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We present a theoretical model that describes electrical spin-detection at a ferromagnet/semiconductor in-
terface. We show that the sensitivity of the spin-detector has strong bias dependence which, in the general case,
is dramatically different from that of the tunneling current spin polarization. We show that this bias dependence
originates from two distinct physical mechanisms: �1� the bias dependence of tunneling current spin polariza-
tion, which is of microscopic origin and depends on the specific properties of the interface and �2� the
macroscopic electron-spin transport properties in the semiconductor. Numerical results show that the magni-
tude of the voltage signal can be tuned over a wide range from the second effect which suggests a universal
method for enhancing electrical spin-detection sensitivity in ferromagnet/semiconductor tunnel contacts. Using
first-principles calculations we examine the particular case of a Fe/GaAs Schottky tunnel barrier and find very
good agreement with experiment. We also predict the bias dependence of the voltage signal for a
Fe/MgO/GaAs tunnel structure spin-detector.
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I. INTRODUCTION

Semiconductor spintronics aims to harness the electron’s
spin degree of freedom in data storage and processing, typi-
cally by utilizing heterostructures composed of a combina-
tion of magnetic and nonmagnetic materials.1 A fundamental
problem in semiconductor spintronics was to find ways to
electrically generate nonequilibrium electron-spin distribu-
tions in conventional semiconductors. Efficient electrical
spin injection from ferromagnetic contacts into semiconduc-
tors using spin-dependent tunneling2,3 was shown to over-
come the “conductivity mismatch problem” associated with
highly conductive metallic contacts.4 Spin polarization of the
tunneling current originates from the spin dependence of the
electron wave functions and the densities of states of the
ferromagnetic contact. The spin-dependent tunneling ap-
proach was realized experimentally using Fe interfaces with
GaAs,5–9 silicon,10,11 and graphene.12 Jiang et al.13 using
CoFe/MgO interfaces showed enhanced electrical spin injec-
tion efficiency into GaAs. Contacts made of CoFe were also
used to inject directly into GaAs �Ref. 14� and showed an
electron polarization that had dramatically different bias de-
pendence from that of Fe/GaAs contacts.9 In addition to elec-
trical spin injection, efficient electrical spin-detection is re-
quired to achieve functional semiconductor spintronic
devices.

Crooker et al.15 recently reported experiments of electri-
cal spin-detection using Fe/GaAs Schottky tunnel barriers as
electrical spin-detectors. They demonstrated that both the
magnitude and sign of the spin-detection sensitivity are tun-
able with voltage bias applied across the Fe/GaAs interface;
in some cases they were able to improve the spin-detection
sensitivity by an order of magnitude. The bias dependence of
the sensitivity of the detector was shown to be dramatically
different from that of the injected current spin polarization. A
theoretical model was used to correlate the spin-detection
sensitivity of the Fe/GaAs electrodes with their bias-
dependent spin injection properties. The model described
successfully many of the experimentally observed trends.15

Here we give a detailed description of this theoretical
model of electrical spin-detection at a ferromagnet/
semiconductor interface. We consider a case when spin po-
larization is generated in the semiconductor by an external
source �e.g., optical or electrical� and subsequently detected
at a ferromagnetic contact in which a tunnel barrier exists at
the ferromagnet/semiconductor interface. We incorporate
first-principles calculations to examine two specific cases of
tunnel barrier: a Fe/GaAs Schottky tunnel barrier and a
Fe/MgO/GaAs tunnel structure. In this way we demonstrate
that the theory is general and can be applied to a variety of
electrical spin-detectors. We show that the sensitivity of the
electrical spin-detectors has strong bias dependence of both
microscopic and macroscopic origin. While the bias depen-
dence of microscopic origin is specific to each ferromagnet/
semiconductor tunneling structure, the macroscopic bias de-
pendence is general and depends on the electrical transport
properties of the semiconductor.

This paper is organized as follows. In Sec. II we give a
detailed description of the theory. At the end of the section
we provide some approximate analytical formulas and look
at the asymptotic limit of large currents. This helps in under-
standing the general trends predicted by the theory and fa-
cilitates a discussion of the numerical results. In Sec. III, first
we present numerical results for a generic spin-detector with
a tunneling current polarization that has no bias dependence,
and then we incorporate first-principles calculations to exam-
ine the specific cases of Fe/GaAs Schottky barrier and
Fe/MgO/GaAs tunnel structure spin-detectors. We conclude
the paper in Sec. IV with a summary of our results and
conclusions. Some calculational details are included in the
Appendix.

