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We study the photogenerated spin currents in a spin light emitting diode when the device is excited
under circularly polarized light. The device is based on a Iny ;Ga, gAs quantum well embedded in a
p—i—n junction. The spin filtering is performed owing to a Co—Fe—B/MgO electrode with out-of-plane
magnetization. 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
ferromagnetic electrode. The results are interpreted as a simple phenomenological model described
in the paper, which demonstrates it is an efficient way to detect the remanent < (remnant?) magnetic
moment of the ferromagnetic electrode at room temperature.
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1. INTRODUCTION

Spintronic devices based on spin-polarized electrons offer
the promise of significant advances in device performance,
in terms of speed, size, and power consumption.'? Among
spintronic devices, spin light emitting diode (spin-LED)*
has been proved to be an efficient way to transfer a
solid-state information stored within ferromagnetic mate-
rials into circularly polarized photons emitted via carrier-
photon angular momentum conversion. Several advanced
semiconductor technologies have been proposed. Potential
devices ranging from memory element with optical read-
out and optical transport of spin information,’ advanced
optical switches,® circularly polarized single photon emit-
ters for quantum cryptography’ to chiral analysis® and
3-dimensional display screens’ have been anticipated. By
reversing the operation condition of spin-LED, one can
also realize spin photodiode (spin-PD) function by illumi-
nating the device with circular polarized light and detect
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spin-polarization of photocurrent to obtain the conversion
efficiency. Several research groups have investigated the
possibility of creating a spin-polarized photocurrent under
circular polarized light in spin-LED structures.'” The cur-
rent can be measured even at room temperature, which
provides not only a powerful way to investigate the poten-
tial mechanisms of the spin detection but also promising
applications in spin detectors of circular polarized light.!!

The spin-polarized photocurrents in spin-LEDs were
mostly studied under external magnetic fields;'? thus, it is
hard to distinguish whether the spin-polarized photocur-
rent before being spin-filtered by the ferromagnetic con-
tact is derived from the intrinsic spin-orbit coupling (SOC)
due to the Rashba effect in the semiconductor'® or the
Zeeman splitting effect.'* So the study of spin-polarized
photocurrent under zero magnetic field might reveal the
real generation mechanisms for the spin-polarized pho-
tocurrent. Besides, the previous studies of spin-polarized
photocurrents in spin-LEDs were mostly carried out at
fixed excitation wavelength,'> so they could not investigate
or eliminate the Stark effect'® induced by external voltages
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for the corresponding energy levels; therefore, the physical
mechanisms of the spin photocurrent with the variation of
external voltage were remains unclear imprecise.

In this work, we found that the vertical illumination
on the spin-LED structure with circularly polarized light
at room temperature can generate spin-polarized pho-
tocurrent without the need of an external magnetic field.
By employing a ferromagnetic out-of-plane magnetized
CoFeB/MgO as a spin filter, which is also understood by
establishing a physical model similar to tunneling mag-
neto resistance structure.'” We investigate the influence
of the incident and azimuth angles of the incoming light
wave vector in a systematical way, and establish a simple
phenomenological model that the spin-polarized photocur-
rent as a function of the angle with respect to the rema-
nent (remnant?) magnetic moment. Our results are in good
agreement with the theory that allows us to find an effi-
cient way to detect the remanent magnetic moment of the
ferromagnetic electrode at room temperature.

2. EXPERIMENTAL DETAILS

2.1. Sample Preparation

The quantum well p—i—n structure and the tunnel bar-
rier were grown by molecular beam epitaxy (MBE),
while the ferromagnet contact was deposited by sput-
tering. The p—i—n structure has the following layers.
A 500 nm p-GaAs:Be (p =2.17 x 10" cm~*) buffer layer
was initially deposited on (001) p-GaAs:Zn (p =2 x
10" cm™3) substrate, followed by a 200 nm p-GaAs (p =
2 x 10" cm™?) layer. Then, 50 nm un-doped GaAs/10 nm
un-doped In,,Ga;,As QW/50 nm un-doped GaAs and
a 50 nm n-GaAs:Si (n=1x10' cm™) cap layer were
deposited in turn. The surface of the p—i—n structure
was passivated with arsenic in the III-V MBE cham-
ber and then transferred through the air into another
MBE-sputtering interconnected system. The arsenic cap-
ping layer was 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 tun-
nelling barrier layer was grown at 250 °C. Then the sam-
ple was transferred to the sputtering chamber to grow
1.1 nm CoFeB ferromagnetic layer. Finally, 5 nm Ta was
deposited to prevent oxidation.'® The 300 um diameter
circular mesas were then processed using standard UV
photolithography and etching techniques.

