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Efficient conversion of a spin signal into an electric voltage in mainstream semiconductors is one of
the grand challenges of spintronics. This process is commonly achieved via a ferromagnetic tunnel bar-
rier, where nonlinear electric transport occurs. In this work, we demonstrate that nonlinearity may lead
to a spin-to-charge conversion efficiency larger than 10 times the spin polarization of the tunnel barrier
when the latter is under a bias of a few millivolts. We identify the underlying mechanisms responsible for
this remarkably efficient spin detection as the tunnel-barrier deformation and the conduction-band shift
resulting from a change of applied voltage. In addition, we derive an approximate analytical expression
for the detector spin sensitivity Pdet(V). Calculations performed for different barrier shapes show that this
enhancement is present in oxide barriers as well as in Schottky-tunnel barriers, even if the dominant mech-
anisms differ with the barrier type. Moreover, although the spin signal is reduced at high temperatures, it
remains superior to the value predicted by the linear model. Our findings shed light onto the interpretation
and understanding of electrical spin-detection experiments and open paths to optimizing the performance
of spin-transport devices.
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I. INTRODUCTION

The injection, transport, and detection of a spin-
polarized current in a nonmagnetic (NM) semiconduc-
tor (SC) are cornerstones of spintronics. In recent years,
encouraging results have been obtained on spin-polarized
current injection into mainstream group-IV semiconduc-
tors such as Si [1–3] and Ge [4–6] at room temperature, as
well as into other promising materials such as graphene
[7,8]. To that purpose, ferromagnetic (FM) tunnel junc-
tions are widely regarded as one of the best approaches to
both generating a spin polarization in a SC and converting
it into a voltage signal. This is in part due to the limited spin
absorption in the FM and the reduced resistance mismatch
[9]. Nowadays, the literature is abundant with works quan-
tifying the performance of a FM tunnel barrier to generate
and detect a spin signal in a SC as well as in evaluation of
the spin lifetime [10]. Promising results have been reported
over the past decade with a surprising and unexpected
spin-detection efficiency, demonstrating in some cases a
pickup voltage higher than the injected spin signal [4,11–
13]. This outstanding spin detection has been reported for
devices where the FM tunnel contact used for detection
has been biased, as in technologically relevant devices
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[14–18]. This amplification effect offers an interesting per-
spective for on-chip integration of spin-based circuits and
has attracted considerable attention from the theoretical
standpoint. Indeed, various tentative mechanisms have
been proposed over recent years to explain the observed
large spin-detection efficiency, such as two-step tunneling
[19,20], thermionic emission [21], or lateral-current inho-
mogeneity [22], to name just a few. Unfortunately, none of
the above-mentioned mechanisms seems to satisfactorily
account for all the experimental findings.

Recently, it has been experimentally established that
some discrepancies between experiments and theoretical
calculations find their origin in the energy dependence
of the carrier transmission probability in the tunnel junc-
tion [12,13,23–28]. This suggests that a description based
on nonlinear transport of spin should be invoked [29].
Although preliminary ideas in this direction have already
been advanced some 10 years ago, it is not until recently
that nonlinearities have been recognized as an essential
ingredient for the understanding of FM tunnel junctions.
In this work, we aim at identifying the implications of
nonlinearity in FM tunnel junctions using a theoretical
approach, including crucial aspects overlooked in previous
studies while being directly responsible for the giant spin-
detection efficiency. This approach allows us to explain
how a spin signal can be converted into a charge signal
with an efficiency of several hundreds of percent. It is
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worth noting that the obtained results apply to any spin-
detection device composed of a FM/SC contact where
direct tunneling transport occurs and therefore relevant not
only to oxide and tunnel barriers but also to various pseu-
dosubstrates such as graphene and other two-dimensional
(2D) materials.

II. LINEAR MODEL OF SPIN DETECTION

The measurement of a voltage variation due to the
presence of a spin polarization is called electrical spin
detection. This mechanism is achieved by the transfer of
carriers through a spin-dependent barrier (B) formed at
the interface between a FM layer and a NM layer. In this
section, we briefly introduce the model based on a linear-
transport description through a tunnel barrier sandwiched
between a FM and a NM metal [9,10]. The model assumes
that the conductance of the barrier depends on the spin
orientation. We denote by G+ and G− the conductance,
respectively, for spin parallel and antiparallel to the main
magnetization of the FM contact. The application of a volt-
age bias Vapp ≡ −μv/e, μv being the NM electrochemical
potential and e the elementary charge, will force the trans-
fer of charge carriers from one side of the interface to
the other side with a spin preference. In this model, it is
assumed that a preferential spin population has been gen-
erated in the NM via an external mechanism (e.g., spin
carriers are electrically injected from another FM con-
tact or via optical generation), leading to a splitting of
the electrochemical potential μs = μ+ − μ− at the B/NM
interface [see Fig. 1(a)]. It is also considered that the spin

accumulation under the detector is homogeneous (i.e., the
detector width is much smaller than the diffusion length).
In presence of spin accumulation, the spin-dependent cur-
rent density through the barrier, i.e., from the NM into the
FM, is given by

J± = G±
A

(μv

e
± μs

2e

)
, (1)

where A is the junction cross-section area. The total cur-
rent is

J = J+ + J− = G
Ae

(
μv + PG

μs

2

)
, (2)

where G = G+ + G− the total conductance barrier and
PG = (G+ − G−)/G is the spin polarization of the tunnel
conductance. The tunnel-junction bias is

Vapp = −μv

e
= −JA

G
+ PG

μs

2e
. (3)

The last term of Eq. (3) represents a voltage signal due to
the spin accumulation and is called the spin voltage Vspin =
−PGμs/(2e). The figure of merit of a device designed
for spin detection, namely the spin-detection efficiency,
is defined as the electrical voltage generated at the detec-
tor per unit of spin accumulation, Pdet = −Vspin/(μs/2e),
which equals PG in the linear model.

