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We evidence at room temperature the detection of photogenerated spin currents by using a magnetic
electrode without the need of an external magnetic field. The device is based on a semiconductor
ðAl;GaÞAs=GaAs quantum well embedded in a p-i-n junction. The spin filtering is performed owing to a
Co-Fe-B=MgO electrode with in-plane magnetization. We observe a helicity-dependent photocurrent when
the device is excited under oblique incidence with circularly polarized light. The helicity-dependent
photocurrent is explored as a function of the incident and azimuth angles of the incoming light wave vector
with respect to the magnetization direction of the magnetic electrode. The results are interpreted as a
consequence of the photogenerated average electron spin under oblique incidence in a quantum well
governed by optical selection rules involving electron-heavy-hole and electron-light-hole transitions.
A systematic study of the helicity asymmetry as a function of the photon energy and applied bias is
performed. It demonstrates that this asymmetry is at its maximum close to the GaAs quantum well and
(Al,Ga)As bulk optical transitions. The asymmetry can be controlled by an external bias on the structure.
Finally, we show that this asymmetry decreases when the temperature increases.
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I. INTRODUCTION

Spintronic devices based on spin-polarized electrons
offer the promise of significant advances in device perfor-
mance in terms of speed, size, and power consumption
[1–3]. In a spin light-emitting diode (spin LED) [4–9],
solid-state information stored within ferromagnetic materi-
als can be transferred into circularly polarized photons
emitted via carrier-photon angular momentum conversion.
Several advanced semiconductor technologies have been
proposed. Potential devices ranging from a memory
element with optical readout and optical transport of spin
information [10], advanced optical switches [11], circularly
polarized single-photon emitters for quantum cryptography
[12] to chiral analysis [13], and three-dimensional display
screens [14] are anticipated. By reversing the operation
condition of spin LED, one can also realize the spin
photodiode function by illuminating the device with cir-
cularly polarized light and obtain the helicity asymmetry

(or conversion efficiency) of the photocurrent [15,16].
Several research groups have investigated the possibility
of detecting a spin-polarized photocurrent generated under
circularly polarized light using metal-oxide-semiconductor
structures or spin LED structures [17–20]. As the photo-
current can be measured even at room temperature, it
opens the way for promising applications in spin detectors
of circularly polarized light [20] and spin filters [21–23].
When the spin-polarized photocurrents are detected under
an external magnetic field [17–20], it is hard to distinguish
the spin-related effect from the magnetic circular dichroism
(MCD) of the magnetic layer as well from the artifact due to
the Zeeman splitting in the semiconductor part [24]. Up to
now, there were very few attempts to work at zero external
magnetic field. The first one was based on the use of a thick
perpendicular magnetic injector to get rid of this Zeeman-
effect-based artifact [25]. Very recently, Roca et al. [15]
proposed a helicity-dependent photocurrent under a given
laser oblique incidence to work without an external
magnetic field on a metal-oxide semiconductor based on
Fe=Al2O3=p-doped GaAs with in-plane magnetization.
Nevertheless, a systematic study of the influence of the
incident and azimuth angles on the amplitude of the helicity
asymmetry of the photocurrent is still missing. In addition,
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most of the former studies of the role of the external bias
on the amplitude of the helicity asymmetry were carried
out at a fixed excitation wavelength [18–21], so it was not
possible to distinguish between the exact influence of the
bias on the helicity asymmetry and the influence of the
Stark effect [26] on the energy levels in the semiconduc-
tor part.
In this paper, we use a spin-LED-like device to detect

at room temperature photogenerated spin currents due to a
magnetic electrode without the need of an external mag-
netic field by exciting the structure with a tilted incident
angle. First, we investigate in a systematical way the
influence of the incident and azimuth angles of the
incoming light wave vector (with respect to the magneti-
zation direction of the magnetic electrode) on the helicity
asymmetry of the photocurrent. Second, this asymmetry is
explored as a function of the wavelength of excitation.
Our results are in good agreement with the theory that
allows us to calculate the photogenerated average electron
spin under oblique incidence in quantum wells predicted by
optical selections rules. Finally, we also study the influence
of the external bias and the temperature on the photocurrent
asymmetry. We suggest a possible way to interpret these
results based on the Dyakonov-Perel (DP) spin-relaxation
mechanism [27] and on the requirement of the existence of
a recombination channel for electron spins whose orienta-
tion is opposite the magnetization of the electrode.

