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8Unité Mixte de Physique, CNRS, Thales, Univ. Paris-Sud,
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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.

Spin optoelectronics, which uses the ability to inter-
convert a photon spin to a charge or vice versa, cov-
ers a broad range of disruptive interdisciplinary applica-
tions. It has the potential to revolutionize telecommu-
nications by using the spin of the photon as an addi-
tional information vector for further electronic process-
ing, opening up a new avenue for reaching THz mod-
ulation frequencies [1]. Circularly-polarized light also
enables transmission of the spin information, thus pro-
viding a solution to the problem of interconnection of
spintronic devices. Important efforts were devoted to
the conception of circularly-polarized light emitters, de-
cisive achievements being the spin light emitting diodes
(LEDs) [2–5] and the introduction of the spin-laser con-
cept by Žutić et al. [6] and Lindemann et al. [7]. The
latter is presently implemented in spin vertical-cavity
surface-emitting lasers (VCSELs). Reciprocal devices are
solid-state helicity detectors which convert the helicity
of the light into spin polarization of the photogenerated
electrons. The electrical signal is subsequently detected
thanks to spin-dependent photocurrent, resulting from
transport phenomena in all-semiconductor devices [8, 9]
or tunneling into a ferromagnetic (FM) contact. How-
ever, the realization of efficient spin photodiodes remains
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a challenge for more than two decades [1, 8–21] and the
underlying physics remains far from a clear understand-
ing. 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 bandgap semiconductors where spin-polarized
electrons can be generated by optical orientation [22],
MgO active insulators which are building blocks of hard-
drive read heads and magnetic random access memories
(MRAM’s), and ferromagnetic metal contacts, whereas,
in parallel, new routes are being explored, e.g., using or-
ganic materials [23].

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-times mismatch is fun-
damental as it can strongly reduce the spin asymmetry
in close analogy with the famous impedance-mismatch
problem for electrical spin injection [21, 24]. We intro-
duce the charge polarization of the photocurrent, which
expresses the balance between the electron and hole cur-
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rent components.

The spin-related effects are classically identified from
the polarization decrease under the application of an ex-
ternal magnetic field perpendicular to the spin direction
(normal Hanle effect [22]). In our experimental geome-
try where the FM layer magnetization is normal to the
surface (perpendicular magnetic anisotropy), 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
quantum dots (QD) in the active region of the spin pho-
todiode, we are able to observe a large inverted Hanle
effect which corresponds to a polarization increase under
the application of a magnetic field along the spin and
magnetization direction. Thus the perpendicular mag-
netic field does not affect the magnetization and con-
stitutes a specific probe of the electron spin contribu-
tion [25].

The spin photodiode consists of a
FM/MgO/semiconductor structure which was initially
optimized for the realization of spin LEDs; similar struc-
tures were extensively described in Refs. [4, 5, 21, 26],
where details concerning the growth and characterization
can be found. The stack is the following: p+-GaAs:Zn
(001) substrate (p = 3× 1018 cm−3)/300 nm p-GaAs:Be
(p = 5 × 1018 cm−3)/400 nm p-Al0.3Ga0.7As:Be
(p = 5 × 1017 − 5 × 1018 cm−3)/30 nm i-GaAs with Be
delta-doping in the center/7 ML InGaAs QD/30 nm
i-GaAs/50 nm n-GaAs (n = 1× 1016 cm−3); the InGaAs
QD have a density of 1.6× 1010 cm−2, an average lateral
diameter of ∼ 30 nm, and a height ∼ 9 nm. The
Be delta-doping concentration has been calibrated to
yield approximately one hole per dot. On top of it, the
following structure was deposited: 2.5 nm MgO/1.1 nm
Co0.4Fe0.4B0.2/5 nm Ta. 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 perpendicular magnetic
anisotropy of the FM layer was established by rapid
thermal annealing.

The sample is illuminated perpendicularly to the sur-
face by a low-noise 785-nm laser diode. The light polar-
ization is modulated from circular right (σ+) 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 ferro-
magnetic contact grounded. All the measurements are
performed at liquid nitrogen temperature.

