel of Fig. 3. It is seen that the main effect of

the electric field is to change the slope of the exponential

tail, so that Te is increased to Te� 60 K.

Liquid crystal modulators are used to control the helic-

ity of the excitation and to select the r6-polarized compo-

nents of the luminescence, of intensity I(r6). It is then

possible to monitor the difference signal ID ¼ IðrþÞ
�Iðr�Þ, in order to obtain the luminescence polarization

image P ¼ ½IðrþÞ � Iðr�Þ�=I. This quantity is related to

the spin density s ¼ nþ � n�, defined as the difference of

FIG. 1. Panel a shows the principle of the experiment. Photoelectrons

are created by a circularly polarized tightly focussed light excitation in

a Hall bar where an electric field is applied. The luminescence degree

of circular polarization of photoelectrons drifting in this electric field is

imaged. This imaging reveals the precession of the photoelectronic spins

in a magnetic field applied in an arbitrary direction parallel to the sam-

ple plane. Panel b shows an optical microscopy image of the microfabri-

cated Hall bar.

FIG. 2. Combined effects of electric and magnetic fields on the images

detected by the CCD Camera at the output of the spectrometer. The tempera-

ture is 50 K and a magnetic field of 0.23 T is applied perpendicular to the

excitation light direction. The vertical direction represents the distance on

the sample to the excitation spot (along axis x shown in Fig. 1. Section of

the images along the horizontal direction shows an intensity (panels a and c)

and a circular polarization spectrum (Panels b and d) at the corresponding

position at the sample surface. Panels a and c represent the intensity images

for E¼ 0 and E¼ 800 V/cm and their comparison reveals the drift of the

electrons in the electric field. Panels b and d represent the corresponding

images of the luminescence degree of circular polarization and show the

oscillations induced by precession during drift.

FIG. 3. The bottom panel shows cuts along the x direction of the images of

panel a and panel b of Fig. 2 and exhibits the luminescence intensity spectra

at the excitation spot for E¼ 0 and E¼ 800 V/cm (Curves a and b, respec-

tively). The straight lines show that the high energy tails of these spectra can

be approximated by exponentials, from which the temperature of the photo-

electron gas can be obtained. The top panel shows, in the same conditions,

the luminescence polarization spectra, obtained from cuts along the x direc-

tion of panels b and d, of Fig. 2, respectively. The decreased polarization at

E¼ 0 with respect to E¼ 800 V/cm is caused by the larger dwell time at the

excitation spot, which increases the magnitude of the Hanle effect.

125703-2 Notot et al. J. Appl. Phys. 121, 125703 (2017)



the concentrations of spins þ and � with a quantization

axis parallel to the excitation light direction, by P ¼ jPijs=
ðnþ þ n�Þ. Here, jPij ¼ 0:5 is the ratio between electron

spin polarization and luminescence circular polarization.

An image of P taken at E¼ 0 is shown in Panel b of Fig. 2.

The luminescence polarization spectrum at the excitation

spot is shown in Curve a of the top panel of Fig. 3.

Panel d of Fig. 2 shows the luminescence polarization

image for E¼ 800 V/cm. The polarization at the excitation

spot, as also shown by Curve b of the top panel of Fig. 3, is

increased to about 15% since, because of the large photoelec-

tron drift velocity, which reduces their effective lifetime at the

excitation spot. Note also that the spectra shown in the top

panel of Fig. 3 exhibit a lower degree of circular polarization

on the high energy side of the line than on the low energy

one. This effect, also observed here without any electric of

magnetic field, can quite generally be caused by a difference

in lifetimes or spin relaxation times24,25 or by a change in the

relevant hole states, resulting in a decrease of jPij for the low

energy part of the line. However, no variation of lifetime or

spin relaxation time can be found by time-resolved lumines-

cence over the entire spectrum,3 suggesting that the lower

polarization is rather caused by a decrease of jPij.
The key result of the present paper is the appearance of

spatial oscillations. One observes regions of negative polariza-

tion, shown in Panel d of Fig. 2 by dashed lines at distances of

10 lm and 33 lm, separated by a positive extremum at a dis-

tance of 27 lm. The positions of the extrema weakly depend

on energy in the spectrum. Fig. 4 shows the spatial profiles

of the intensity (left panel) and polarization (right panel) at

the energy (1.50 eV) of the maximum luminescence signal

and for selected electric field values. The polarization oscilla-

tions are observed for an electric field larger than 50 V/cm

and, as expected from Eq. (1), their spatial period increases

with E. For lower electric fields (Curves a and b), the domi-

nant transport process is spatially incoherent diffusion so that

no oscillations are visible. In comparison, Curve h0 shows the

polarization profile for B¼ 0 and E¼ 800 V/cm. As expected,

no oscillations are visible and the polarization decays mono-

tonically with distance because of spin relaxation during drift.