II. THEORETICAL MODEL

A voltage signal, in response to a change in the spin po-
larization of the current, at a ferromagnetic tunnel junction
results because the tunneling resistance of the junction de-
pends on electron spin. For example, if the tunneling resis-
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tance of junction is smaller for spin-up �majority spin in the
ferromagnetic contact� electrons than for spin-down elec-
trons �minority spin in the ferromagnetic contact�, the volt-
age drop across the junction will decrease if the spin-up elec-
tron component of the current increases while the spin-down
electron component of the current decreases keeping the total
current constant. In recent experiments reported by Crooker
et al.,15 the spin polarization of the current at the tunnel
junction is changed either by the absorption of circularly
polarized light in the semiconductor in the vicinity of the
ferromagnetic tunnel junction or by electrical injection from
a remote ferromagnetic contact. The spin-polarized electron
density generated by the absorption of the circularly polar-
ized light or remote electrical injection drift diffuses to the
detection ferromagnetic tunnel junction and thus modifies the
spin polarization of the current across this junction. A bias
dependence of the voltage signal, as is observed experimen-
tally, occurs because of a combination of two effects: �1�
transport of the remotely generated spin-polarized electron
density depend on bias, so that the change in spin polariza-
tion of the current crossing the tunnel junction depends on
voltage bias and �2� the spin dependence of the tunneling
resistance depends on voltage bias.

Figure 1 shows a schematic of the electrochemical poten-
tials for spin-up and spin-down electrons in the vicinity of a
ferromagnetic tunnel junction in which the junction resis-
tance is smaller for spin-up electrons than for spin-down
electrons. We show for the cases under reverse bias �electron
injection into the GaAs� and under forward bias �electron
extraction from the GaAs� both without remote spin genera-
tion �solid lines� and with remote generation of spin-up elec-
trons �dashed lines�. The Fe contact is highly conductive, so
that the electric field in Fe is very small and the spin-up and
spin-down electron distributions in Fe are very nearly in
equilibrium with each other. Thus, in Fe, the electrochemical
potentials for the two spin types are nearly constant in posi-
tion and equal to each other independent of bias. The shaded
stripe in Fig. 1 represents the depletion region in the GaAs
that forms the tunnel barrier. There is a drop in the electro-
chemical potential across this tunnel barrier region for both
spin-up and spin-down electrons. This drop in electrochemi-
cal potential is proportional to the product of the current and
the tunnel resistance for each spin type. It is larger for spin-
down electrons than for spin-up electrons because the tun-

neling resistance is larger for spin-down electrons than for
spin-up electrons. In reverse bias, the electrochemical poten-
tials are higher in the Fe contact than in the GaAs, and be-
cause the drop across the junction is larger for spin-down
electrons than for spin-up electrons there is a surplus of
spin-up electrons compared to spin-down electrons near the
junction interface. In forward bias the electrochemical poten-
tials are higher in GaAs than is the Fe contact and there is a
surplus of spin-down electrons compared to spin-up elec-
trons near the junction interface. Because of spin relaxation,
the electrochemical potentials for spin-up and spin-down
electrons come together far from the tunnel junction when
there is no spin generation. When there is generation of
spin-up electrons, the two electrochemical potentials far
from the tunnel junction remain separated and are deter-
mined by the spin generation profile. At any point in space
the spin polarization of the density is determined by statistics
from the electrochemical potentials and the spin polarization
of the current is determined by the product of the density and
the spatial derivative of the electrochemical potential for
each spin type. The voltage signal at the tunnel junction pro-
duced by optical spin generation depends on the change in
spin polarization of the current at the tunnel junction and the
tunneling resistance of each spin type.

