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We report on carrier dynamics in a spin photodiode based on a ferromagnetic-metal–GaAs tunnel
junction. We show that the helicity-dependent current is determined not only by the electron spin
polarization and spin asymmetry of the tunneling but in great part by a dynamical factor resulting from the
competition between tunneling and recombination in the semiconductor, as well as by a specific quantity:
the charge polarization of the photocurrent. The two latter factors can be efficiently controlled through an
electrical bias. Under longitudinal magnetic field, we observe a strong increase of the signal arising from
inverted Hanle effect, which is a fingerprint of its spin origin. Our approach represents a radical shift in the
physical description of this family of emerging spin devices.
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Spin optoelectronics, which uses the ability to intercon-
vert a photon spin to a charge or vice versa, covers a broad
range of disruptive interdisciplinary applications. It has the
potential to revolutionize telecommunications, opening up
a new avenue for reaching THz modulation frequencies [1].
Circularly polarized light also enables transmission of the
spin information, thus providing a solution to the problem
of interconnection of spintronic devices. Important efforts
were devoted to the conception of circularly polarized light
emitters, decisive achievements being the spin light emit-
ting diodes [2–5] and the introduction of the spin-laser
concept by Žutić et al. [6] and Lindemann et al. [7], now
implemented in spin vertical-cavity surface-emitting lasers.
Reciprocal devices are solid-state helicity detectors con-
verting the helicity of the light into spin polarization of
photogenerated electrons. An electrical signal is detected
thanks to spin dependent photocurrent, resulting from
transport phenomena in all-semiconductor devices [8,9]
or tunneling into a ferromagnetic (FM) contact. However,
the realization of efficient spin photodiodes has remained a
challenge for more than two decades [1,8–21] and the
underlying physics is far from being clearly understood.
While a variety of materials and structures have the ability
to produce helicity-dependent signals, potential devices are

based on the combination of well-mastered materials and
technologically mature heterostructures suited for room
temperature operation [1], e.g., GaAs-like direct band-gap
semiconductors where spin-polarized electrons can be
generated by optical orientation [22], MgO active insula-
tors, which are the building blocks of hard-drive read heads
and magnetic random access memories, and FM contacts,
whereas, in parallel, new routes are being explored, e.g.,
using hybrid organic-inorganic materials [23–25].
Up to now, optical spin injection in spin photodiodes was

analyzed by analogy to spin dependent tunneling in FM
tunnel junctions, which involves only the electron spin
polarization and spin asymmetry of the tunneling. Here, we
reveal that the spin signal is largely determined by a
dynamical factor arising from the competition between
tunneling into the ferromagnet and recombination with the
holes. This recombination time mismatch is fundamental as
it can strongly reduce the spin asymmetry in close analogy
with the famous impedance-mismatch problem for elec-
trical spin injection [21,26].
Spin-related effects are classically identified from the

polarization decrease under the application of an external
magnetic field perpendicular to the spin direction (normal
Hanle effect [22]). In our experimental geometry where the

PHYSICAL REVIEW LETTERS 128, 057701 (2022)

0031-9007=22=128(5)=057701(6) 057701-1 © 2022 American Physical Society

https://orcid.org/0000-0001-9391-9304
https://orcid.org/0000-0002-6237-0993
https://orcid.org/0000-0003-3337-8205
https://orcid.org/0000-0002-2730-1255
https://orcid.org/0000-0001-7707-0873
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.128.057701&domain=pdf&date_stamp=2022-02-03
https://doi.org/10.1103/PhysRevLett.128.057701
https://doi.org/10.1103/PhysRevLett.128.057701
https://doi.org/10.1103/PhysRevLett.128.057701
https://doi.org/10.1103/PhysRevLett.128.057701