II. SAMPLE PREPARATION AND
CHARACTERIZATION

The sample structure is sketched in Fig. 1(a). It consists
in a spin LED where a GaAs=ðAl;GaÞAs quantum
well (QW) is embedded in the intrinsic region of the
p-i-n junction surmounted by a Co-Fe-B=MgO electrode.

The quantum-well p-i-n structure and the tunnel barrier
are grown by molecular beam epitaxy (MBE), while the
ferromagnet contact is deposited by sputtering. The p-i-n
structure has the following layers: A 300-nm p-GaAs∶Be
(p ¼ 2.17 × 1019 cm−3) buffer layer is initially deposited
on (001) p-GaAs∶Zn (p ¼ 2 × 1019 cm−3) substrate, fol-
lowed by a 500-nm p-Al0.08Ga0.92As (p ¼ 2 × 1019 cm−3)
layer. Then, a single quantum well of 50-nm undoped
Al0.08Ga0.92 As=10-nm undoped GaAs QW/50-nm
undoped Al0.08Ga0.92As and a 50-nm n-ðAl;GaÞAs∶Si
(n ¼ 1 × 1016 cm−3) cap layer are deposited in turn.
The surface of the p-i-n structure is passivated with arsenic
in the III-V MBE chamber and then transferred through
the air into another MBE-sputtering interconnected system.
The arsenic capping layer is first desorbed at 300 °C by
monitoring in situ reflection high-energy electron-
diffraction patterns in the MBE chamber, and after that,
a 2.5-nm MgO tunneling barrier layer is grown at 250 °C.
The sample is then transferred to the sputtering chamber
to grow a 3-nm Co40Fe40B20 ferromagnetic layer. Finally,
5-nm Ta is deposited to prevent oxidation. The 300-μm-
diameter circular mesas are then processed using standard
UV photolithography and etching techniques.
The optical microscopy images, I-V characteristics, and

circularly polarized electroluminescence of the measured
device are shown in Fig. S1 in the Supplemental Material
[28]. A high-resolution transmission-electron-microscopy
image (HRTEM) shown in Fig. 1(b) reveals a smooth and
sharp MgO=ðAl;GaÞAs interface. Moreover, the continuity
of the 3-nm Co-Fe-B layer can also be validated in the
HRTEM image performed by using a JEOL ARM200 cold
field-emission gun working at 200 kV. A mode-locked Ti:
sapphire laser with a repetition rate of 80 MHz and a
pulse width of 140 fs serves as the excitation source.

FIG. 1. Sample structure and photocurrent measurement. (a) The schematic diagram of the cross section of the device. The black bold
arrows in Co-Fe-B denote the orientation of the remanent magnetic moment. (b) HRTEM image of the MgO=Co-Fe-B=Ta spin detector
on (Al,Ga)As-based LED structure. (c) Schematic of the difference of photocurrent between right and left circularly polarized light with
oblique incidence thanks to a selective spin filtering by the Co-Fe-B=MgO layer. The red and blue horizontal arrows correspond to Sx,
the projection along x of the photogenerated average spin S for σ− and σþ, respectively. (d) Schematic diagram of the electrical
measurement under bias.
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The excitation wavelength is tuned from 700 to 870 nm,
which covers the excitation energy of the first valence
subband of heavy holes to the first conduction subband and
the first valence subband of light holes to the first
conduction subband (LH1-e1) transitions in the GaAs
QW. The spot diameter and average power of the laser
are 2 mm and 0.2 mW, respectively. The incident light goes
through a polarizer and a photoelastic modulator (PEM)
whose retardation is set to be 0.25λ to yield a modulated
circularly polarized light with a fixed modulating frequency
at 50 KHz. We measure the helicity-dependent photo-
current ΔI that is related to the difference of the photo-
current between the right and left circularly polarized light
ðΔI ∝ Iσþ − Iσ−Þ due to a selective spin filtering of the
Co-Fe-B=MgO [see Fig. 1(c)]. A low-noise-current pre-
amplifier and a lock-in amplifier synchronized with the
50-KHz signal of the PEM are used. We also measure
Iph½∝ ðIσþ þ Iσ−Þ=2� that is the total photoinduced current.
This total current is accurately measured by the low-noise-
current preamplifier and a lock-in amplifier synchronized
with the 220-Hz signal of an optical chopper. In this work,
we study the azimuth angle, the incident angle, the temper-
ature, and the external bias dependence of the amplitude of
the helicity asymmetry of the photocurrent. In the mea-
surements, positive bias corresponds to the cathode (þ) of
the voltage source connected with the bottom electrode,
whereas for negative bias, the cathode of the voltage source
is connected with the top electrode, as schematically shown
in Fig. 1(d). We define the photocurrent helicity asymmetry
F (figure of merit) as F ¼ ðΔI=IphÞ. We mainly discuss Iph
and F in the following, and the measured ΔI are presented
in Figs. S2, S4, and S5 in the Supplemental Material [28].