III. INTERPRETATION

A. Calculation of the polarization profiles

The photoelectron concentration in the steady-state is

given by the drift-diffusion equation

0 ¼ g r; zð Þ �
n

s
þ ~r len~E þ D~rn

� �
; (2)

where D is the diffusion constant of photoelectrons and s is

the photoelectron lifetime. The generation rate g(r, z)

depends on depth z and distance to the center of the excita-

tion spot r according to gðr; zÞ ¼ ag0 exp½�az� ðr=rÞ2�,
where a is the light absorption coefficient, and r is the gauss-

ian half width of the excitation spot. Here r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
,

where the corresponding axis is defined in panel b of Fig. 1.

To calculate the spatial spin distribution, it is convenient to

define the complex spin density s6¼ sz 6 isY where Y is the

direction of the sample plane perpendicular to the orientation

of the magnetic field, which can be arbitrary in the sample

plane. The drift-diffusion-precession equation for s6 is

g r; zð ÞgPi �
s6

ss
17i

B

DB

� �
þ ~r � le

~Es6 þ D~rs6

h i
¼ 0:

(3)

This equation is obtained from the charge equation by

replacing g(r, z) by gðr; zÞgPi, where Pi is equal to 60.5 for

r7-polarized light excitation and g accounts for polarization

losses during thermalization. The time s has been replaced

by the complex spin lifetime ss=ð17iB=DBÞ, where DB
¼ �h=ðg�lBssÞ is the Hanle linewidth. The spin lifetime ss is

given by T1 by 1/ss¼ 1/sþ 1/T1.

A solution of these equations for a film of thickness d is

given in the Appendix, where the charge and spin density are

decomposed into a series of modes, for each of which the z

dependence is an eigenfunction of the Laplacian operator,

satisfying the boundary conditions determined by the recom-

bination velocities of the front and back surfaces, S and S0,
respectively. As discussed in the Appendix, it is reasonable

at low temperature to consider only the spatial mode of low-

est order, implying that, to first order in Sd/D � 1 and

S0d=D� 1, the effect of surface recombination is mostly to

replace s by s* given by 1=s� ¼ 1=sþ ðSþ S0Þ=d. The spa-

tial dependence of the luminescence intensity after averaging

over the sample thickness is given by

I rð Þ ¼ A
ag0sebx

2p
L1

L�d

� �2

K0

jrj
L1

� �
� e

� r
rð Þ2þbx

� �� �
; (4)

FIG. 4. The left panel shows the spatial profiles, shifted vertically for clarity,

of the luminescence intensity for increasing values of the electric field and

for a magnetic field B¼ 0.23 T. The right panel shows the polarization pro-

files in the same conditions. Spatial oscillations of the polarization due to

electronic spin precession during drift appear for a field larger than 100 V/

cm and, as expected from Eq. (1), their period increases with electric field.

In contrast, as shown in Curve h’ taken for E¼ 800 V/cm, no oscillations are

observed for B¼ 0. Also shown by dotted lines in the two panels are calcula-

tions in the drift regime using parameter values given by Table I.
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where A is a constant and K0 is the modified Bessel function

of the second kind, the operator * stands for two-dimensional

convolution and the effective length L1 is given by

1

L1

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

L�2d

þ b2

s
: (5)

The effective charge diffusion length, taking into account

surface recombination, is L�d ¼
ffiffiffiffiffiffiffiffi
Ds�
p

. The inverse length b
is given by

b ¼ � lE

2D
¼ � qE

2kBTe
; (6)

where q is the absolute value of the electronic charge and kB

is Boltzmann’s constant. As shown by the right hand side of

Eq. (6) where Einstein’s relation has been applied, b only

depends on E and on the temperature Te of the photoelectron

gas. At large charge drift distances x parallel to the electric

field and in the charge drift regime defined by bL�d � 1, the

profile described by Eq. (4) decays like exp½�x=ðlEs�Þ�. The

spatial profile of the polarization is given by

P rð Þ ¼ gP2
i

ss 1þ b2L�2d

� �
s 1þ b2L�2s

� �

	 Re

K0

jrj
Ls

1

 !
� e

� r
rð Þ2þbx

� �

17iB=DB�ð Þ K0

jrj
L1

� �
� e

� r
rð Þ2þbx

� �� �
8>>>><
>>>>:

9>>>>=
>>>>;
;

(7)

where DB� ¼ DBð1þ b2L2
s Þ; L�s ¼

ffiffiffiffiffiffiffiffi
Ds�s

p
and 1=s�s ¼ 1=ss

þðSþ S0Þ=ðDdÞ, and L1s is given by

1

L1s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
17iB=DB

L�2s

þ b2

s
: (8)

Because Ls
1 is complex, the function K0 in the numerator of

Eq. (7) has an oscillating spatial behavior. These oscillations

are superimposed on a spatial polarization decay, which is

described by exp½�x=ðlET1Þ� at large distance and in the

spin drift regime defined by bL�d � 1 and bL�s � 1.