To describe theoretically the voltage signal we use the
one-dimensional �1D� model of Ref. 3 with some modifica-
tions. In this model the current flow at the interface is de-
scribed using a spin-dependent interface conductance

j�
0 = G�����/e� , �1�

where j�
0 is the current density at the interface, G� is the

interface conductance, ��� is the interfacial discontinuity in
electrochemical potential for electrons with spin projection
�, and e is the magnitude of the electron charge. We set the
interface at the position x=0 with the ferromagnet on the left
side �x�0� and the semiconductor on the right �x�0�. As in
Ref. 3, we define a variable � such that j↑=�j, where j is the
total current density �independent of position in the one-
dimensional model�, and a variable � such that n↑=�n,
where n=n↑+n↓ is the electron density in the semiconductor.
For the experimental carrier densities and range of applied
voltages there can be no significant charge accumulation;
therefore, we consider an electron density independent of
position and of bias. Equation �1� can be written as

��↑
R�0� − �↑

L�0�� =
ej�0

G↑
�2�

and

��↓
R�0� − �↓

L�0�� =
ej�1 − �0�

G↓
, �3�

where ��
R,L�0� is the electrochemical potential for electrons

at the right �left� side of the interface and �0 is � evaluated at
the interface. Adding Eqs. �2� and �3� gives

µ

µ
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no additional injection
w/ additional, remote
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µ

µµ ,
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x

FIG. 1. �Color online� Schematic of �↑,↓ near a Fe/GaAs
Schottky detector at forward and reverse biases. Dotted lines show
how �↑,↓ are modified by an additional remote source of spin po-
larization. In reverse bias remote spin generation increases ��↑
−�↓� near the contact but not as much as in the region of spin
generation.
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��↑
R�0� + �↓

R�0�� = ��↑
L�0� + �↓

L�0��

+ ej��0� 1

G↑
−

1

G↓
� +

1

G↓
� �4�

and subtracting them yields

��↑
R�0� − �↓

R�0�� = ��↑
L�0� − �↓

L�0��

+ ej��0� 1

G↑
+

1

G↓
� −

1

G↓
� . �5�

The voltage drop at the interface is

V = 	��↑
R�0� + �↓

R�0�� − ��↑
L�0� + �↓

L�0��
/2e , �6�

so that

V = �j/2���0� 1

G↑
−

1

G↓
� +

1

G↓
� . �7�

We consider a case in which the electrons in the semicon-
ductor are strongly degenerate and relate the electrochemical
potentials and the densities using a zero-temperature Fermi
function �for higher temperatures a classical distribution can
be considered without any qualitative change in the predic-
tions of the model�, then

�↑
R�0� = 22/3EF��0�2/3 �8�

and

�↓
R�0� = 22/3EF�1 − �0�2/3, �9�

where EF is the Fermi energy and �0 is � evaluated at the
interface.

We describe the current flow in the semiconductor using
spin-dependent drift-diffusion equations

j� = eD
�n�

�x
+ e�En�, �10�

where D is the diffusion coefficient, E is the electric field in
the semiconductor �independent of position in the one-
dimensional model�, and � is the electron mobility. The
drift-diffusion equation at the interface gives

j↑
0 − j↓

0 = �2�0 − 1�j = eD� ��n

�x
�

x=0
+ e�E�n�0� . �11�

If electrons with different spins are driven out of local qua-
sithermal equilibrium at some region in space, so that n↑ is
not equal to n↓, the difference in the two electron densities
�n�x�= �n↑−n↓��x� relaxes as described by the spin current
continuity equation

D
�2�n

�x2 + �E
��n

�x
=

�n

�s
− f�x� , �12�

where �s is the spin-relaxation time and f�x� is the spin gen-
eration function.

We are interested on how the interface voltage drop varies
with small changes in the amplitude C of the spin generation
function f�x�= �C /�s�F�x�, where F�x� is a unitless and nor-
malized function of position. The voltage signal depends on
the amplitude of the spin generation function through the

spin polarization of the current at the interface16

� dV

dC
�

C=0
= �1/2�� 1

G↑
−

1

G↓
� j�d�0

dC
�

C=0
. �13�

The voltage signal depends on the derivative of � ��n
�x �x=0

and �n�0� with respect to C and to calculate these deriva-
tives we use Eq. �12�. We search for a solution of this equa-
tion of the form �n�x�=Q�x�+
0

	f�x��g�x ,x��dx� subject to
boundary conditions �n�0�=Q0 and �n�	�=0, where Q�x�
=Q0e−x/
+ is the solution of the homogeneous differential
equation and g�x ,x�� is the Green’s function solution of