Fig. 1 presents the band diagram of the diode for dif-
ferent biases Vb (Fig. 1a) and dc I (Vb) characteristics
in the dark and under illumination for three different
light powers in the ratio 1.0/0.6/0.2 (Fig. 1b). Under
strong reverse bias (Vb = −0.4 V), the photocurrent Ip is
proportional to the light power impinging on the device.
The I (Vb) characteristics at forward bias is determined
by the presence of a tunnel contact. We observe a high-
differential-impedance domain around Ip = 0 where the

FIG. 1. a) Band profile of the semiconductor stack for dif-
ferent electrical bias (Vb) applied to the substrate, the ferro-
magnetic metal top layer being grounded; b) I(V ) curves in
the dark (black) and under light excitation with powers in the
ratio 1.0/0.6/0.2; inset: zoom on the high-impedance forward
domain around Vb = 0.75 V .

variation is close to quadratic, which is typical for tunnel
junctions [Fig. 1b, inset]. At Vb ' 0.75 V, the photocur-
rent Ip cancels and changes its sign beyond this compen-
sation 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 = Ipe − Iph.

Under σ+ (σ−) helicity excitation, electrons are pro-
moted into the conduction band of GaAs with an initial
spin polarization P ∗ = −0.5 (+0.5) [22, 27] 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 time
τ± = τt ±∆τt, where the ± sign refers to parallel or an-
tiparallel orientations of the magnetization and incoming
electron spins. The tunneling asymmetry As is defined as
As = ∆τt/τt. Usually, the spin-dependent current is ex-
pressed through the product of the electron spin polariza-
tion and tunneling asymmetry. 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 co-
efficient δ changes its sign upon magnetization reversal
like As does. Note that δ acts both on the electron and
hole currents whereas PsAs only concerns the electron
current.

Starting from the spin and charge conservation equa-
tions, it can be shown (Supplemental Material) that

iac = PsAsIpe + δ (Ipe − Iph)

Ps = P ∗ 1

1 + τr
T1

+ τr
τt

, (1)

where τr is the electron recombination time inside the
semiconductor in the active region and T1 is the longi-
tudinal spin relaxation time. Note that Ps is not sim-
ply the equilibrium spin polarization in the semicon-
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ductor under optical pumping. It contains the impor-
tant dynamical factor τr/τt. Ps vanishes at τr → ∞ or
τt → 0 when all the photogenerated electrons are ex-
tracted from the semiconductor regardless their spin ori-
entation. We emphasize that (at given spin relaxation
time) the spin-dependent current is scaled by the compe-
tition between recombination and tunneling. The opti-
mum is reached (see Eqs. (S11), (S12) of the Supplemen-
tal Material) when the two times are matched according
to τt '

√
τrT1. This shows a close analogy with the

well known impedance mismatch problem as mentioned
in Ref. [21].

Under reverse bias applied to the diode, the total pho-
tocurrent Ip = Ipe is an electron photocurrent and, be-
cause no holes are available for recombination near the
tunnel barrier (electrons and holes are separated by the
electric field), τr � τ t so that Ps vanishes: iac is related
to the MCD rather than to the electron spin polarization
so that there is no effect of the external magnetic field as
shown in Fig. 2a measured at Vb = 0 V . The measure-
ment of the asymmetry iac/Ip is a direct determination
of δ and we obtain δ = 0.24%. Note the well visible
hysteresis cycles in Figs. 2a-c and e. Under positive (for-
ward) bias, a striking observation is the increase of the
signal with increasing B = |B| after magnetization rever-
sal (Figs. 2b-d). This increase can be attributed only 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 ly-
ing at 65.5◦ and 78◦ with respect to the normal to the
surface (Fig. 3), the signal being proportional to the pro-
jection of the spin on the magnetization direction. At
Vb = 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 in-
crease of the electron spin polarization under an exter-
nal magnetic field parallel to the electron spin was re-
ported [25, 28]. This phenomenon was named 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 case with perpendicular mag-
netic anisotropy the stray fields are known to be much
weaker than in the in-plane geometry [5, 29, 30] and can-
not explain the observed large variation of the signal with
the magnetic field on the scale of ∼ 0.1 T. Also note
that, assuming that the stray fields are isotropic, the po-
larization enhancement would be limited to a factor of 3
(Ref. [25], Eq. A-14), which would be by far too small to
account for our experimental data.