B. Analysis of polarization spatial profiles

In the present section, we only consider the spatial profiles

for E> 50 V/cm, i.e., in the drift regime where polarization

oscillations are observed. Approximate values of the photo-

electron mobilities are first determined from the positions of

the extrema using Eq. (1) which is accurate to within about

10%. More accurate mobility values are obtained using a fit of

Eq. (7) and the results only weakly depend on charge and spin

lifetime values. These mobility values, given in Table I,

strongly decrease with increasing electric field from 9000 cm2/

V s to about 4000 cm2/V s. Shown in panel a of Fig. 5 is the

dependence of the drift velocity leE as a function of electric

field. For electric fields lower than about 300 V/cm, the

velocity is approximately proportional to the electric field, sug-

gesting quasi ohmic transport. For higher fields, the velocity

tends to saturate with a maximum value, of several 106cm/s at

800 V/cm. This value is smaller than the usual saturation veloc-

ity by at least one order of magnitude.21 This saturation is

therefore not caused by the usual mechanisms usually invoked

such as phonon or intervalley scattering, but by the heating of

the electron gas which results in a decrease of the mobility.

In order to interpret this result, it should be pointed out

that application of the electric field may perturb the

Boltzmann nature of the distribution, as suggested by the

Boltzmann equation formalism26 and observed for high-

purity material.27 Here, as shown in Fig. 5, this perturbation

is weak since the drift velocity is smaller than the thermal

velocity, (�107 cm/s). It has been found in the same sample

that the mobility change is mainly caused by the heating of

the photoelectron gas by the electric field.14 The dependence

of Te on electric field, as obtained from the slope of the high

energy tail of the luminescence spectrum, is in good agree-

ment with a simple model using a reasonable value of the

energy relaxation time. Shown in panel b of Fig. 5 is the

TABLE I. Analysis of intensity and polarization profiles in the drift regime

(E> 50 V/cm). Measured values of electronic temperature and polarization

at the excitation spot, and values of electron mobility, gP2
i , and spin and

charge lifetimes used in the adjustments of the curves in Fig. 4. Numbers in

parentheses give the uncertainties of the determinations.

E Te (K) Pð0Þ le gP2
i T1 s* leET1

(V/cm) (K) (%) (cm2/V s) (%) (ns) (ns) (lm)

100 49 6.4 9000 19 0.32(10) 0.33(5) 3.0

200 51 8.8 6800 13.7 0.50(10) 0.33(5) 7.0

300 52 9 6400 11.5 0.51(10) 0.33(5) 9.8

400 56 12.6 5000 14 0.47(10) 0.33(5) 9.4

600 58 14.8 4400 15 0.47(10) 0.33(5) 12.4

800 60 16.4 4200 17 0.33(10) 0.33(5) 11

FIG. 5. Panel a shows the electric field dependence of the measured photo-

electron drift speed v¼lE. Panel b shows the dependence of the mobility as

a function of electronic temperature. One finds a power law of exponent

�4.5, similar to the result found elsewhere.14
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dependence of le as a function of Te. One observes that the

mobility decreases with Te as a power law of exponent �4.5

that is, very close to that found in Ref. 14.

As seen in Fig. 3 and in the right panel of Fig. 4, the

polarization at r¼ 0 strongly increases with the electric field.

This is because, in the high electric field regime, such that

bLd� 1 and bLs � 1, the effective time of residence at the

excitation spot (half-width r) is determined by drift

[sdrift¼ r/(lE)� 10 ps], which is much smaller than the

times for spin relaxation, recombination, and precession (of

inverse frequency x�1� 10�10 s/rd). Conversely, at E¼ 0,

the effective spin lifetime at the excitation spot is determined

by diffusion (sdif�r2/D� 60 ps) and is comparable with

x�1 so that the polarization value is decreased by the Hanle

effect.