Since the linear model for spin transport is based on
Ohm’s law, the tunnel barrier is therefore considered as a
conductance G independent of any applied voltage. This

(a) (b) (c)

FIG. 1. The nonlinear spin-detection efficiency under bias. (a) A schematic energy-band diagram of the FM/B/NM tunnel contact
under a voltage bias, where μv = −eVapp is the applied electrochemical potential and w and �B are the width and the height of the
barrier. A drawing of the entire spintronic device is also provided for clarity. (b) The computed spin-detection efficiency with tunnel
bias for two different spin accumulations μs (w = 4 nm; �B = 1 eV; PG = 50%; T = 1 K). The dashed line is obtained by canceling
the barrier deformation under bias, corresponding to the linear model. (c) The spin-detection efficiency as a function of the applied
voltage for different barrier dimensions. The dashed lines correspond to results reported in Ref. [29].
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consideration is unrealistic, as the tunneling process is
strongly nonlinear and is the essence of the spin-filtering
effect.

III. NONLINEAR MODEL

Although the linear theory for spin injection and detec-
tion captures the essential mechanisms of these processes,
deviations from the linear model have been systemati-
cally reported in experiments based on three-terminal (3T)
Hanle devices and in four-terminal (4T) devices where
both the injector and the detector are under bias [10,16].
Recently, Jansen et al. [29] experimentally observed that
the spin-detection efficiency Pdet at a tunnel junction
strongly depends on the applied bias, offering a way to
magnify the detected spin accumulation. In their work, the
authors pointed out that the spin signal amplification is
inherent to the nonlinear transport occurring at the tun-
nel junction, which arises from the dependence of the
transmission probability on the energy of the injected car-
riers. In simple words, since the transmission probability
increases with the energy, the preferential spin population
will undergo a higher impact than the minority spin pop-
ulation when changing the applied voltage. Naturally, the
increase of Pdet with the applied voltage could be attributed
mainly to this effect.

While this reasoning seems to qualitatively capture the
trend observed in most experimental results, there still
exist some features that remain unexplained [29]. Notably,
in these authors’ explication of the origin of the nonlinear-
ity, the fact that the increase in the applied voltage needs to
compensate the loss of current after spin precession (i.e.,
the spin voltage) becomes sensitive to the increase of the
junction bias, leading to a Pdet that is independent of the
bias. Moreover, their model looks limited, as it may not
be able to justify why a signal differing by several order
of magnitude is pointed out in many spin tunnel devices
[10]. In this work, we aim at investigating the mechanisms
governing this nonlinear transport by using an incremen-
tal approach, which in complexity is progressively added
to the model. We focus first on the simplest model of a
tunnel barrier between two metals (FM/B/NM), where the
effects of the barrier deformation under bias and the impor-
tance of the spin-accumulation intensity are thoughtfully
investigated. Then, the NM metal is replaced by a highly
degenerate SC in order to evaluate the impact of a band
gap, the degeneracy level, and the energy dependence of
the density of states (DOS). At a later stage, we address
the variation of the tunnel-barrier shape to compare the
detection efficiency of oxide and Schottky-tunnel barriers.

Calculations are performed by solving the spin-
dependent nonlinear tunnel-transport equations based on
the two-channel model, as described in Refs. [9,30]. The
problem is presumed to be stationary in order to match the
experimental measuring conditions of usual spin-detection

experiments. In this work, a spin-dependent description
of the tunnel current density is used for a semiclassical
approach [31–33]:

J± = e
h

1 ± PG

2
×

∫ ∞

−∞
T(E, Vapp) [n2D(E, μv ∓ μs/2)

−n2D,fm(E, 0)
]

dE, (4)

where h is Planck’s constant, e is the elementary charge,
and E is the longitudinal component of the carrier energy
(i.e., perpendicular to the barrier). Using the WKB approx-
imation, the transmission function is given by [34]

T(E, Vapp) = exp
(

−4m�e
h2

∫ xR

xL

√
φ(x, Vapp) − Edx

)
,

(5)

where m� is the electron effective mass, φ(x, Vapp) is the
barrier profile, and x is the space coordinate perpendicu-
lar to the barrier plane [Fig. 1(a)], with xL and xR as the
left and right turning points of the barrier (where φ = E).
The WKB method presents certain limitations regarding
the range of energy for the particle and the barrier-profile
steepness, as it assumes that the wave number varies
slowly with the position [31]. This hypothesis is satis-
fied for a large trapezoidal barrier (i.e., when w

√
φmean �

0.4 nm eV1/2) [35]. For barriers with a geometry such that
a narrowing of the barrier width takes place at a higher
potential, as for a Schottky-tunnel barrier, it has been
shown that the WKB approximation can predict the tunnel
current with appreciable accuracy if the barrier lowering is
neglected [36,37].

In Eq. (4), n2D is the 2D electron density and is given by

n2D(E, μ) = 4m�kBTπ

h2 ln
[

1 + exp
(

μ − E
kBT

)]
, (6)

where kB is Boltzman’s constant and T is the absolute tem-
perature. It is assumed that the spin dependence of the
carrier transport has two origins. First, the density of car-
riers with spin up and down in the NM layer will differ
even if the DOS is spin independent. This effect is due
to the presence of a spin accumulation and is expressed
in the 2D electron density. Second, the spin conductance
of the barrier PG varies with the applied voltage, as it
depends on the tunnel transmission function and the FM
DOS, which varies strongly from one material to another.
A possibility for including the energy-dependent DOS into
the calculation is to consider a parabolic DOS with a shift
of energy between spin up and down, giving a spin con-
ductance PG that decreases with the applied bias [38]. In
this work, we intentionally ignore this variation in order
to highlight the effect of tunnel barrier on the detected
signal. Further discussion on the combined effects of the
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tunnel barrier and the energy-dependent FM DOS on the
spin-detection efficiency can be found in the Supplemental
Material [39]. The spin voltage is obtained by comparing
the total current under a given bias Vapp in the presence of
a spin accumulation μs in the NM layer, with the total cur-
rent corresponding to a compensated bias Vapp + Vcomp in
the absence of spin accumulation. The spin voltage Vspin
equals the voltage Vcomp for which both total currents are
identical:

J
(
Vapp, μs

) = J
(
Vapp + Vcomp, 0

)
. (7)

Indeed, in a typical spin-detection experiment, the applied
voltage is compensated with a voltage Vspin to maintain
a constant current through the junction irrespective of the
level of spin accumulation.