2.2. Measurement

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. The excitation wavelength is tuned from
850 nm to 1000 nm which covers the excitation energy of
the E1-HHI transition in the In,,Ga,,As QW at 300 K,
and the spot diameter and power of the laser are 2 mm
and 0.2 mW, respectively. The incident light goes through
a polarizer and a photo-elastic modulator (PEM) whose
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retardation is set to be 0.25 lambda to yield a modu-
lated circularly polarized light with a fixed modulating
frequency at 50 KHz (1f), and the spin-polarized pho-
tocurrent (A[) is first amplified by a current pre-amplifier
and then collected by a lock-in amplifier with the refer-
ence frequency of 50 KHz. A chopper with a frequency at
220 Hz is applied to produce a polarization independent
light, which is used to measure the common photo-induced
direct current (/,,) that is proportional to the total number
of photo-induced electrons, and I, is also first amplified
by a current pre-amplifier and then collected by a lock-in
amplifier with the reference frequency of 220 Hz. In this
work, we studied the azimuth angle and the incident angle
dependence of the circular polarization.

3. RESULTS AND DISCUSSION

The sample structure is sketched in Figure 1(a). The
optical microscopy images of the measured device are
shown in Figures 1(b) and (c). The excitation wavelength
was fixed at 930 nm which corresponded to the excita-
tion energy of the E1-HHI transition (the first valence
sub-band of heavy holes to the first conduction sub-
band) in the Iny;G,,As QW at 300 K."” In the inset of
Figures 2(a) and 3(a), we show the schematic of illu-
mination configurations. Here, we define 6 as the angle
between the incident light and the out-of-plane direc-
tion of the sample. We define a as the angle between
(a) Ta

Mgo [T
GaAs (n)

GaAs (i)
InGaAs (i)
GaAs (i)

GaAs (p)

GaAs
buffer (p)

GaAs substrate(p)

Figure 1. The structure of the sample. (a) The schematic diagram of the
cross-section of the device. The black bold arrows denote the orientation
of the remnant magnetic moment. (b) The images of the LED structure.
(c) The optical microscopy images of the LED structure.
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Figure 2. Incident angle dependence of the spectra of photocurrents
and circular polarization at 300 K. (a) Spectra of the common photo-
induced direct currents, (b) spectra of the circular polarization at different
azimuth angle with the azimuth angle o = 0° under —0.1 V bias voltages
at 300 K. The insets in (a) illustrate the definition of the incident angle.

the projection direction of the incident light and the pre-
ferred magnetic orientation is along [110] direction of the
GaAs substrate. A photo-elastic modulator (PEM) with an
intrinsic frequency of 50 KHz was employed to measure
the helicity dependent photocurrent A/. The common

860 880 900 920 940 960 980 1000
Wavelength (nm)

Figure 3. Azimuth angle dependence of the spectra of photocurrents
and circular polarization at 300 K. (a) Spectra of the common photo-
induced direct currents, (b) spectra of the circular polarization at different
azimuth angle with the incident angle § = 15° under —0.1 V bias voltages
at 300 K. The insets in (a) illustrate the definition of the azimuth angle.
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photo-induced direct current /,;, was measured by an opti-
cal chopper with a rotation frequency of 220 Hz. Then the
conversion efficiency (F) can be defined as F = Al/I,
which contains the combination information of the light
generated spin polarization in QW, the spin transport from
QW to ferromagnetic layer/semiconductor interface and
spin detection by the ferromagnetic layer.?