We treat this effect analogously to the motional nar-
rowing of NMR lines, which originates from the suppres-
sion of spin relaxation by averaging of random fields of
the local environment through molecules motion. Then,
we describe spin relaxation as the result of electron-spin
interaction with random magnetic fields fluctuating in

FIG. 2. Polarization-dependent photocurrent iac versus longi-
tudinal magnetic field B for several Vb (a)-(e). The blue dots
correspond to the experimental data, magenta lines represent
the fits (the Vb and α used in the fits are indicated), dashed
lines are added to illustrate the inverted Hanle effect (en-
hancement of the spin signal with B). Figure (f) (red points)
shows the variation of α with Vb extracted from the fits (a)-
(e) and at other values of Vb not presented in the figure. The
black curve shows the variation of the fitting parameter α
extracted from normalized signal measurements (see below).

time with a correlation time τc. The spin relaxation is
suppressed by an external magnetic field [27]

T1 = τs0
(
1 + Ω2τ2c

)
, (2)

where T1 is the longitudinal spin relaxation time, τs0 is
the spin relaxation time in the absence of external mag-
netic field, Ω = g∗µBB/~ 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
Eq. (2) leads to the increase of the signal when increasing
B. Similar effects were reported in early pure-optical ex-
periments on p-type AlGaAs [31]. Regarding the origin
of the fluctuating magnetic fields, it is known that spin
relaxation due to hyperfine interaction with unpolarized
nuclei is very weak [31–33]. We focus on electron-hole ex-
change interaction and, in this case, the correlation time
is the time spent by an electron in a localized state before
being detrapped to give rise to a current: the QD located
in the i-layer close to the interface may provide such shal-
low traps, active for both photoelectrons and holes giv-
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ing them the opportunity to interact on the same sites.
All the fits discussed hereafter use the value g∗ = −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
distribution of correlation times, taken as a normal dis-
tribution with the average τc0 = 390 ps and dispersion
στc = 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 pa-
rameter, the charge polarization of the photocurrent
Π = − (Ipe − Iph) / (Ipe + Iph): Π takes the value −1
when the photocurrent is a pure electron current and
Π = 0 at the compensation point. The I (V ) character-
istics closely reflects the Π variation. Then Eq. (1) can
be rewritten as

iac = Ipe [(1−Π)PsAs − 2δΠ] , (3)

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

α =
δ (Ipe − Iph)

Ps (0)AsIpe
=

2Π

Π− 1

δ

Ps (0)As
. (4)

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

iac ∝
α

1 + τ/τs0
+

1 + Ω2τ2c
1 + Ω2τ2c + τ/τs0

, (5)

where the total electron lifetime is introduced as τ−1 =
τ−1
r + τ−1

t . Eq. (5) has been used to fit the curves ob-
tained at different Vb (Fig. 2). For all the fits the only
bias-dependent parameter α is indicated in the plots
(Fig. 2a-e); Fig. 2f shows the dependence of α on Vb.
The consistency of all the fits requires τ/τs0 = 5.5 inde-
pendently of the bias. This requirement can be satisfied
provided τr/τt � 1 whatever the bias. Observe the evo-
lution of the hysteresis cycle in Fig. 2a-e : its relative
amplitude diminishes with increase of the forward bias
due to the decrease of the MCD contribution to the sig-
nal according to Eq. (1); it vanishes at the compensation
point Ipe = Iph and, at a larger bias, the hole current be-
comes predominant (Π > 0) leading to the sign reversal
of the MCD contribution thus emphasizing the important
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 (see inset in

FIG. 3. Polarization-dependent photocurrent iac under
oblique magnetic field for several values of Vb; a) θB = 78◦;
b) θB = 65◦. The dotted lines are the experimental data.
The solid lines represent the fits using the same parameters
as in Fig. 2. The inset shows schematically the orientation of
the magnetization M and the external magnetic field B, the
z-axis corresponds to the normal to the interface.