D
�2g�x,x��

�x2 + �E
�g�x,x��

�x
−

g�x,x��
�s

= − ��x − x�� �14�

with boundary conditions g�0,x��=0 and g�	 ,x��=0. For a
general spin generation function, we have

� ��n

�x
�

x=0
= −

�n�0�

+

+ �
0

	

f�x��� �g�x,x��
�x

�
x=0

dx�,

�15�

where

g�x,x�� = �−
1

D

ex�/
−�e−x/
+ − e−x/
−�

� 1

+

− 1

−

� , 0 � x � x�

−
1

D

e−x/
+�ex�/
− − ex�/
+�

� 1

+

− 1

−

� , x� � x �
�16�

and

1



�E�
=

1
�D�s

� �E�s

2�D�s


 �� �E�s

2�D�s
�2

+ 1�1/2� . �17�

Using j=�E, where �=e�n is the conductivity of the semi-
conductor, 
s=�D�s, and the Fermi-liquid relationship
D /�=2EF /3e, we can write 

 as

1



�j�
=

1


s
�3ej
s

4�EF

 ��3ej
s

4�EF
�2

+ 1�1/2� �18�

To be specific, we consider a striped spin generation function
of the form

F�x� = �1 if y − d/2 � x � y + d/2
0 otherwise

� �19�

where y is the center position of striped spin generation and
d is its width �y�d /2�. Then Eq. �11� can be written as

j↑
0 − j↓

0 = −
eD


+
��n�0� + CF�j�� + e�E�n�0� , �20�

where in general

F�j� = �
0

	

F�x�ex/
−d�x/
−� . �21�

For the striped spin generation function F�j�=ey/
−�ed/2
−

−e−d/2
−� and it depends on current through 
−. �F�j� is
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negative because 
− is negative�. Because j↑
0+ j↓

0=e�En, j↑
0

− j↓
0= �2�0−1�j, and �n�0�=n�2�0−1� this can be written in

terms of the values of parameters � and � at the interface;

�2�0 − 1�j = −
2EF�

3e
+
��2�0 − 1� + �C/n�F�j�� + �2�0 − 1�j .

�22�

Considering that on the metal side of the interface the
electrochemical potentials for spin ↑ and ↓ electrons are very
nearly equal, Eqs. �5�, �8�, and �9� give

22/3EF���0�2/3 − �1 − �0�2/3� = ej��0� 1

G↑
+

1

G↓
� −

1

G↓
� .

�23�

Equations �22� and �23� together give �0 and �0 for any
given value of the amplitude C of the source function and of
bias. Equation �23� is nonlinear and is solved numerically for
�0 after elimination of �0 with the help of Eq. �22�. The
spin-detection sensitivity, defined as dV /dC, and the current
polarization 2�0−1 are then calculated numerically.

Before we present the numerical results of the model, it is
instructive to linearize Eq. �23� in order to obtain an analyti-
cal expression for dV /dC valid for weak injection condi-
tions. For the linear case it is convenient to rewrite Eqs. �22�
and �23� in terms of a parameter �0=�0−1 /2 because �0 is
close to 1/2,

�2�0 − 1�j = −
4EF�

3e
+
��0 + �dF�j�� + 2�0j , �24�

22/3EF��1

2
+ �0�2/3

− �1

2
− �0�2/3�

= ej��0� 1

G↑
+

1

G↓
� −

1

G↓
� , �25�

where �d= C
2n . We eliminate �0 from the second equation and

differentiate with respect to �d,

j
d�0

d�d = −
2EF�

3e
+
�d�0

d�d + F�j�� + j
d�0

d�d , �26�

d�0

d�d = −
F�j� �


+

A�j�
, �27�

where

A�j� = −
�


−
+

22/3�� 1
2 + �0�−1/3 + � 1

2 − �0�−1/3�
1

G↑
+ 1

G↓

�28�

when the density polarization is small �0→0 and ��1 /2
+�0�−1/3+ �1 /2−�0�−1/3��24/3. In this case, we can linearize
A�j�,

A�j� = −
�


−
+

4
1

G↑
+ 1

G↓

. �29�

The current polarization is given by

�2�0 − 1� =

� �

−

�� 1
G↑

− 1
G↓

1
G↑

+ 1
G↓

�
A�j�

. �30�

We note in passing that Eqs. �7� and �30� combined can be
used to extract G↑ and G↓ from the experimental data set of
total current, voltage, and current polarization.