III. RESULTS AND DISCUSSION

A. Influence of the azimuth and incidence angles
on the photocurrent helicity asymmetry

First, the excitation wavelength is fixed at 825 nm close
to the energy of the LH1 − e1 transition in the GaAs QWat

300 K. In the inset of Figs. 2(a) and 2(c), we show the
schematic diagram of the illumination configurations.
Here, we define θ as the angle between the incident light
and the out-of-plane direction of the sample. We define α as
the angle between the projection direction of the incident
light and the direction of the remanent magnetic moment of
Co-Fe-B; the preferred magnetic orientation is along the
h110i direction of the GaAs substrate. First, we study the
azimuth angle (α) dependence of the helicity asymmetry
of the photocurrent with incident angle θ ¼ 30° at 300 K,
as shown in Figs. 2(b) and 2(b). Remarkably, the azimuth
angle α dependence of F shows a cosinelike behavior at
three different bias voltages. From Fig. 2(b), we can see that
F exhibits maximal values when α ¼ 0°, while F reverses
its sign when α ¼ 180°. As expected, F almost vanishes
when α ¼ 90°.
Second, we study the photocurrent as a function of the

incident angle θ for α ¼ 0° at 300 K, as shown in Figs. 2(c)
and 2(d), and Fig. S2 (Supplemental Material [28]). From
Fig. 2(d), we can see that the calculated helicity asymmetry
F changes quasilinearly with the incident angle at three
different bias voltages. Other incident angles’ (θ ¼ 0°,
−30°) and azimuth angles’ (α ¼ 90°, 180°) dependence
of F at 300 K are shown in Fig. S3 in the Supplemental
Material [28]. We can see a clearly vanished F when θ ¼ 0°
[see Fig. S3(a) in the Supplemental Material [28] ] or
α ¼ 90° [see Fig. S3(c) in the Supplemental Material [28] ].
The azimuth angle α dependence of F with incident
angle θ ¼ −30° shows, however, a negative cosinelike
behavior at three different bias voltages [see Fig. S3(b) in
the Supplemental Material [28] ]. From Fig. S3(d) in the
Supplemental Material [28], with azimuth angle α ¼ 180°,
we can see that the calculated helicity asymmetry F also
changes quasilinearly with the incident angle at three
different bias voltages, while the sign of the slope of the
fitting line is opposite compared to the case of azimuth
angle α ¼ 0° shown in Fig. 2(d).
These results can be well understood if we consider the

simple phenomenological model described in the following.