FM layer magnetization is normal to the surface
(perpendicular magnetic anisotropy, or PMA), this is not
straightforward because the in-plane component of the
external field would affect not only the electron spin but
also the magnetization direction. Having introduced quan-
tum dots (QDs) in the active region of the spin photodiode,
we observe a large inverted Hanle effect, which results in
an increase in polarization under the application of a
magnetic field along the spin and magnetization direction.
Thus, the perpendicular magnetic field does not affect the
magnetization and constitutes a specific probe of the
electron spin contribution [27].
The spin photodiode consists of a FM=MgO=

semiconductor structure initially optimized for the realiza-
tion of spin light emitting diodes; similar structures were
extensively described in Refs. [4,5,21,28], where details
concerning the growth and characterization can be found.
The stack includes a heavily p-doped GaAs substrate, a
AlGaAs barrier, an i-GaAs layer with delta p-doping
containing InGaAs QDs, and an n-GaAs layer topped with
a MgO tunnel barrier and a CoFeB FM layer capped with
Ta; a full description is given in the Supplemental Material
(SM) [29].
The coercive field was found to be about 10 mT with a

100% remanence at liquid-nitrogen temperature. Then
300 μm diameter circular mesas were processed and the
PMA of the FM layer was established by rapid thermal
annealing.
The sample is illuminated perpendicularly to the surface

by a low-noise 785-nm laser diode. The light helicity is
modulated from right (σþ) to left (σ−) handed at 50 kHz
through a photoelastic modulator and the ac component of
the photocurrent iac is detected by a lock-in amplifier. The
bias voltage is applied to the semiconductor substrate while
keeping the front ferromagnetic contact grounded. All the
measurements are performed at liquid-nitrogen temperature.
Figure 1 presents the band diagram of the diode for

different biases Vb and dc IðVbÞ characteristics in the dark
and under illumination for three different light powers in the
ratio 1.0=0.6=0.2. Under strong reverse bias (Vb ¼ −0.4 V),
the photocurrent Ip is proportional to the light power
impingingon the device. The IðVbÞ characteristics at forward
bias are typical for tunnel junctions (inset). At Vb ≃ 0.75 V,
the photocurrent Ip cancels and changes its sign beyond this
compensation point, indicating that the photocurrent Ip
consists of two components (defined here as positive
quantities), one originating from photogenerated electrons
(Ipe) and the other due to photogenerated holes (Iph), with the
relation Ip ¼ Ipe − Iph.
Under σþ (σ−) excitation, electrons are promoted into the

conduction band of GaAs with an initial spin polarization
P� ¼ −0.5 (þ0.5) [22,30] whereas, due to the extremely
fast relaxation of their spins, the holes are unpolarized
so that iac is related to the electron spin asymmetry.
The asymmetry of the spin dependent tunneling can be

characterized by the tunneling times τ� ¼ τt ∓ Δτt, where
the � signs refer to parallel or antiparallel orientations of
the magnetization and incoming electron spins. The tun-
neling asymmetry As is defined as As ¼ Δτt=τt. We also
account for the intensity modulation originating from the
polarization-dependent magnetic circular dichroism
(MCD) when the laser beam crosses the FM layer; the
corresponding coefficient δ changes its sign upon mag-
netization reversal likeAs does. Note that δ acts both on the
electron and hole currents whereas As only affects the
electron current.
Starting from the spin and charge conservation equa-

tions, it can be shown (SM) that

iac ¼ PsAsIpe þ δðIpe − IphÞ

Ps ¼ P� 1

1þ τr
T1
þ τr

τt

; ð1Þ

where τr is the electron recombination time inside the
semiconductor active region and T1 is the longitudinal spin
relaxation time. Note that the effective polarization Ps is not
simply the equilibrium spin polarization in the semiconduc-
tor under optical pumping as it contains the important
dynamical factor τr=τt; Ps vanishes at τr → ∞ or τt → 0
when all the photogenerated electrons are extracted from the
semiconductor regardless of their spin orientation. We
emphasize that (at a given spin relaxation time) the spin
dependent current is scaled by the competition between
recombination and tunneling. The optimum is reached
(Eqs. (S11) and (S12) of the SM) when the two times are
matched according to τt ¼ τr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T1=ðT1 þ τrÞ

p
. This is analo-

gous to the impedance mismatch problem as mentioned
in Ref. [21].
Under negative (reverse) bias, the total photocurrent