Fig. 3a). One obtains (Supplemental Material):

iac ∝ cos θM

(
1 +

α

1 + τ/τs0

)
− τ/τs0

1 + Ω2τc2 + τ/τs0
cos θB cos (θB − θM )

− sin θB sin (θB − θM )
τ/τs0

1 + τ/τs0
. (6)

As Eq. (6) suggests, the dependence of the electron spin
projection on the magnetization contains competing con-
tributions. Firstly, the variation of the magnetization
angle θM leads to the decrease of the injected spin pro-
jection on the magnetization direction with increase of B.
Secondly, 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 ori-
entation and magnitude. Fig. 3 shows that the experi-
mental 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 cir-
cuit (resistances and capacitances), a dc measurement of
Ip would not be adequate: it is suitable to measure it un-
der conditions identical to those under which we measure
iac. For that purpose, we generate a small sine modula-
tion 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
photocurrent. The normalized signal (NS) is presented
in Fig. 4. We observe that NS increases with bias start-
ing from the value δ = 0.24% at Vb = −0.4 V, completely
determined by the MCD as already discussed, to reach
5% for Vb = 0.6 V under large B. At the ‘compensation
point’, defined by the cancellation of the photocurrent
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FIG. 4. Normalized magnetic signal (NS) versus Vb for the
magnetic field B = 0 (black curve) and B = 0.5 T (blue
curve). The inset is a zoom in the high-foward-bias domain,
showing the point where the hysteresis loop vanishes (arrow).

Ipe = Iph (i.e., Π = 0), the term proportional to δ in iac
and, hence, α vanishes: in the series of data shown in
Fig. 4, this occurs at VB = 0.75 V and, in a domain of a
few hundredth mV around it (0.5 V 6 Vb 6 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. Ac-
cording to Eq. (1), NS can be written as:

NS = δ − 1−Π

2Π
PsAs. (7)

We see that at large forward bias, NS converges towards
δ when the hole current becomes dominant, the smaller
Ps , the faster the convergence. Obviously, NS diverges
at the compensation point where Ip = 0. For a given
B, there exists a point where iac vanishes. Considering
such a point for B = 0, it is straightforward to check
that the NS measured for a higher B value expresses
as NS = δ (1− Ps(B)/Ps(0)) . From NS = 4.5% at
B = 0.5 T in Fig. 4, with δ = 0.24%, we directly find
Ps(B)/Ps(0) = 19. As follows from Eqs. (4) and (7) the
α parameter can be directly extracted from NS at zero
magnetic field (Fig. 4, black curve): α = δ (NS − δ)−1

.
The result is shown in Fig. 2f by the black curve, which is
in fairly good agreement with the red points showing the
values of α which provide the best fit for the magnetic

field dependence of the signal (Fig. 2; in the experimental
determination of α from NS, the error ∆α ∝ α2∆(NS)
is large for large α).

We studied the spin-dependent photocurrent in a
ferromagnetic-semiconductor tunnel diode under optical
excitation. We observed a strong inverted Hanle effect,
which is the fingerprint of the spin origin of the phe-
nomena. The polarization can undergo a huge increase
upon application of a quite low longitudinal magnetic
field which dynamically reduces the spin relaxation, but
the performance of the device remains limited by a dy-
namical factor describing the matching between the re-
combination and tunneling times. A mismatch leads to
the decrease of the asymmetry explaining the weak asym-
metries, not exceeding a few percents, reported in the
literature. This fundamental limitation can be overcome
in analogy with the conductivity mismatch by increas-
ing the tunnel resistance (i.e., the tunnel time). More-
over, the parasitic contribution of the MCD [1, 34] can
be completely suppressed by setting a suitable balance
between electron and hole currents, hence unveiling the
pure spin-polarization signal. These results pave the way
to the development of a future generation of optoelec-
tronic devices for the conversion of information carried
by the photon helicity into an electrical signal.
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