A. Origin of the nonlinear dependence Pdet(Vapp)

We first investigate the case of a rectangular tunnel
barrier (B) in a three-layer FM/B/NM stack [Fig. 1(a)].
Although this model has already been studied previously
[29], in the present work the FM quasi-Fermi level is set
as the reference electrode and the oxide-barrier deforma-
tion with applied voltage is considered. As for the linear
model, we consider that the spin accumulation is homo-
geneous and is generated via an external mechanism. We
also assume that the intensity of the spin accumulation is
not perturbed by the change of the voltage bias. Indeed, the
spin accumulation generated by the detector current as well
as the impact of a drift effect in the channel can be excluded
by adopting an adequate experimental protocol [40,41].As
illustrated in Fig. 1(b), the spin-detection efficiency Pdet
strongly depends on the junction bias. At 0 V, the spin
detection bears the value that is predicted by the linear
model. However, when the structure is under a nonzero
external bias, Pdet strongly deviates from the linear model,
increasing or decreasing in magnitude for negative bias
(spin-extraction regime) and positive bias (spin-injection
regime), respectively. While the general behavior of Pdet
as a function of Vapp is similar to the results of Jansen
et al. [29], our findings provide further unanticipated fea-
tures. First, the nonlinear effect does not show a perfect
odd symmetry and Pdet(V) exhibits a nonmonotonic depen-
dence (not due to a change of PG), leading to a maximal
detection efficiency for a specific voltage Vmax. Second,
the maximal value of Pdet is not limited to 2PG. More-
over, the value depends on the tunnel-barrier dimensions,
as is demonstrated below. Finally, Pdet is very sensitive
to the intensity of the spin accumulation in the vicinity
of the barrier. Concerning the origin of this nonlinearity,
it has previously been suggested that the general behav-
ior of Pdet as a function of Vapp for both the injection and
the extraction regimes may be related to the steepness of
the energy dependence of the barrier transmission func-
tion dT(E)/dE [29]. Indeed, the spin accumulation mainly

affects the transport of electrons of higher energy. As the
bias decreases (Vapp < 0), high-energy electrons make an
increasingly dominant contribution to the device current
as a consequence of the exponential energy dependence
of T(E), thus leading to a higher impact of the spin accu-
mulation on the carrier transport. On the other hand, for
positive biases, the spin accumulation impacts the tail of
the transmission function, resulting in a weaker perturba-
tion of the transport through the barrier. Consequently, the
more prominent the slope of T(E), the more important is
the nonlinearity of the spin detection.

B. Effect of the barrier deformation

Although the steepness of the transmission function is
correlated with the nonlinear behavior of Pdet(Vapp), it
is not directly responsible for the change in the spin-
detection efficiency. In this section, we demonstrate that
the enhancement of Pdet is actually determined by the
deformation of the barrier when the device is under an
applied bias. As shown in Fig. 2(a), a variation of the
bias leads to a deformation of the barrier, producing a sig-
nificant change in the transmission function. For negative

(a) (b) (c)

FIG. 2. (a) A schematic representation of the barrier deforma-
tion for two different values of the applied voltage associated
with μv = −eVapp (light color) and μ′

v = −eVapp − eVcomp (dark
color). (b) Sketches of the corresponding transmission functions
under these conditions: the hatched areas correspond to the two
contributions to the current variation due to the bias change. S1
is integrated from −∞ to μv + μs/2 and represents the change
of current due to the reduction of the barrier permeability com-
pensated by the increased number of available carriers with a
longitudinal energy lower than μv + μs/2. In the linear regime
of spin detection, S1 = 0. S2 is integrated from μv + μs/2 to
μ′

v and corresponds to the gain of current resulting from the
enhancement of Vspin in comparison with the linear model. (c)
The variation of

√|S1 − S2| with the spin voltage and the applied
bias. Along the dashed line, the two areas are equal and Vcomp =
Vspin.
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biases, the barrier height mean value increases when Vapp
becomes more negative. In the same way, the voltage com-
pensation Vcomp also triggers a reduction of transmission
through the barrier, therefore resulting in a positive rein-
forcement of this potential compensation and then a higher
Pdet. In Fig. 2(b), we show a sketch of the energy depen-
dence of the transmission function through a barrier under
two different biases; respectively, μv = −eVapp in the pres-
ence of spin accumulation μs and μ′

v = −eVapp − eVcomp
in the absence of spin accumulation. For the sake of sim-
plicity, we consider a barrier spin polarization of PG =
100% (the effect of the barrier spin polarization at zero
bias is discussed later). Moreover, without loss of general-
ity, calculations are done for a positive spin accumulation.
As presented in Fig. 1(b), the general behavior of Pdet(V)

remains unchanged and the rationale proposed hereafter to
explain the enhancement of Pdet is valid irrespective of the
value of μs: the tunnel current in a spin-detection exper-
iment is proportional to the integrated transmission T(E)

from E = −∞ to the value of the electrochemical poten-
tial associated with the applied bias, at low temperature. By
integrating from −∞, we assume that the potential energy
of the metal is far below its Fermi level, which is an accept-
able approximation as the contribution of the low-energy
carriers decreases exponentially [31]. The areas resulting
from the integration, which determine the spin-detection
efficiency, are highlighted in Fig. 2(b). The area S1 corre-
sponds to the effect of electrons with a longitudinal energy
of less than μv + μs/2. This area represents the decrease of
the tunnel current resulting from the reshaping of the bar-
rier, partially compensated by a gain due to the increase of
available carriers (with a total energy between μv + μs/2
and μv + μcomp). The area S2 corresponds to the gain of
current due to the increase of the bias (from |μs/(2e)| up
to Vcomp). As a voltage compensation of |μs/(2e)| corre-
sponds to the prediction of the linear model, S2 directly
reflects the nonlinearity. As demonstrated in the Supple-
mental Material [39], S1 and S2 may be approximated as
follows:

S1 �
∫ μv+μs/2

0

[
−Vcomp

df (E, Vapp)

dV
(
μv + μcomp − E

)

−
(
μcomp − μs

2

)]
T(E, Vapp)dE, (8)

S2 ≈ 1
2

(
μcomp − μs

2

)2
T(μv, Vapp), (9)

where f
(
E, Vapp

)
is directly related to the transmis-

sion function defined in Eq. (5) through T(E, Vapp) =
exp

[
f

(
E, Vapp

)]
. As mentioned above, the area S1 is com-

posed of two terms. The first one is positive (for negative
bias) and corresponds to the barrier deformation. The sec-
ond one is negative when μcomp > μs/2 and reflects the

gain of carriers with a high total energy. The increase in
voltage Vcomp needed to obtain a perfect compensation
of S1 by S2 is the spin voltage Vspin = (μv − μ′

v)/(−e),
which is measured in a spin-detection experiment. As soon
as S2 > 0, the response becomes nonlinear and the spin
voltage becomes larger than PGμs/2.

In Fig. 2(c), we show the difference |S1 − S2| for a spe-
cific range of bias and voltage compensation values. The
dashed line denotes the combinations for which both inte-
grals are equals. This line reproduces the behavior of the
spin-detection efficiency as a function of the junction volt-
age, as shown in Figs. 1(b) and 1(c), with a sharp rise
followed by a slow decay of the spin-detection efficiency
as the voltage increases in absolute value. As a key conse-
quence, we realize that the relative evolutions of S1 and S2
ultimately determine Pdet through a link between the bias
and the energy dependencies of the tunnel-barrier trans-
mission. In Figs. 3(a) and 3(b), we plot the evolution of
both areas, as a function of Vapp and Vcomp, respectively,
offering a graphical resolution of the spin-detection exper-
iment. Such a plot represents a powerful tool to track the
value of quantities such as S1 and S2, which are essential
to understanding the electrical spin-detection mechanism
in the presence of nonlinear transport.

In what follows, we focus exclusively on negative val-
ues of the applied voltage, since for this voltage polarity an
increase of the spin-detection efficiency is expected. First,
we observe in Fig. 3(a) that, for large polarizations, both
integrals are exponential functions of Vapp, with a sim-
ilar exponential decay, while S1 deviates abruptly from

(a) (c)

(b)

FIG. 3. The competition between the gain and loss of tunnel
current in a spin-detection experiment bearing nonlinear trans-
port. The evolution of integration areas Si (index i refers to 1 or
2) with (a) the applied bias (semilogarithmic scale) and (b) the
compensation voltage (linear scale). (c) The relative shift of S2
(blue) in comparison to S1 (orange) for different spin voltages
(semilogarithmic scale).
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this decay for weak polarizations, until it becomes nega-
tive. In Fig. 3(b), it is shown that both areas increase with
the compensation voltage when the applied voltage is kept
constant. Based on these equations and on Fig. 3(b), we
observe that S2(Vcomp) shows a parabolic evolution, with a
slope determined by the transmission probability of a par-
ticle with energy E = μv = −eVapp, while the area S1 is
less sensitive to a change of compensation voltage. There-
fore, as shown in Fig. 3(c), a variation of the compensation
voltage ultimately translates into an offset for S1 relative to
S2. In the voltage range in which S1 is rapidly varying with
Vapp, an increase of Vcomp will decrease S1 with respect to
S2, combined with a slight increase of the bias voltage, for
which the intersection S1 = S2 occurs. On the other hand,
for larger bias, a change in Vcomp will produce a strong
increase of the bias at the intersection S1 = S2, due to the
fact that S1 and S2 have nearly the same exponential decay.
If we refer to Eqs. (8) and (9), a similar slope in logarithmic
scale is possible only if the transmission function T(E, V)

is large enough to dominate the integral in the definition
of S1. Such is the case if the upper integration limit is
large enough. Considering the previous explanation, the
large increase in the spin-detection efficiency under a low
applied voltage, and the slow decrease at a higher bias, are
related to the deviation of S1 from S2, [i.e., deviation from
the exponential nature of T(E, V)].The foregoing argu-
mentation allows us to explain the physical origin of the
existence of an optimal value Vmax for the spin-detection
efficiency, as indicated in Fig. 1(b). On the one hand, the
range of electron energies that participate in the current
increases with the bias (from 0 to μv , if we assimilate the
Fermi-Dirac distribution to a steplike function, as is the
case for sufficiently low temperatures). The current gain
caused by an increase of the spin voltage is then due to
electrons of the higher energy levels. On the other hand,
the reduction of barrier permeability impacts the transmis-
sion probability of all energy levels. When the range of
energy levels concerned is narrow enough (Vapp weak), the
transmission function varies slowly with the energy and,
subsequently, the participation of low-energy electrons is
not negligible. Therefore, a higher spin voltage is needed
to compensate for the current loss due to the reduction of
the tunneling capacity of the electrons for all energy levels.
However, as the transmission through the barrier evolves
exponentially with the energy, the current due to electrons
with energies lower than the NM quasi-Fermi level [μv in
Fig. 2(a)] becomes less significant. In addition, this reduc-
tion of transmission is progressively compensated by the
increase of carriers with high total energy. For a certain
negative bias, the current gain resulting from the spin-
voltage compensation overcomes the loss due to the barrier
deformation, leading to a decrease of Pdet. The competition
between the two effects leads to a maximum spin-detection
efficiency at a bias Vmax. This result is in agreement with
recent experimental observations [29], suggesting that the

FIG. 4. The effect of the variation of the rectangular-barrier
dimensions on the spin-detection efficiency. The results are
obtained for PG = 50% and μs = 10 meV.

present description may shed light on how to optimize the
spin-detection efficiency by tuning the barrier parameters.