Equations �26�, �27�, and �29� give an analytical expres-
sion for dV /dC, which in terms of the parameter �d can be
written as

� dV

dC
�

C=0
= �1/2n�� dV

d�d�
�d=0

= �1/2n�� 1

G↑
−

1

G↓
� j

d�0

d�d .

�31�

In the derivation of Eq. �26� we kept the diffusion �first right-
hand side �RHS� term� and drift �second RHS term� contri-
butions to the voltage change separate. The diffusion term
has two contributions. The term −�2EF� /3e
+�F�j� is al-
ways positive. It describes the change in current polarization
at the interface, due to diffusion, resulting from the Green’s
function term in Eq. �15�. The term −�2EF� /3e
+� d�0

d�d
is al-

ways negative because d�0

d�d is positive. It describes the change
in current polarization at the interface, due to diffusion, re-
sulting from the homogeneous solution term in Eq. �15� The
drift term j d�0

d�d
describes the change in spin current polariza-

tion at the contact from drift of the modified spin-density
polarization at the interface due to external spin generation.
Its sign depends on the sign of j. For spin injection �j�0�
the absolute value of d�0

d�d
cannot be larger than �F�j�� and

hence the diffusion term is always positive. The drift term is
always negative and therefore the two processes always op-
pose each other for spin injection. For spin collection �j
�0� d�0

d�d
is smaller than �F�j�� for small currents but can

become larger than �F�j�� for large currents. As a result the
diffusion term is positive for small currents, but can become
negative for large currents and the drift and diffusion aug-
ment each other for small currents but can oppose each other
for large currents in spin collection.

It is interesting to examine the asymptotic behavior for
large bias17 of dV /dC. When 3e�j�
s /4�EF�1, we can write

1


+�j�
�

1


s
�3ej
s

4�EF
+

3e�j�
s

4�EF
+

1

2
3e�j�
s

4�EF

� . �32�

For the case of spin collection, where j is positive, this be-
comes

1


+�j�
�

3ej

2�EF
. �33�

Then we have

A�j� �
4

R+
, �34�

where R+= �1 /G↑+1 /G↓� and
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d�0

d�d = −
F�j�R+

4

3ej

2EF
, �35�

so that

j
d�0

d�d
� − jF�j��1 −

3e

8EF
R+j� − jF�j�

3e

8EF
R+j . �36�

Part of the diffusion term �RHS first term� cancels exactly
the drift term �RHS second term� leaving a linear depen-
dence on j,

� dV

dC
�

C=0
� − �1/2n�� 1

G↑
−

1

G↓
�F�j�j . �37�

Note that F�j� is always negative and for the case of a ho-
mogeneous source F�j�=−1.

For the case of spin injection, where j is negative, Eq.
�32� can be written as

1


+�j�
�

1


s

2�EF

3e�j�
s
. �38�

Then,

A�j� �
3e�j�
2EF

+
4

R+
+

2EF�2

3e�j�
s
2 �39�

and

d�0

d�d = −
F�j�
A�j�

2EF�2

3e
s
2�j�

, �40�

so that

j
d�0

d�d � �F�j�
A�j��2EF�

3e
s
�2 1

�j��� 2EF�2

3e
s
2�j�

− �3e�j�
2EF

+
4

R+
+

2EF�2

3e
s
2�j�

� +
3e�j�
2EF

� . �41�

The first two RHS terms are the diffusion and the third is the
drift contributions to the change in current spin polarization
at the interface due to external spin generation. The leading-
order terms in �j� have opposite signs and cancel. Then to
leading order in �j�,

j
d�0

d�d � − F�j��2EF

3e
�3� �


s
�2 4

R+�j�2
�42�

and

� dV

dC
�

C=0
� − �1/2n�� 1

G↑
−

1

G↓
�F�j��2EF

3e
�3� �


s
�2 4

R+�j�2
.