Ip ¼ Ipe is an electron photocurrent and, because no holes
are available for recombination near the tunnel barrier
(electrons and holes are separated by the electric field),
τr ≫ τt so that Ps vanishes: iac is related to the MCD rather

FIG. 1. (a) Band profile of the semiconductor stack for different
electrical bias (Vb) applied to the substrate, the FM metal top
layer being grounded. (b) IðVÞ curves in the dark (black) and
under light excitation with powers in the ratio 1.0=0.6=0.2. Inset:
Enlargement of the high-impedance forward domain around
Vb ¼ 0.75 V.
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than to the electron spin polarization so that there is no
effect of the external magnetic field beyond the hysteresis
loop, as shown in Fig. 2(a) measured at Vb ¼ 0 V.
The measurement of the asymmetry iac=Ip is a direct
determination of δ yielding δ ¼ 0.24%. Note the hysteresis
cycles in Figs. 2(a)–(c) and (e). Under positive (forward)
bias, a striking observation is the increase of the signal
with increasing B ¼ jBj after magnetization reversal
[Figs. 2(b)–(d)]. The magnetization being saturated, this
increase can only be attributed to an increase of Ps and thus
constitutes an unambiguous signature of a spin effect.
The preceding conclusions are further supported by

measurements performed under oblique field, for B lying
at 65.5° and 78° with respect to the normal to the surface
(Fig. 3), the signal being proportional to the projection of
the spin on the magnetization direction. At Vb ¼ 0 V the
variation of iac with B merely reflects the magnetization
rotation whereas, for large positive biases, the change of Ps
strongly affects the shape of the curves.
For structures with an in-plane magnetization, an increase

of the electron spin polarization under an external magnetic

field parallel to the electron spin was reported [27,31].
This phenomenon was named the “inverted Hanle effect”
in contrast to the regular Hanle effect and attributed to the
compensation of static random stray fields produced near the
FM layer due to the interface roughness. However, in our
casewith PMA, the stray fields are known to bemuchweaker
than in the in-plane geometry [5,32,33] and cannot explain
the observed large variation of the signal with the magnetic
field on the scale of∼0.1 T.Also note that, for isotropic stray
fields, the polarization enhancement would be limited to a
factor of 3 [Ref. [27], Eq. (A-14)], which would be by far too
small to account for our experimental data.
Then, we describe spin relaxation as the result of

electron-spin interaction with random magnetic fields
fluctuating in time with a correlation time τc analogously
to the motional narrowing of NMR lines. The spin
relaxation is suppressed by an external magnetic field: [30]

T1 ¼ τs0ð1þΩ2τ2cÞ; ð2Þ

where T1 is the longitudinal spin relaxation time, τs0 is the
spin relaxation time in the absence of external magnetic
field, Ω ¼ g�μBB=ℏ is the Larmor frequency, μB being the
Bohr magneton, and g� the Landé factor. As can be seen
from Eq. (1), the magnetic field dependence in Eq. (2) leads
to the increase of the signal when increasing B. Similar
effects were reported in early pure-optical experiments on
p-type AlGaAs [34]. Regarding the origin of the fluctuat-
ing magnetic fields, it is known that spin relaxation due to
hyperfine interaction with unpolarized nuclei is very weak
[34–36]. We focus on electron-hole exchange interaction
and, in this case, the correlation time is the time spent by an
electron in a localized state before being detrapped: the
QDs located in the i layer close to the interface may provide
such shallow traps, active for both photoelectrons and
holes, giving them the opportunity to interact on the same
sites. All the fits discussed hereafter use the value g� ¼
−0.44 (GaAs); the shape of the variation of iac versus B is
not determined by a unique value of τc but by a quite broad

FIG. 2. Polarization-dependent photocurrent iac versus longi-
tudinal magnetic field B for several Vb (a)–(e). Blue dots:
Experimental data; magenta full lines: fits—the relevant Vb
and α are indicated and dashed lines are added to illustrate the
inverted Hanle effect. Figure 2(f) (red circles) shows the variation
of α with Vb extracted from the fits (a)–(e) and at other values of
Vb not presented here. The black dotted curve shows the variation
of the fitting parameter α extracted from normalized signal
measurements.