Indeed, the energy dependence of the transmission func-
tion as well as the way it varies under bias are essential
ingredients that are needed to understand and master the
spin-detection efficiency. As explained previously, Pdet is
sensitive to the barrier properties (width and height) as well
as the spin polarity. Figure 4 summarizes the dependence
of Pdet on the barrier dimensions. It can be observed that
the variation of the width w and of the height �B have
opposing impacts on Pdet. For weak negative biases, the
variation of Pdet with Vapp is larger for lower and thicker
barriers, i.e., for a sharper transmission-function T(E)

slope. It is worth noting that the maximum spin-detection
efficiency Pdet(Vmax) also increases for thinner and taller
barriers, although the corresponding variations are less
significant. This increase is related to a stronger barrier
deformation as df /dV increases with w and decreases
with �B [39]. On the other hand, as the exponential
growth of the transmission probability gets higher, the
voltage at which the high-energy electrons dominate the
spin-detection efficiency is reached at a lower value |Vmax|.

C. Effect of the degeneracy level

The experimental observations in Ref. [29] demonstrate
that the spin-detection efficiency in a rectangular barrier
may overcome the theoretical limit of 2PG to reach a
spin detection of 2.3 times the value predicted by the
linear model and even more when taking the drastic reduc-
tion of PG with bias into account. As the barrier used in
that experimental work is rectangular (2-nm-thick MgO
[1]), the increase in the spin-detection efficiency cannot be
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explained solely by barrier deformation with the applied
bias. Indeed, based on our calculations, the spin-detection
efficiency is expected to be lower than twice the barrier
spin polarization PG. However, as shown in the follow-
ing discussion, the observed excess spin detection can be
justified by including the effect of the band gap in the
model. This mechanism is presented below for a FM/B/SC
structure, where SC is a nonmagnetic degenerate semi-
conductor. In order to describe the semiconductor with its
band gap, we introduce the parameter ε, which reflects the
degree of degeneracy of the semiconductor. ε represents
the difference between the electrochemical μv potential
and the edge of the conduction band. This effect is included
in our calculation by introducing an energy-dependent
DOS N (E) in the NM layer, given by

N (E) = 8π
√

2
h3 m3/2

√
E − (μv − ε). (10)

The DOS is therefore null for energies in the band gap,
i.e., for E < μv − ε. At low temperatures, μv corresponds
to the maximal occupied energy level in this band. There-
fore, the parameter ε is linked to the carrier concentra-
tion in the conduction band by the Fermi-Dirac distribu-
tion.Figure 5(a) sketches the basic case of a FM/B/SC
sandwich structure, including the band gap. The conse-
quence of the band gap on the transport of electrons

(a) (b) (c)

FIG. 5. The effect of the SC band gap on the spin-detection
efficiency. (a) A schematic representation of a FM/B/SC struc-
ture for a degenerated SC. The Fermi level is located at an energy
value of ε above the bottom of the conduction band Ec. The bar-
rier and the Ec edge change as the bias is set to μ′

v (without
spin accumulation μs = 0—dark color) instead of μv (with spin
accumulation—light color). (b) A qualitative sketch of the cor-
responding transmission function. The S3 integral is associated
with the current loss due to the energy shift of the band gap. (c)
A quantitative analysis of the variation of the areas S1, S2, and S3
with the applied junction voltage for Vcomp = −20 mV, μs = 10
meV and for two different values of ε. The areas (for each value
of ε) are normalized by S1(0) and are offset.

through the barrier is visible when the applied electro-
chemical potential μv overcomes the degeneracy level ε.
In this case, electrons that tunnel from the SC into the FM
have energies limited by the bottom of the conduction band
and not by the occupancy in the FM. As a consequence,
when a compensation voltage is applied after removing
the spin accumulation, the increase of potential from μv

to μ′
v is accompanied by an increase of the energy level

of the bottom of the conduction band. In terms of the
current integration area, it corresponds to a third area S3
that corresponds to a loss of current due to the shift of Ec
induced by a change of applied voltage [see Fig. 5(b)]. It
is approximated as

S3 ≈ μcomp

(μcomp

2
+ ε

)
T(μv , Vapp). (11)

As demonstrated in the Supplemental Material [39], in
addition to the area S3, the insertion of the band gap will
modify the definition of S1:

S1 �
(μs

2
+ ε

)(
α + β

df
dV

+ γ
df
dE

)
T(μv , Vapp),

α =
(μs

2
− μcomp

)
,

β = −Vcomp

(
μcomp − μs

4
+ ε

2

)
,

γ = α
(μs

2
− ε

)
.

(12)

As μcomp is positive and larger than μs/2 (for negative
bias at the detector), α is strictly negative. This reflects
the gain of tunnel current due to the increase of charge
carriers. The second term, β > 0, is linked to the reduc-
tion of the transmission through the barrier and increases
with ε. The last term, γ , is also positive because μs/2 < ε,
as the density of spins, is limited to the density of car-
riers. Both S1 and S3 contribute to the reduction of the
tunnel current and their respective contributions are depen-
dent on the level of degeneracy. As ε decreases, S1 will
decrease and S3 will increase. For weak values of ε, |α| �
|β(df /dV) + γ (df /dE)| and S1 becomes negative.