�43�

Unlike spin collection, where the spin-detection sensitivity
grows linearly with �j�, during spin injection spin sensitivity
drops as 1 / �j�2. It is worth mentioning that the exact cancel-
lation of leading-order terms in Eq. �41� occurs strictly in the
1D case, but there is no physical principle that demands ex-
act cancellation for a more complicated geometry. This may
lead to a reversal of the sign of the voltage signal with bias
for spin injection.

III. RESULTS

We present results of the model from numerically solving
the nonlinear equations. In the following, in order to facili-
tate the comparison with experiments, we adopt the conven-
tion that negative voltage corresponds to spin collection and
positive voltage to spin injection. Often, as is done in experi-
mental works, we will refer to the negative voltage as for-
ward bias and to the positive voltage as reverse bias. In Fig.
2 we show the calculated spin-detection sensitivity for an
electrical spin-detector with an interface which has a con-
stant current spin polarization �independent of bias�. Re-
quired inputs to the calculation of the voltage signal are elec-
tron density, mobility, spin lifetime, and the spin tunneling
conductances G↑,↓. The left panel in Fig. 2 is for mobility
�=3000 cm2 V−1 s−1 and the right for �=1500
cm2 V−1 s−1. We have used several values for carrier concen-
trations and they are shown in the plot. The spin-relaxation
time is set to �s=10−7 s. The source is set at a distance of
2�10−3 cm from the Fe/GaAs interface and it has a width
of 5�10−4 cm. The source function is constant within this
interval. As seen in Fig. 2, in all cases, for spin injection the
magnitude of the calculated voltage signals drops rapidly
with increasing bias even though the current polarization is
constant. By contrast, the magnitude of the calculated volt-
age signals increases rapidly with increasing bias during spin
collection. The difference between the calculated voltage sig-
nal and current polarization is larger for smaller values of the
electron mobility and electron concentration. The magnitude
of the voltage signal is smaller than the current polarization
in reverse bias but larger in forward bias for a combination
of two reasons: �1� the drift and diffusion contributions to
Eq. �26� oppose each other in spin injection but add in spin
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FIG. 2. �Color online� The calculated spin-detection sensitivity
for an electrical spin-detector with various levels of doping and
tunneling current spin polarization �solid red �dark gray� line�
which is independent of bias. The vertical axis is logarithmic. The
left panel is for �=3000 cm2 V−1 s−1 and the right is for �
=1500 cm2 V−1 s−1. The values of carrier concentrations used are
depicted in the plot �in units of 1�1016 cm−3�. The spin-relaxation
time �s is set to 10−7 s. The source is set at a distance of 2
�10−3 cm from the interface and it has a width of 5�10−4 cm.
The source function is constant within this interval.
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collection and �2� the electric field in the semiconductor
tends to drift the optically or electrically generated spin-
polarized electrons away from the detector contact in reverse
bias but toward the detector contact in forward bias. When
the semiconductor is more heavily doped the electric field is
smaller; therefore, these effects are less pronounced than
when the semiconductor is more lightly doped. More specifi-
cally, from Eqs. �43� and �37�, we can see that the rate of
drop or increase depends on the conducting properties of the
semiconductor, the spin polarization of the interface �prefac-
tor �1 /G↑−1 /G↓��, and the location and width of the spin
source �prefactor F�j��. The rate of increase during spin col-
lection is �n−2/3 while the rate of decrease is ��−2n−8/3.

In Fig. 3 we show the influence of the tunneling resis-
tance. In a ferromagnet/semiconductor interface the tunnel-
ing resistance depends on the Schottky barrier height, width,
and shape. The first is determined by the magnitude of the
band gap in the semiconductor and the position of the Fermi
level relative to the top of the valence band while the last
two are modulated with doping. In Fig. 3 we can see that
smaller tunneling resistance results in bigger variation of
spin-detection sensitivity with bias. This can be understood
by from the linearized results in Eq. �43�.