Figure 2(a) display the spectra of [, under differ-
ent incident angle at 300 K, where a = 0°. Figure 2(b)
shows the deduced conversion efficiency with variation
of light wavelength at different §. We identified clearly
the energy positions corresponding to the optical transi-
tions in the i-In,;Gay,As QW at 930 nm. Figure 3(a)
display the spectra of 1, under different amzimuth angle
at 300 K, where 0 = 15°. Figure 3(b) shows the deduced
conversion efficiency with variation of light wavelength at
different c.

Firstly, we studied the incident angle (6) dependence
of the photocurrent with the a = 0° of incident light at
300 K, as shown in Figures 4(a) and (b). The 6 depen-
dence of F shows a cosine-like behavior at —0.1 V bias
voltages. From Figure 4(b) we can see that the maxi-
mal value of F is not completely at 6 = 0°. Secondly,
we studied the excitation light azimuth angle dependence
of the photocurrent with 6 = 15° at 300 K, as shown in
Figure 4(c). From 4(d) we can see that the azimuth angle «
dependence of F also shows a cosine-like behavior at
—0.1 V bias voltages. That F' get maximal values when
a = 0°,360°, while F almost vanishes and revises its sign
when o = 180°.

Since the direction of CoFeB magnetization is along
out-of-plane direction, the variation F versus azimuth and
incident angles could reflect the relative spin angle of elec-
trons in the photocurrent. We can clearly find that the
remanent magnetic moment of the ferromagnetic electrode
at room temperature is not completely out-of-plane magne-
tized. Thus, we define ¢ as the angle between the remanent
magnetic moment and the out-of-plane direction. When the
vertical incident light irradiates on the surface of the sam-
ple, its out-of-plane component will, in accordance with
conservation of angular momentum, induce polarized elec-
trons with out-of-plane spin component which have the
same direction as the one of the out-of-plane light com-
ponent. Then these polarized electrons will move verti-
cally towards the direction of ferromagnetic metal driven
by the built-in internal electric field and the concentra-
tion gradient.?! Ferromagnetic metal plays the exact role
of spin filter,”> enabling the spin-polarized electrons to
pass easily when the spin polarization direction is paral-
lel to the direction of ferromagnetic domains. However,
the spin-polarized electrons with the direction anti-parallel
to ferromagnetic domains can hardly pass the ferromag-
netic metal. A/ decrease its sign when in the direction of
incident angle will result in different sign of the circular
polarization.
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Figure 4. Photocurrents and circular polarization change with the azimuth angle and the incident angle. (a) The circular polarization as a function
of the incident angle, (c) the circular polarization as a function of the azimuth angle, (b) the circular polarization as a function of the incident angle
corresponding to the transition of In,, Ga,,As QW, and (d) the circular polarization as a function of the incident angle corresponding to the transition

of In,,Ga,,As QW, the red line denoting a fitting line using Eq. (2).

For the in-plane magnetized electrode,?® the equation is
presented as
F= CPFM cos af(EPhoton) sin 0 (1)
Where Py, is the spin polarization of the ferromagnetic
layer at the Fermi level, f(Ep,.,) is @ function that con-
tains optical selection rules for electron-heavy-hole and
electron-light-hole transitions in a QW.2*?% Because of the
difference of the remanent magnetic moment, the relation
between F and azimuth angle and incident angle can be
empirically expressed as

F occos(f — @) cosa (2)

By employing the Eq. (2), he experimental dependence
of F as a function of 0 is in very good agreement with this
model, as shown in Figure 4(b). The experimental depen-
dence of F as a function of the azimuth angle « is also
very well reproduced. The expected cosin (cosine?)-like
behavior of F as a function of # is indeed experimen-
tally observed in Figure 4(d). Proved to be a very effective
method to detect the remanent magnetic moment of the
ferromagnetic electrode at room temperature.

4. CONCLUSIONS

In conclusion, we found a spin-polarized photocurrent in
a spin-LED structure under different incident and azimuth
angles without external magnetic field. The ferromagnetic
metal CoFeB in the device could be regarded as a spin
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filter, hence an effective control of the transport of spin-
polarized photocurrent was achieved. We find a very effec-
tive method to detect the remanent magnetic moment of
the ferromagnetic electrode via employing different inci-
dent and azimuth angles.
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