S1 �
(μs

2
+ ε

) (μs

2
− μcomp

)
T(μv, Vapp). (13)

As shown in Fig. 5(c), at high applied voltages, all
areas follow a similar exponential decay, determined by
T(μv, Vapp). For lower biases (μv < ε), the effect of the
band-gap shift is limited by the absence of empty states
in the FM under the Fermi level; therefore the impact of
S3 on the spin-detection efficiency is reduced for highly
doped SC (ε large). In contrast to that, for a SC with a
weaker level of degeneracy, the shift of the band gap will
reduce the tunnel current proportionally to the compensa-
tion voltage. As a consequence, a spin-detection efficiency
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higher than twice the barrier polarity is possible. Under the
approximation μv � ε > μs/2, we propose an analytical
model to predict the nonlinearity of the spin-detection effi-
ciency at low temperature. In this case, as demonstrated in
the Supplemental Material [39],

Pdet ≈
μs
2

(
1 + ε

2
df
dE

)
+ PG

[
2ε + 1

2

((
μs
2

)2 − ε2
)

df
dE

]

ε2
(

df
dE − 1

e
df
dV

) ,

(14)

where the derivatives of f (E, V) are evaluated for E = μv

and V = Vapp. The dependence with respect to the bar-
rier shape and deformation is determined by the partial
derivatives of the function f (E, V). As predicted in our
simulations, Pdet ∼ ε−1. As an indication, in the case of an
n-type silicon substrate, a doping level between 5 × 1018

and 1 × 1020 cm−3 corresponds to a value of ε between
0.01 and 0.1 eV. In Fig. 6, the effect of a variation of the
barrier height and width is analyzed. The presence of the
band gap severely modifies the spin-detection response due
to the barrier deformation under bias (see Fig. 4), since Pdet
now decreases with an increase of the width and a decrease
of the barrier height. We conclude that the impact of S3
is less important for barriers with a steeper transmission-
energy dependence. Indeed, for a barrier with a sharp
transmission probability, the current due to electrons with a
weak energy (range of energy for S3) is negligible in com-
parison to those of higher energy (range of S2). Therefore,
a reduction of the energy dependence of the transmission
probability acts as an increase of the degeneracy level. The

results from Fig. 6 show that Pdet reaches huge values—of
several thousands of percent—while PG is only 50%. Such
a large nonlinearity factor may explain the reported devi-
ation of several orders of magnitude between the (linear)
theory and the Hanle experiments achieved in 3T devices
[10]. While we focus here exclusively on degenerate semi-
conductors, we note that the presence of a depletion region
at the B/SC interface can influence the detected spin sig-
nal due to an additional Schottky barrier, with a depletion
width depending on the degeneracy level ε. For highly
doped SC, this barrier is rather thin and, therefore, carri-
ers can tunnel through both tunnel barriers [42], resulting
in one larger barrier with a nonrectangular shape. Our cal-
culations predict that the intensity of spin injection may
be enhanced if two-step tunneling via interfacial states
occurs. However, this effect is important only for a highly
resistive depletion region (which is not the case in our
model) [20]. Concerning the spin-detection efficiency, a
more critical point is to define how the effective barrier
height of the depletion layer is changing with the poten-
tial (i.e., this change corresponds to the voltage drop at
the oxide barrier, which is different from the applied volt-
age) [43]. Our calculations show that only the latter can
impact the spin-detection efficiency strongly, while Pdet is
only weakly affected by the change of depletion width with
the doping level. A more in-depth discussion of this point
is presented in the Supplemental Material [39], whereas in
the next section we focus on the effect of the barrier shape.
It is important to stress that our analysis is only dedicated
to degenerate SC. For devices with nondegenerate SC, in
which thermionic emission dominates the transport in the

(a) (b) (c) (d)

FIG. 6. The effect of the variation of the rectangular-barrier parameters—(a) PG, (b) ε, (c) w, and (d) �B—on the spin-detection
efficiency when the band gap affects the tunnel transport. The fixed parameters are PG = 50%, ε = 10 meV, w = 3 nm, and �B = 1
eV. The bottom panels compare results of simulations with the analytical solution from Eq. (14) for Vapp = −0.8 V.

024020-8



ORIGIN OF THE GIANT SPIN-DETECTION EFFICIENCY... PHYS. REV. APPLIED 14, 024020 (2020)

depletion region, it has been shown that the depletion layer
drastically affects the detected spin voltage even if spin sig-
nals much higher than that predicted by the linear model
are calculated [44]. To complete the analysis, the interme-
diate case of moderately doped SC should be investigated,
as unexpected huge spin-voltage values have been exper-
imentally probed in a device in which thermally assisted
tunneling occurs [4].

D. Effect of barrier shape

In a tunnel barrier designed for electrical spin detection,
if a negative bias is applied, both the deformation of the
barrier transmission and the change of energy range for
carriers that participate to the transport are responsible for
the observation of a colossal nonlinear spin-detection effi-
ciency. For rectangular barriers, the second phenomenon
seems to dominate, except for highly degenerate SC. The
numerical simulations as well as the analytical approach
indicate that the nonlinearity of the spin detection is sensi-
tive to the steepness of the energy dependence of the trans-
mission function. Steeper transmission may be obtained if
a nonrectangular tunnel barrier is used.

At low bias, the behavior of S1 is directly dependent
on the barrier shape [39]. In this section, we quantify
the degree of sensitivity of S1 to that critical feature of
the interface. The comparison is made for four different
shapes, a rectangular, triangular, parabolic, and exponen-
tial spatial dependence, respectively [see Fig. 7(a)]. Each
barrier is determined by a maximal height �B, a width
w, and a level of degeneracy ε. The way in which those
parameters influence the shape of the barrier is detailed in
the Supplemental Material [39]. The width associated with

each barrier (2, 3, 3, and 3 nm, respectively) is arbitrarily
chosen in order to have a transmission probability in the
same range of values. The maximal barrier height at zero
current is set to �B = 1 eV.

The transmission function of each barrier (at Vapp = 0)
is plotted in Fig. 7(b). As expected, the steepness of the
transmission function for electrons with an energy close to
the quasi-Fermi level increases from the rectangular barrier
to the exponential one.