The rate of change in spin-detection sensitivity with bias
is inversely proportional to the tunneling resistance. The
physical origin of this lies in that, for a given applied volt-
age, larger tunneling resistance will result in smaller current;
this is reducing the effect of drift. Generally speaking, the
current spin polarization and hence �1 /G↑−1 /G↓� can have a
strong bias dependence. It was shown in Refs. 8, 18, and 19
that the current spin polarization of Fe/GaAs�001� junctions
has a very strong bias dependence and even reverses sign
within a small interval around zero bias. In Refs. 19 and 20

two different microscopic models to explain the experimen-
tally observed bias dependence of the tunneling current were
discussed. The bias dependence of spin sensitivity is due to a
combination of the macroscopic physics described above and
the microscopic bias dependence of �1 /G↑−1 /G↓�. To pre-
dict the resulting behavior in specific ferromagnet/
semiconductor junctions, we have incorporated our model
first-principles results for the bias dependence of �1 /G↑
−1 /G↓��V�.

In Fig. 4 we show the calculated spin-detection sensitivity
and first-principles current polarization for a Fe/GaAs�001�
interface. The first-principles method and results are identical
to that presented in Ref. 19. As it was explained in Ref. 19
the interface electronic structure of Fe/GaAs�001� results in
two strong minority-spin peaks in the energy dependence of
electron transmission across the interface. One is located at
about 125 meV below EF and the other at 125 meV above.
The result is a strong bias dependence of the current spin
polarization. We see in Fig. 3 that the bias dependence of
spin-detection sensitivity bares some resemblance to that of
the current spin polarization but in the general case can be
significantly different. The magnitude of dV /dC decreases
�increases� faster than the spin polarization in the negative
�positive� bias and the difference between the two increases
as we make the semiconductor less conductive. As we can
see in Fig. 4 the spin-detection sensitivity can be raised by
an order of magnitude in the positive bias. Therefore, under
certain conditions, the macroscopic factors described above
can have a dominant influence over the microscopic factors
that influence the bias dependence of current polarization.
Since it is much easier to control the conducting properties
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FIG. 3. �Color online� The calculated spin-detection sensitivity
for an electrical spin-detector with tunneling current spin polariza-
tion which is independent of bias �solid red �dark gray� line�. The
vertical axis is logarithmic for the case of �=3000 cm2 V−1 s−1

and n=1�1016 cm−3. We vary the tunneling resistance by mul-
tiples of 2. The spin-relaxation time is set to �s=10−7 s. The source
is set at a distance of 2�10−3 cm from the interface and it has a
width of 5�10−4 cm. The source function is constant within this
interval.
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FIG. 4. �Color online� The calculated spin-detection sensitivity
for an Fe/GaAs Schottky electrical spin-detector with various levels
of doping. On both panels, the red �dark gray� solid line with circles
is the Fe/GaAs tunneling current spin polarization calculated from
first principles. The left panel is for �=3000 cm2 V−1 s−1 and the
right is for �=1500 cm2 V−1 s−1. The values of carrier concentra-
tions used are depicted in the plot �in units of 1�1016 cm−3�. The
spin-relaxation time �s is set to 10−7 s. The source is set at a dis-
tance of 2�10−3 cm from the Fe/GaAs interface and it has a width
of 5�10−4 cm. The source function is constant within this interval.
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of semiconductor rather the microscopic electronic proper-
ties of the interface, these effect can have a direct application
in optimization of electrical spin-detectors. This result is in
very good agreement with the experimental bias dependence
of spin-detection sensitivity presented in Ref. 15.

It is interesting to examine the bias dependence of spin-
detection sensitivity for a different interface. The Fe/
MgO�001� interface is different from Fe/GaAs�001� in many
ways and it is of great interest to spintronics community. To
calculate the spin-dependent tunneling conductance of Fe/
MgO�001� we used the same approach as in Refs. 19, 21,
and 22 and the same setup with Ref. 23. The details of the
calculation such as the chosen k mesh in the two-dimensional
Brillouin zone �2DBZ� and the method of calculation for the
total current and spin polarization are the same with those
used for Fe/GaAs�001� interface and are described in Refs.
19 and 21. It was shown in Refs. 23 and 24 that the interface
minority-spin resonances in Fe/MgO�001� interface are lo-
cated far from the � point in the 2DBZ, contributing much
less to the tunneling conductance than they do in the case of
Fe/GaAs�001� interface. Therefore as we can see in Fig. 5
the spin polarization of the tunneling current has less dra-
matic bias dependence in this case. The band gap of MgO is
about five times larger than the band gap of GaAs, so the
Fe/MgO tunneling barrier has much bigger resistance than
the Fe/GaAs. Because of these differences with Fe/GaAs in-
terface the spin-detection sensitivity is much less sensitive to
the changes in applied bias. This is consistent with the analy-
sis given so far and in particular with Eq. �43�.