FIG. 3. Polarization-dependent photocurrent iac under oblique
magnetic field for several values of Vb: (a) θB ¼ 78°;
(b) θB ¼ 65°. Dotted lines: Experimental data. Solid lines: Fits
using the same parameters as in Fig. 2. Inset: Orientation of the
magnetization M and external magnetic field B; the z axis
corresponds to the normal to the interface.
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distribution of correlation times, taken as a normal dis-
tribution with the average τc0 ¼ 390 ps and dispersion
στc ¼ 0.7τc0. These correlation times are much longer than
the typical scattering time for conduction electrons, in the
ps range, consistent with localized electrons.
For a convenient description of the helicity-dependent

current on the electrical bias, we introduce a new param-
eter: the charge polarization of the photocurrent Π ¼
−ðIpe − IphÞ=ðIpe þ IphÞ. Π takes the value −1 when the
photocurrent is a pure electron current and Π ¼ 0 at the
compensation point. The IðVÞ characteristics closely reflect
the Π variation. Then Eq. (1) can be rewritten as

iac ¼ Ip

�
Π − 1

2Π
PsAs þ δ

�
ð3Þ

It is convenient to introduce the ratio α between the MCD
and optical-orientation induced terms of iac at B ¼ 0
(reflected by Psð0Þ):

α ¼ δðIpe − IphÞ
Psð0ÞAsIpe

¼ 2Π
Π − 1

δ

Psð0ÞAs
: ð4Þ

From Eqs. (1) and (4), the dependence of the signal on B is
given by

iac ∝
α

1þ τ=τs0
þ 1þΩ2τ2c
1þ Ω2τ2c þ τ=τs0

; ð5Þ

where the total electron lifetime is τ−1 ¼ τ−1r þ τ−1t . Eq. (5)
has been used to fit the curves obtained at different Vb
(Fig. 2). For all the fits, the only bias-dependent parameter
α is indicated in the plots [Figs. 2(a)–(e)]; Figure 2(f)
shows the dependence of α on Vb. The consistency of all
the fits requires τ=τs0 ¼ 5.5 independently of bias. This
requirement can be satisfied provided τr=τt ≫ 1 whatever
the bias. Observe the evolution of the hysteresis cycle in
Figs. 2(a)–(e): its relative amplitude diminishes with
increase of the forward bias due to the decrease of the
MCD contribution to the signal according to Eq. (1) which
vanishes at the compensation point Ipe ¼ Iph; at a larger
bias, the hole current becomes predominant (Π > 0) lead-
ing to the sign reversal of the MCD contribution, thus
emphasizing the key role of the hole current.
The same set of parameters was used to fit the data

obtained under oblique magnetic field. Now θB and θM are
the angles between the normal to the surface z and B, M,
respectively; θM is obtained by minimization of the total
magnetic energy, involving the effective surface anisotropy
term and the Zeeman interaction (Fig. 3(a), inset). One
obtains (SM)

iac ∝ cos θM

�
1þ α

1þ τ=τs0

�

−
τ=τs0

1þΩ2τc
2 þ τ=τs0

cos θB cosðθB − θMÞ

− sin θB sinðθB − θMÞ
τ=τs0

1þ τ=τs0
: ð6Þ

As Eq. (6) suggests, the dependence of the electron spin
projection on the magnetization contains competing con-
tributions. First, the variation of the magnetization angle θM
leads to the decrease of the spin projection on the
magnetization direction with increase of B. Second, the
suppression of the spin relaxation reflected by the middle
term in Eq. (6) leads to an amplification of the signal
asymmetry with B due to the inverted Hanle effect. The net
result depends on the magnetic field orientation and
magnitude. Figure 3 shows that the experimental data
are well fitted with Eq. (6), using the same parameters
as in Fig. 2.
To obtain a quantitative estimation of the helicity