FIG. 2. Total photocurrents and helicity
asymmetry as a function of the azimuth
and incidence angle. (a) The total photo-
induced direct currents and (b) the helicity
asymmetry of the photocurrents changing
with the azimuth angle for the incident
angle θ ¼ 30° under three different bias
voltages at 300 K. The solid lines corre-
spond to cosine fitting. (c) The total photo-
induced currents and (d) the helicity
asymmetry changing with incidence angle
with the azimuth angle α ¼ 0° under three
different bias voltages at 300 K. The solid
lines correspond to the sine fitting. The
insets in (b) and (d) illustrate the definition
of the azimuth angle and the incident
angle, respectively.
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The helicity asymmetry can be written as F ¼ CPFMSx,
wherePFM is the spin polarization of the ferromagnetic layer
at the Fermi level, Sx is the projection on the magnetization
direction h110i (that we call the x direction for the sake of
simplicity) of the electron spin S photogenerated by the laser
[see Fig. 1(c)].C is a nontrivial function depending on many
parameters: τs;QW the electron spin-relaxation time in the
GaAs quantumwell, τesc the escape time from the well, τ the
electron radiative recombination time in the QW, τs the spin
relation time in the (Al,Ga)As bulk during the drift-diffusion
process, τbulk the electron radiative recombination time in the
bulk, t the tunneling time through MgO, and l the distance
between the QW and the electrode. Note that the spin-
relaxation time τs;QW in this type of [001] GaAs=ðAl;GaÞAs
quantumwell embedded in thep-i-n junctionmaydependon
the applied bias. When no bias voltage is applied to the
structure, and for a 10-nm QW with 8% of aluminum, this
spin-relaxation time is about 525 ps at 80 K [29] and can be
estimated from Ref. [30] around 70 ps at 300 K for a bare
quantum well. The tunneling time out of the well depends
mainly on the applied bias, on the confinement energy in the
quantum well, and on the temperature. It can range from a
few hundred picoseconds to a few picoseconds [31,32].
As calculated in Ref. [33] the electron spin S photogenerated
in a quantum well by the laser under oblique incidence has a
direction which depends on the heavy-hole–light-hole mix-
ing in the valence band. S is in the incident plane defined by
the normal to the quantum-well plane (z axis) and the
incident light wave vector. As this incident plane is tilted
by the angle α from the magnetization direction h110i
(x axis), it is, thus, clear that Sx can be written as
Sx ¼ cosðαÞSα, where Sα is the projection of S along the
direction eα defined by the intersection of the incident
plane and the quantum-well plane. The second important
point from Ref. [33] is that Sα ¼ fðEphotonÞ sinðθÞ where
fðEphotonÞ is a function that contains optical selection rules
for electron-heavy-hole and electron-light-hole transitions in
a QW. So, F can be finally written as

F ¼ CPFM cosðαÞfðEphotonÞ sinðθÞ: ð1Þ

The experimental dependence of F as a function of α
is in very good agreement with this model, as shown in
Fig. 2(b). The experimental dependence of F as a function
of the incident angle θ is also very well reproduced. For θ
varying from −40° to 40°, sinðθÞ ∼ θ. The expected linear
increase of F as a function of θ is indeed experimentally
observed in Fig. 2(d), and Fig. S3(d) in the Supplemental
Material [28].
Let us come back to the physical origin of the photo-

generated in-plane spin component Sα. We consider a pure
circular polarization with a wave vector tilted from the
normal of the sample surface by the angle of incidence α.
The corresponding mode can be decomposed in a combi-
nation of two modes, one propagating along the growth

axis of the structure and one propagating in plane. It is well
known that the in-plane mode cannot photogenerate any
spin if the only excited transition is the heavy-hole-e1
transition [34]. However, for laser energy above the QW
absorption edge, the valence-band states are linear combi-
nations involving both heavy-hole and light-hole states
[35]. The weight of the light hole can be significant,
particularly when the laser energy exceeds the energy of
the light-hole-e1 transition in the center of the Brillouin
zone. It is then possible to photogenerate spin with an in-
plane mode thanks to this transition. Finally, taking into
account the two modes, it is shown in Ref. [33] that it is
possible to create an in-plane average spin component Sα in
a direction that corresponds to the projection of the light
wave vector on the plane of the quantum well.