IV. CONCLUSION

We presented a theory of electrical spin-detection in
ferromagnet/semiconductor detectors. We showed that the
sensitivity of such detectors can have a strong bias depen-
dence. The origin of this dependence lies in the microscopic
electronic structure of the interface and the macroscopic
electrical properties of the conducting channel in the semi-
conductor. The first was incorporated in our model with the
help of first-principles electronic structure calculations. With
the help of a model spin-detector which has constant current
polarization with respect to bias we showed that the latter by
itself is capable of producing strong bias dependence of sen-
sitivity. This result suggests that regardless of which materi-
als are used to construct the detector, significant enhance-
ment of detector’s sensitivity can be achieved by engineering
the electrical properties of the conducting channel in the
semiconductor and by tuning the bias. Our results for the
particular case of Fe/GaAs Schottky tunnel contacts show a
very good agreement with experiment.15 As in the experi-
ment we were able to enhance the spin sensitivity by an
order of magnitude when applied positive voltage. Our re-
sults for Fe/MgO/GaAs show a similar enhancement al-
though the magnitude of the effect is smaller than in Fe/
GaAs. This is explained by the bigger height of tunneling
barrier in the case of Fe/MgO. These results suggest speci-
fied routes on how to engineer efficient electrical spin-
detectors using ferromagnet/semiconductor interfaces.
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APPENDIX: VOLTAGE DERIVATIVE OF THE
INTERFACE CONDUCTANCES

In Secs. I–IV we neglected terms proportional to the volt-
age derivative of the interface conductances because these
terms are small for typical parameter values. In this appendix
we discuss the contribution of these terms. For notational
simplicity, it is convenient to define

R+ = � 1

G↑
+

1

G↓
� �A1�

and

R− = � 1

G↑
−

1

G↓
� . �A2�

In this notation the voltage drop at the interface is

V =
j

4
�R+ + R−P� , �A3�

where P is the current-density spin polarization P=2�0−1.
Including the voltage derivative of the interface conduc-
tances gives the voltage signal as
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FIG. 5. �Color online� The calculated spin-detection sensitivity
for an Fe/MgO/GaAs electrical spin-detector with various levels of
doping. On both panels, the red �dark gray� solid line with circles is
the Fe/MgO tunneling current spin polarization calculated from first
principles. The left panel is for �=3000 cm2 V−1 s−1 and the right
is for �=1500 cm2 V−1 s−1. The values of carrier concentrations
used are depicted in the plot �in units of 1�1016 cm−3�. The spin-
relaxation time �s is set to 10−7 s. The source is set at a distance of
2�10−3 cm from the Fe/GaAs interface and it has a width of 5
�10−4 cm. The source function is constant within this interval.
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dV

d�b =
j

4
��d�R+ + R−P�

dV
� dV

d�b + R−
dP

d�b� , �A4�

where �
d�R++R−P�

dV � dV
d�b is the new term. Solving for dV

d�b gives

dV

d�b =

j
4R−

dP
d�b

1 − j
4� d�R++R−P�

dV � . �A5�

Equations �24� and �25� are used to find dP
d�b ,

j

4

dP

d�b =
�

�
, �A6�

where

� =
2EF

3e
� 1

�1 + 2�0�1/3 +
1

�1 − 2�0�1/3�
−


+
F�j� , �A7�

� = R+ −
2
−

�
� 1

�1 + 2�0�1/3 +
1

�1 − 2�0�1/3� +

jR−

4

d�R+P+R−�
dV

1 − j
4

d�R++R−P�
dV

.

�A8�

Equations �A5�–�A8� give the voltage signal including the
voltage derivative of the interface conductances. The new
terms that contain

d�R++R−P�
dV or

d�R+P+R−�
dV are numerically small

for the parameters considered here.
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