asymmetry, we need to know the total photocurrent Ip.
However, due to the electrical characteristics of the circuit,
a dc measurement of Ip would not be adequate: it is suitable
to measure it under conditions identical to those under
which we measure iac. Therefore, we generate a small sine
modulation of the laser-diode intensity at a frequency close
to the operation frequency of the photoelastic modulator
and determine Ip from the lock-in output signal. This signal
was used to normalize the spin signal by the total photo-
current. The normalized signal (NS) is presented in Fig. 4.
We observe that NS increases with bias starting from the
value δ ¼ 0.24% at Vb ¼ −0.4 V, completely determined
by the MCD as already discussed [37], to reach 5% for
Vb ¼ 0.6 V under large B.

FIG. 4. Normalized magnetic signal (NS) versus Vb for the
magnetic field B ¼ 0 (black squares) and B ¼ 0.5 T (blue
circles). Inset: Enlargement of the high-forward-bias domain,
showing the point where the hysteresis loop vanishes (arrow).
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At the compensation point, the term proportional to δ in
iac and, hence, α vanishes: in the series of data shown in
Fig. 4, this occurs at VB ¼ 0.75 V and, in a domain of a few
hundredth mVaround it (0.5 V ≤ Vb ≤ 0.8 V), we observe
that Ipe ≃ Iph so that iac is a pure spin signal, any
contribution of the MCD being eliminated. This is a
domain where the device is operated in the photovoltaic
mode and where photodiodes have a high sensitivity.
According to Eq. (1), NS can be written as

NS ¼ δ −
1 − Π
2Π

PsAs: ð7Þ

At large forward bias, NS converges toward δ when the
hole current becomes dominant—the smaller Ps, the faster
the convergence. Obviously, NS diverges at the compen-
sation point where Ip ¼ 0. For a given B, there exists a
point where iac vanishes. Considering such a point for
B ¼ 0, it is straightforward to check that NS measured for a
higher B value expresses as NS ¼ δ½1 − PsðBÞ=Psð0Þ�.
From NS ¼ −4.5% at B ¼ 0.5 T in Fig. 4, with
δ ¼ 0.24%, we directly find PsðBÞ=Psð0Þ ¼ 19. As fol-
lows from Eqs. (4) and (7), α can be directly extracted from
NS at zero magnetic field (Fig. 4, black squares):
α ¼ δðNS − δÞ−1. The result shown in Fig. 2(f)—black
dotted curve—is in fairly good agreement with the red
points showing the values of α providing the best fit for the
magnetic field dependence of the signal (in the exper-
imental determination of α from NS, the error Δα ∝
α2ΔðNSÞ is large for large α).
In the present study, we unambiguously isolate the spin

contribution to the helicity-dependent photocurrent from its
dramatic increase upon application of a quite low longi-
tudinal magnetic field that dynamically reduces the spin
relaxation. Moreover, we show that the parasitic contribu-
tion of the MCD [1,37] can be completely suppressed by
setting an appropriate balance between electron and hole
currents. However, the performance of the device remains
limited by a dynamical factor accounting for the matching
between the recombination and tunneling times: a mis-
match leads to a decrease of the spin asymmetry, explaining
the weak values of only a few percent reported in the
literature. This fundamental limitation can be overcome by
increasing the tunnel resistance, i.e., the tunnel time
similarly to the conductivity mismatch problem, while
optimizing an appropriate figure of merit. The present
results pave the way to the development of a future
generation of optoelectronic devices for the conversion
of information carried by the photon helicity into an
electrical signal.
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