Spin-detection efficiencies under different biases are
computed for a constant spin accumulation of μs =
10 meV. The results are presented for the FM/B/NM and
FM/B/SC structures [Figs. 7(c) and 7(d)]. This allows us to
separate the effect of the barrier-shape modification from
that of the band gap. Indeed, except for the case of the
rectangular barrier, a change of ε does lead to a reshap-
ing of the barrier. For the model that does not include the
band gap, Pdet tends to the value of 2PG for a rectangular
tunnel barrier, while the maximal spin-detection efficiency
skyrockets when the barrier height depends on the dis-
tance from the FM/B interface. This huge variation of the
detected spin signal is explained by two major factors.
First, because of their energy-dependent width, nonrectan-
gular barriers have a higher change of transmission prob-
ability induced by the voltage compensation [39]. Second,
as the transmission increases more abruptly with the par-
ticle energy, the reduction of available carriers with high
longitudinal energy has less impact on the total current
(i.e., the negative part of area S1 is reduced in Fig. 2). The
higher variation of the transmission probability with the
energy is also responsible for the decrease in the detection
efficiency with applied bias, at higher negative voltage.
Additional electrons due to the compensation voltage have

(a) (b) (c) (d)

FIG. 7. (a) A schematic representation of the different shapes of the interface barrier, from the background to the front: rectangular,
triangular, parabolic, and exponential evolution of the barrier height with the distance from the SC. (b) The energy dependence of the
transmission probability through the barrier. (c),(d) The nonlinearity of the spin-detection efficiency with the applied voltage for tunnel
barriers with various shapes. The results depicted in (c) show the effect of the barrier shape for a FM/B/NM configuration, while those
shown in (d) focus on the FM/B/SC case. The calculations are performed using w = 3 nm (except for the rectangular barrier, where
w = 2 nm), �B = 1 eV, PG = 100%, T = 1 K, and ε = 50 meV.
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a higher tunnel probability and therefore compensate the
spin accumulation more easily.

For the case of a barrier sandwiched between a FM
metal and a degenerate SC, the maximal spin-detection
efficiency is improved irrespective of the barrier shape.
However, the rectangular barrier is more sensitive to a
change of ε, since it is correlated with the steepness of
the transmission function, as explained in Sec. III C. It is
worth noting that a change of ε does modify the spin trans-
port through two different mechanisms. First, it reduces
the range of carrier energies involved in the tunnel trans-
port. Second, it changes the shape of the barrier, as could
be expected for a Schottky junction. We conclude that
the huge spin-detection efficiency improvement due to the
nonlinearity of the tunnel junction arises in every type of
barrier, as previously suggested by Jansen et al. [29]. How-
ever, in contrast to the latter study, we demonstrate that the
dominant mechanism varies between an oxide-based tun-
nel junction and a FM/SC contact Schottky junction, which
is a nuance that we deem important for understanding the
whole picture.

E. Dependence on µs and spin lifetime

In addition to the correction of the amplitude of the
predicted spin accumulation that is formed in the SC,
calculations performed in our study suggest that the pre-
dicted spin lifetime in Hanle-precession experiments needs
to be adjusted. Such a correction arises from the fact
that the applied voltage affects the spin-detection effi-
ciency and therefore the spin accumulation μs will also
induce a deviation of Pdet from PG. In the nonlinear the-
ory, a higher spin voltage is linked to a higher barrier
deformation which, in turn, triggers an increase of the
spin voltage. Therefore, the spin voltage is expected to
deviate from a linear dependence with the spin accumu-
lation. As shown in Fig. 8(a), our results highlight this
observation and it is shown that Pdet is proportional to
μs [45]. This result obviously impacts the spin diffu-
sion length deduced in Hanle-precession measurements.
The theory underlying such processes implies that the
spin accumulation is destroyed when applying a magnetic
field perpendicular to the spin preferential orientation of
magnetization [46]. Under a magnetic field B, the spin
accumulation μs(B) follows a Lorentzian shape, with a
maximum value μs(0). From the full width at half maxi-
mum (FWHM) of the Lorentzian function, one can deduce
the spin lifetime of carriers injected into the NM layer,
namely τsf = 2/(FWHM). However, this kind of experi-
ment is performed on the spin voltage instead of the spin
accumulation.

Therefore, in the nonlinear-transport regime, a modified
Lorentzian distribution is needed. Supposing that Pdet =
αμs + β for an applied voltage Vapp, the variation of Vspin

(a)

(b)

(c)

,

,

FIG. 8. The consequences of the variation of the spin-
detection efficiency with the spin accumulation. (a) The com-
puted value of Pdet for different spin accumulations in the
vicinity of a tunnel rectangular barrier (w = 3 nm, �B = 1 eV,
PG = 30%, Vapp = −800 mV, ε = 50 meV). (b),(c) numerical
simulation of a 3T spin-precession experiment (b) and a 4T
spin-diffusion experiment (c). In (b), the spin voltage is plot-
ted (based on the linear model and considering the nonlinear
effect) with the corresponding spin lifetime, assuming that both
curves are Lorentzian distributions. In (c), the spin-diffusion
length is extracted by fitting with the analytical solution of the
one-dimensional (1D) spin-diffusion model.

with the magnetic field becomes

Vspin(ωL) = μs(0)

2
[
1 + (ωLτsf )2

]
[

αμs(0)

1 + (ωLτsf )2 + β

]
,

(15)

where ωL is the Landau frequency, which is linearly depen-
dent on the magnetic field B. Consequently, we suggest a
correction for the equation that allows one to extract the
spin lifetime from Hanle-precession measurements,
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τsf = 2
FWHM

√√
β2 + 2αμs(0)(αμs(0) + β) − αμs(0)

αμs(0) + β
. (16)

According to Eq. (14), the ratio between α and β can be
simplified to give the following approximation:

αμs(0)

β
= μs

4PGε
. (17)