Once the mobility is known, the charge lifetime s* is

estimated from the spatial charge profiles using Eq. (4). As

seen in the left panel of Fig. 4, the intensity profiles are cor-

rectly interpreted by using a value of s*¼ 0.33 6 0.05 ns,

independent of E. While the uncertainty of this determina-

tion, caused by the slight departure of the profile from a

Bessel one, masks the possible increase of s* with Te,
28 this

value lies in the 0.32–0.40 ns range found for E¼ 0 in the

same temperature range using time-resolved luminescence.3

We finally interpret the overall shape of the oscillations

by adjusting the spin relaxation time T1 and the polarization

loss gP2
i during thermalization. It is found that, although dif-

fusion during drift induces a nonnegligible damping, the

experimentally observed damping is mostly caused by the

finite spin lifetime. The value of T1, shown in Table I, is

approximately independent of electric field and is of the

order of 0.45 6 0.1 ns. Again, this value is comparable with

the zero-field value of 0.5 ns found elsewhere in the same

temperature range.3 The quantity gP2
i is estimated from the

measured polarization Pð0Þ at the excitation spot. Its value,

also shown in Table I, is smaller than P2
i ¼ 25%, because of

polarization losses during thermalization.

The calculated polarization profiles, also shown in the

right panel of Fig. 4, correctly interpret the spatial polariza-

tion profiles apart from slight discrepancies at small electric

field and beyond the first minimum.29 Table I also gives the

value of the spin coherence length leET1, defined as the

characteristic exponential decay length of the polarization at

large distance and for B¼ 0. As expected, this length

increases with electric field and reaches a maximum value of

11 lm at high electric field. This result is in agreement with

the observation of a maximum in the polarization at a dis-

tance of 25lm and after a spin precession angle of 2p, in

Curve h of the right panel of Fig. 4.

C. Spectroscopic effects

In this section, we illustrate the ability of the polarized

PL imaging technique to investigate spin transport as a func-

tion of energy in the emission spectrum. The polarization

spectra for E¼ 800 V/cm at increasing distances to the exci-

tation spot are shown in the center and right panels of Fig. 6

for B¼ 0.23 T and B¼ 0 T, respectively. The main effect is

that, in agreement with Curves h and h’ of the right panel of

Fig. 4, the polarization decrease with distance is significantly

slower for B¼ 0 T than for B¼ 0.23 T, in which case a

change of sign is observed. Note also (i) for all spectra the

smaller polarization near 1.49 eV, as interpreted in Sec. II,

and (ii) the slightly larger overall polarization at r¼ 0 for

B¼ 0 than for B¼ 0.23 T. Since we calculate that polariza-

tion losses by precession in the magnetic field give rise are

weaker than this difference, this effect is probably caused by

spatial inhomogeneities of the sample or rather of the passiv-

ating overlayer.30

There is a significant difference between the spectra

shown in the center and right panels of Fig. 6. Indeed, as

shown in the middle panel of Fig. 6, the polarization for

B¼ 0.23 T becomes independent of energy in the spectrum

at a distance (�13.5 lm) corresponding to the first

FIG. 6. The left panel shows, for

E¼ 800 V/cm, the spatial profile of the

polarization at an energy of 1.51 eV

(Curve a) and 1.49 eV (Curve b) in the

emission spectrum. Slight differences

appear up to a distance of 14 lm from

the excitation spot corresponding to

about the first polarization extremum.

The center panel shows luminescence

polarization spectra at the excitation

spot (Curve a), and at distances, shown

by arrows in the left panel, of 2.3 lm

(b), 4.6 lm (c), 6.9 lm (d), and

13.8 lm (e). The right panel shows the

same spectra as the center panel, but

without any magnetic field.
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polarization extremum. This effect is also visible in the left

panel of Fig. 6, which shows the spatial profiles at the high-

and low-energy sides of the spectrum.

We tentatively attribute this spectral effect of the mag-

netic field to a dependence of the Land�e factor on kinetic

energy. Semiquantitative verification of this hypothesis uses

measurements of the temperature dependence of the g-fac-

tor.31 Taking into account mainly the non parabolicity of the

conduction band, it is found that, at a kinetic energy of

20 meV, the g-factor is about �0.32, while it is �0.44 at the

bottom of the conduction band. As a result, while electronic

spins at the bottom of the conduction band (Curve b of the

left panel of Fig. 6) precess by an angle p over a distance of

13.8 lm, the precession angle over the same distance is about

3p/4 for electrons of kinetic energy at �¼ 20 meV (Curve a).

This effect compensates that of the larger luminescence

polarization at an energy of 1.51 eV, so that the two curves

coincide at the first minimum.