B. Influence of the excitation wavelength
and the bias voltage

We perform a systematic study of the spectra of ΔI and
Iph as a function of bias voltage at 80 K [see Fig. S4 in
Supplemental Material [28] and Fig. 3(a)], where θ ¼ 0°
and α ¼ 15°. We then deduce the spectra of helicity
asymmetry at 80 K [see Fig. 3(b)]. In Figs. 3(b) and 3(b),
we identify clearly the energy positions corresponding to
the optical transitions in the i-GaAs QW at approximately
820 nm and the (Al,Ga)As barrier at approximately
775 nm. It corresponds pretty well to the calculated
transitions based on a six-band k · p model that gives
heavy-hole-electron and light-hole-electron transition
wavelengths, respectively [33,36]. It also demonstrates
that this asymmetry is at its maximum close to the GaAs
quantum well and (Al,Ga)As bulk optical transitions.
With the voltage varying from þ0.25 to −0.216 V, the
peak positions corresponding to the transition of i-GaAs
QW for Iph reveal an obvious quantum red Stark shift [see
Fig. 3(a)], which is a normal rule for the total photocurrent
under bias [26]. Interestingly, between the i-GaAs QW
and (Al,Ga)As barrier, there are still small peaks between
the energy positions of the (Al,Ga)As and i-GaAs QW,
which is probably derived from the interface states [37,38]
between Co-Fe-B and MgO or due to a possible Franz-
Keldysh effect [39]; further works should be done in the
future to confirm these hypotheses. The influence of the
bias on the helicity asymmetry F related to the i-GaAs QW
is shown in Fig. 3(c). The helicity asymmetry is measured
at the wavelength corresponding to the quantum-well
absorption maximum for a given bias. We measure an
increase of the helicity asymmetry with positive biases,
while a decreased amplitude of the helicity asymmetry is
observed with negative biases. Two mechanisms can
explain this behavior.

1. Bias dependence of the electron spin-relaxation time

A dependence of the electron spin-relaxation time with
the applied bias can be considered. It could be linked to the
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Rashba effect on the Dyakonov-Perel electron spin-
relaxation time in the quantum well [40]. The electron
spin-relaxation time varies if the amplitude of the electric
field increases as observed in the (001) and (111) GaAs
quantum wells [41,42]. For the (001) QW investigated in
this paper, we can expect that the flatter the bands are for
the quantum well, the longer the electron spin-relaxation
time is. In our device, we can estimate a built-in electric
field of 120 kV=cm. For such a large electric field, the
electron spin-relaxation time decreases when the electric
field increases (in absolute value) [43]. This can explain the
measured helicity asymmetry increase with positive biases
and its decreasing amplitude for negative biases.

2. Recombination channel for the electron spin
orientation opposite the magnetization

Another mechanism can explain the measured bias
dependence. In order to get a difference between the
two photocurrents under right and left circularly polarized
light, a recombination channel to “kill” electrons with a
spin opposite the magnetization is needed [17]. Note that
obtaining a spin-dependent photocurrent relies on both a
spin-dependent transmission coefficient at the ferromagnet-
semiconductor interface and an efficient recombination of
the reflected minority-spin carriers in the semiconductor

[16,17,44]. In one case for the V < 0 bias [see Fig. 4(a)],
the bands will be heavily tilted, so the electron’s “killing”
channel (radiative recombination) is almost closed. In
contrast, a reversal of the bias leading to almost flat band
conditions will open the electron’s killing channel (radia-
tive recombination), as shown in Fig. 4(b). This physical
model can explain why we have to work with V > 0 to
evidence significant helicity asymmetry for the photo-
current [see Fig. 3(c)]. Note that there are two advantages
of using a quantum well as an optical absorber in the
device. First, it opens the way in the future for an
optimization of the electron spin-relaxation time in the
active region. The latter electron spin-relaxation time can
be controlled by engineering the QW. One can imagine, for
example, to benefit from the internally built electric field
produced by the piezoelectric effect as it is shown in
strained ðIn;GaÞAs=GaAs quantum wells grown along the
[111] direction [45] in order to compensate for the
Dresselhaus term by the Rashba one and, thus, strongly
damp the corresponding spin-relaxation mechanism [42].
The second advantage of using a quantum well is to offer
an efficient recombination channel for electron spins whose
orientation is opposite the magnetization of the electrode.
The efficiency of this recombination channel can be tuned
by the applied bias.