As a consequence, the error on the spin lifetime is expected
to be negligible for a device with a highly degenerate semi-
conductor. However, for spin accumulation in the range
of the degeneracy level, the correction factor may reach a
dozen percent, as shown in Fig. 8(b). This figure shows the
bell-shape variation of the spin voltage with the perpen-
dicular magnetic field intensity. The spin accumulation is
assumed to be 20 meV at zero magnetic field, leading to a
detected spin voltage of 3 mV (with PG = 30%) according
to the linear model. The result is compared to the curve
obtained for similar μs(B) but including the features of
nonlinear transport. While both curves can be accurately
fitted using a Lorentzian curve, the extracted value of the
spin accumulation and the spin lifetime are not correct due
to the nonlinearity. An error of 10% for τsf is probed and
the value of μs is overestimated by a factor of 5 if the
effects of nonlinearity are neglected. As these errors are
strongly sensitive to the spin-tunnel-barrier properties as
well as to the intensity of the spin accumulation, we eval-
uate the error for a large panel of barrier properties (the
results are detailed in the Supplemental Material [39]).
Typically, for a degeneracy level of 10 meV and a spin
accumulation of 4 meV, one obtains an error between 0 and
60%, depending on the value of PG. While this effect may
appear significant, it depends greatly on the ratio between
the spin accumulation at zero magnetic field and the level
of degeneracy. The estimation of errors on the spin life-
time based on results currently reported in the literature
is minor, as the ratio between the detected spin accumu-
lation and the level of degeneracy is low. Indeed, in 3T
devices, the detected spin voltage generally ranges from
tens to hundreds of microvolts, while the degeneracy lev-
els are of the order of 10 meV and thus the errors are
systematically lower than 5% for devices based on oxide
tunnel barriers [12,29,47,48]. However, recent advances in
fabrication processes lead progressively to an increase of
the detected signal by decreasing parasitic effects such as
interface roughness [49]. For instance, Spiesser et al. have
achieved spin detection (without bias-detector enhance-
ment) of dozens of millivolts [1]. In addition, it is worth
noting that the error is expected to grow rapidly with the
applied current, as μs(0) increases while PG decreases and
ε remains fixed.

While having a nonzero voltage is inevitable in the 3T
design, the detector is typically free from bias in the non-
local spin device. However, as the application of a bias to
the detector could be used to improve the signal-to-noise
ratio in the spin-precession measurement, it is relevant to
evaluate the error for the extraction of the diffusion length.
In Fig. 8(c), we compare the probed spin signal in the lin-
ear condition (no bias voltage to the detector) with the
nonlinear case. The calculations are achieved by solving
the 1D Bloch equation with an added diffusion term that
describes spin diffusion in the presence of the spin-orbit
coupling and an external magnetic field [50]. The spin dif-
fusion coefficient and spin lifetime are material properties
fixed at Dspin = 5 cm2/s and τsf = 10 ns, respectively. The
spin diffusion length is extracted by fitting the spin signal
with a solution of the modified Bloch equation. For reasons
identical to those presented for the 3T design, the compari-
son leads to an error close to 10%, which is corrected if the
fitting equation is adapted to include the linear dependence
between Pdet and μs. It is worth noting that the error due
to the nonlinearity is directly related to the intensity of the
spin accumulation. Indeed, the higher the ratio αμs/β, the
higher is the error if a linear model is used.

F. Effect of the temperature

In order to complete our analysis of the nonlinearity of
the spin-detection efficiency under bias, we perform simu-
lations for different temperatures. In Fig. 9(a), Pdet(Vapp) is
plotted for a range of temperatures from 1 K to 300 K and
shows that the spin detection is less efficient at high tem-
peratures. This behavior has been systematically observed
in 3T devices, in which the reduction of the spin volt-
age with temperature has been attributed to an increase of
the thermal noise, an increase of the thermionic emission
transport, and a simultaneous reduction of the spin polar-
ity of the barrier PG [1].As those effects are not included
in the present calculations, the decrease of the detected
spin signal with temperature should be ascribed to another
phenomenon. More precisely, the temperature dependence
of the detection efficiency can be simply linked to the
broadening of the Fermi-Dirac function. As the tempera-
ture increases, the Fermi-Dirac distribution deviates from
the steplike Heaviside function. As a result, carriers with
energies slightly higher than the quasi-Fermi level will par-
ticipate in the charge transport through the tunnel barrier.
Consequently, carriers with a higher transmission prob-
ability will be involved. Therefore, the gain of current
due to the increase of the applied voltage Vcomp will be

024020-11



FOURNEAU, SILHANEK, and NGUYEN PHYS. REV. APPLIED 14, 024020 (2020)

(a) (b)
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FIG. 9. The effect of temperature on the spin-detection effi-
ciency. (a) The variation of Pdet with the temperature and the
junction bias. (b) A comparison of the temperature effect on
different barrier shapes. The calculations are performed using
barrier properties as presented in Fig. 7. (a) ε = 50 meV, PG =
50%, �B = 1 eV, and w = 3 nm. (b) The same, except for the
rectangular case: w = 2 nm.

increased. This effect may be seen as an increase of the car-
rier concentration in the conduction band (i.e., an increase
of ε), which results in a reduction of the spin-detection effi-
ciency. The results depicted in Fig. 9(b) show the effect of
temperature for the different barrier shapes that are studied
in this work. It is noted that the maximal spin-detection
efficiency decreases for all barrier shapes. At low temper-
ature, the effect is more pronounced for the nonrectangular
barrier, suggesting that its origin is related to the steepness
of the energy dependence of the transmission function.
This outcome tends to confirm the justification that higher
temperatures allow the activation of carriers with higher
energies (associated with higher barrier transmission) and,
therefore, that the current is compensated more easily by
the increase of the compensation voltage. For barriers with
sharp transmission functions, the gain of current due to
high-energy carriers will obviously be higher.

IV. CONCLUSION

In summary, we demonstrate that the nonlinearity of
the spin-detection efficiency under bias results from two
different mechanisms: the tunnel-barrier deformation and
the conduction-band shift, leading to a spin-detection effi-
ciency higher than 10 times that predicted by the linear
model. As a consequence, we emphasize the need to take
into account the effect of the energy dependence of the
tunneling transmission probability as well as the band
gap (even for highly degenerate SC) in the model used
to analyze results from local (2T and 3T) spin devices.
The effects of the doping level, the barrier shape, and
the temperature on the magnitude of the probed spin
voltage and spin relaxation time are studied, leading to

a better interpretation of the spin-detection experiments.
We believe that our results clarify the complex mecha-
nisms that govern spin injection, transport, and detection
experiments and help to explain numerous puzzling results
reported in the literature.
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