This dependence of spin precession on kinetic energy

seems to contradict the assumption that the time for estab-

lishment of a thermodynamic equilibrium by e-e collisions is

very short, of a fraction of a ps.32 Here, the time for spin

averaging can be estimated experimentally as the drift time

until the first extremum, since the polarization oscillations

no longer depend on kinetic energy beyond this extremum.

This time, of the order of 300 ps, is more than 3 orders of

magnitude larger than the momentum relaxation time

sm¼ lm*/q. While further investigations must be performed

to understand this effect, we think that this strong reduction

of the characteristic collision time for spin transport is an

effect of the screening of spin exchange collisions by the

hole gas, which has been shown to decrease the spin

exchange time by several orders of magnitude.16

IV. CONCLUSION

We have investigated spin transport in p-type GaAs and

have shown that application of an electric field leads to a

spin transport over coherence lengths of 11 lm. This has

been performed, as described by Fig. 1, by applying a mag-

netic field in the sample plane and by imaging the polariza-

tion spatial profile. Because of spin precession during drift,

there appear oscillations in the profile and by monitoring the

positions of the extrema, we obtain the photoelectron mobil-

ity. This mobility is found to decrease with electric field

because of the increase of the photoelectron temperature. It

is found that the damping of the oscillations is mostly caused

by spin relaxation during drift, which allows us to estimate

the spin relaxation time. It is pointed out that the present

method may also be used to probe effects of the spin-orbit

interaction, in the absence of an applied magnetic field.33
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APPENDIX: SOLUTION OF THE DRIFT-DIFFUSION
EQUATION

In order to solve Eq. (2) in a semiconducting slab of

thickness d, for which the recombination velocity is S for the

surface excited by light and S0 for the opposite surface, it is

first convenient to eliminate the electric field by using

pðr; zÞ ¼ nðr; zÞ expðbxÞ, where b is given by Eq. (6) the

electric field is along the x direction. The quantity p(r, z) is

the solution of the diffusion equation

0 ¼
g r; zð Þse�bx

1þ b2L2
d

� pþ L2
d

1þ b2L2
d

r2p: (A1)

As shown in Ref. 3, for an arbitrary surface recombination

velocity, the solution of this equation is expressed as a sum

Rmfm(r)um(z) of spatial modes, where the functions um are

eigenfunctions of the Laplacian operator satisfying the

boundary conditions defined by the surface recombination

velocities at z¼ 0 and z¼ d. The function fm(r) is a solution

of the equation

0 ¼ � fm rð Þ
s�
þ D

1þ b2L2
d

r2fm rð Þ

þ e�bx

1þ b2L2
d

ðd

0

g r; zð Þum zð Þdz: (A2)

Here

s� ¼ s

1þ h2
mL2

d=d2
; (A3)

where hm is the solution of hm¼Arctanðc=hmÞþ
Arctanðc0=hmÞ þðm�1Þp and c¼Sd/D and c0 ¼S0d=D. The

Green function of Eq. (A2) is

G rð Þ ¼ sef f

2p
:K0

jr0j
Lm

� �
; (A4)

where

1

Lm
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

L2
d

þ b2 þ h2
m

d2

s
: (A5)

The luminescence intensity is taken as IðrÞ ¼
A
Ð d

0
exp ½�alz�nðr; zÞdz where al is the absorption coefficient

at the luminescence energy and A is a constant. The spatial

profile of the luminescence intensity is finally given by

I rð Þ ¼ A
ag0sebx

2p

X
m

cm
Lm

Ld

� �2

K0

jrj
Lm

� �
� e

� r
rð Þ2þbx

� �� �
;

(A6)

where the symbol * stands for the two-dimensional convolu-

tion. In the same way, the spatial profile of the luminescence

difference signal, defined as the difference between the com-

ponents of rþ and r� helicities, is taken as IdðrÞ ¼
APi

Ð d
0

exp ½�alz�sðr; zÞdz and given by
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Id rð Þ ¼ A
ag0ssgP

2
i ebx

2p

	
X

m

cmRe
Ls

m

Ls

� �2

K0

jrj
Ls

m

 !
� e

� r
rð Þ2þbx

� � !( )
;

(A7)

where the complex length Lms is given by

1

Lms
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
17iB=DB

L2
s

þ b2 þ h2
m

d2

s
: (A8)

It has been shown in Ref. 3 that the luminescence profile

is dominated by the fundamental mode (m¼ 1), with a mar-

ginal contribution of the higher order modes near r¼ 0 for

significant surface recombinations. In the same way, using

Eqs. (A6) and (A7), we find that the higher order modes

weakly affect the positions of the extrema since these

extrema lie away from r¼ 0. As a result, in the analysis of

the experimental results, it is legitimate to consider only the

fundamental spatial mode.
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