FIG. 4. Schematic diagrams of the energy
band under bias. (a) Tilted bands under a
negative-bias voltage with electron’s killing
channel (radiative recombination) almost
closed. (b) Almost flat band conditions under
a positive-bias voltage with the electron’s kill-
ing channel (radiative recombination) open.

FIG. 3. Bias voltage dependence of the spectra of total photocurrents and helicity asymmetry at 80 K. (a) Spectra of the total
photoinduced direct currents. Inset: Enlargement of the quantum-well transition. (b) Spectra of the helicity asymmetry at different bias
voltages at 80 K. Note that the spectra in (a) and (b) are intentionally shifted for clarity, and the color coding is the same for (a) and (b).
(c) The helicity asymmetry of the photocurrent and the total photoinduced direct current as a function of bias voltage corresponding to
the transition of the i-GaAs QW, respectively. The azimuth and incident angles in these experiments are fixed to be 0° and 15°,
respectively.
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C. Influence of the temperature

The temperature dependence of the spectra of ΔI, Iph,
and the deduced helicity asymmetry F with a fixed bias of
−0.163 V are shown in Figs. 5(a) and 5(b), where θ ¼ 0°
and α ¼ 15° (see, also, Fig. S5 in the Supplemental
Material [28]). The energy corresponding to the i-GaAs
QW shows a redshift with the increase of the temperature
[Fig. 5(a)], which is simply due to the temperature
dependence of the band gap. The temperature dependence
of the helicity asymmetry of the photocurrent for i-GaAs
QW can then be extracted [Fig. 5(c)]. We clearly observe a
reduction of the helicity asymmetry with the increase of
the temperature. This effect can be well explained by the
reduction of the quantum-well DP electron spin-relaxation
time when the lattice temperature increases, as it is clearly
evidenced in Ref. [30]. We extract the temperature depend-
ence of the peak position of the helicity asymmetry
corresponding to the optical transition of i-GaAs QW
(see Fig. S6 in the Supplemental Material [28]), which
shows an almost linear increase of F with the decrease of
the temperature by following the Varshni law.

D. Possible influence of magnetic circular dichroism

Finally, we discuss the possible artifacts in the measure-
ments. First, when a magnetic field is applied, the absorp-
tion spectra for σþ and σ− light are shifted due to the
Zeeman effect in the quantum well [17]. So, for a given
excitation wavelength, these two absorptions can be differ-
ent, yielding a helicity-dependent current not related to the
filtering of electron spins by the FM layer. This effect can
be neglected in our experiments since (i) no external
magnetic field is applied, and (ii) the stray field induced
by the FM layer can be estimated to be less than 1 mT in the
quantum-well plane [46,47]. The second type of possible
artifact is the MCD due to the magnetic layer. Though a
small MCD effect was reported for tilted excitation and

in-plane magnetization [15], it should not be sensitive to the
bias voltage, and it should not exhibit a resonance with the
quantum-well level and the (Al,Ga)As barrier gap, as we
clearly observe. We conclude that MCD effects are also
negligible in our measurements.

IV. CONCLUSIONS

We detect at room temperature photogenerated spin
currents by using a magnetic electrode without the need
of an external magnetic field. A clear helicity asymmetry is
evidenced. The dependence of this asymmetry on the
incident and azimuth angles of the incoming light wave
vector in i-GaAs quantum well is interpreted as a conse-
quence of the photogenerated average electron spin under
oblique incidence in the quantum well governed by the
optical selection rules. We also show that the asymmetry
can be controlled by an applied bias. The temperature
dependence is measured and interpreted on the basis of the
Dyakonov-Perel spin-relaxation time in the quantum well.
As the measured amplitude of the photocurrent asymmetry
is weak, improvements are clearly required [particular
attention can be paid to optimizing (i) the electron spin-
relaxation time in the semiconductor part and (ii) tuning the
efficiency of the recombination channel for carriers with
spin opposite the magnetization direction of the electrode]
in order to use such systems as efficient spin filters or
polarization detectors in future spin-optronic applications.
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