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oersteds, and a large anisotropic magnetoresistance, AMR ≈ 2% 
at room temperature. [ 12 ]  Ni 65 Co 35  (NC) is another representative 
AMR material, with an AMR up to 5% at room temperature. [ 13 ]  
The work functions of the Py and the NC are ca. 4.7 eV and 
ca.4.9 eV, respectively. Si is the mostly studied semiconductor. 
As tabulated, the electron affi nity of Si is ca. 4.3 eV when elec-
tron-doped to ca. 10 15  cm −3  and ca. 5.0 eV when hole-doped 
to 10 15  cm −3 . Due to the difference in work function (electron 
affi nity), a strong coupling can be created between Si and an 
FM material when they form a Schottky junction (FM/Si). An 
important feature of the Schottky junction is the photovoltaic 
effect: illuminating the junction by photons with an energy 
higher than the interface barrier or bandgap, a photocurrent 
or photovoltage can be generated across the two poles of the 
diode. [ 14 ]  Here, we report a study on the lateral photovoltaic 
effect for FM/Si junctions, focusing on its magnetic tunability. 
Remarkably, the anisotropic photovoltage, driven by a fi eld of 
several oersteds, appears not only in the FM layer but also in 
the Si, and its relative change is much larger in the latter than 
in the former. In addition to the lateral photovoltaic effect, a 
planar Hall photovoltage, a transverse photovoltaic effect, is 
also detected in the FM layer. Key factors affecting the magnetic 
effect are determined. The present work demonstrates an effec-
tive tuning of the electronic processes in Si by very low mag-
netic fi elds. 

 Six FM/Si junctions were prepared by depositing the FM 
strip, with an easy axis along its short direction, above n- or 
p-type Si substrates (see the Experimental Section for details). 
An easy axis is an energetically favorable direction of sponta-
neous magnetization. All the junctions exhibit typical diode 
behaviors that can be described by the Shockley equation 
(Figure S1 in the Supporting Information). As expected, the 
turn-on direction reverses for FM/n-Si and FM/p-Si junctions, 
indicating the opposite directions of the built-in electric fi elds 
in these two kinds of junction. The interfacial barrier,  Φ  B , 
which is deduced from the current–voltage characteristics and 
the depletion layer width,  X  D , which is derived from the capaci-
tance–voltage relations, are tabulated in  Table    1  . As expected, 
both are much larger for the FM/n-Si junctions than for the 
FM/p-Si junction. The introduction of a non-magnetic Ta buffer 
layer in Ta/NC/Ta/n-Si causes a reduction in  Φ  B , due to the 
similarity of the work functions of Ta and n-Si.  

  Figure    1  a shows a sketch of the experimental setup. When 
the junction is illuminated by a laser beam at one end, a lat-
eral photovoltage,  V  LP , is generated and collected by a pair 
of electrodes on the FM layer or the Si substrate. Here, the 
illuminated position was set to  x  = 0. Fixing one electrode at 
 x  0  = 4.5 mm, near the laser spot, while shifting another 

  In general, work on the magnetic effect of the conventional 
semiconductors, [ 1–5 ]  which has been the focus of intensive study 
in recent years, can be divided into three categories. In the fi rst 
category, the generation/manipulation of spin-polarized current 
has been achieved via circularly polarized  light excitation, [ 2 ]  
electron tunneling, [ 3 ]  spin pumping, [ 4 ]  and Seebeck spin tun-
neling, [ 5 ]  and various effects such as the spin Hall effect [ 6 ]  and 
the spin torque transfer effect [ 7 ]  have been reported. The second 
category of work is aimed at the modifi cation of the charge-
transport process in semiconductors. It has been reported that 
unevenly distributed charge carriers in Si are susceptible to a 
magnetic fi eld. [ 8,9 ]  There are also indications for positive mag-
netoresistance arising from the shrinkage of the electron wave-
function of the impurity states in a magnetic fi eld. [ 9,10 ]  The last 
category of work is the p–n junction or Schottky junction. As 
reported, a magnetic fi eld drives the turn-on voltage of diodes 
considerably upward, yielding magnetically tunable rectifying 
behaviors. [ 11 ]  

 In most of the previous work, the magnetic effect was pro-
duced by direct tuning, i.e., applying a magnetic fi eld directly 
to a semiconductors to modify the kinetic/dynamic behaviors 
of the charge carriers. [ 8,11 ]  In this case, usually a fi eld on the 
magnitude of Tesla is required to get signifi cant effects. Obvi-
ously, a low-fi eld magnetic effect is no doubt more important 
for either fundamental research or practical application. Unfor-
tunately, it is hardly achieved because of the insensitivity of the 
conventional semiconductors to magnetic fi eld. Compared with 
semiconductors, soft ferromagnetic (FM) materials are much 
more susceptible to magnetic fi elds. Through the coupling of 
the FM material with semiconductor, an indirect approach for 
magnetic tuning could be developed, i.e., tuning the latter by 
changing the former. This is particularly important noting the 
fact that the search for suitable FM metals is relatively easier. 

 It is well established that Permalloy (Ni 80 Fe 20 ) (Py) is an 
FM material with a very low coercive force fi eld, usually a few 
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electrode in the  x  direction to different separations,  δ  =  x  −  x  0 , 
we obtained the  V  LP  –  x  relations for the FM layer and the Si 
substrate in Figures  1 b,c. Two features can be identifi ed from 
these results. The fi rst is the monotonic growth of  V  LP  with  δ  
and the second is the sign reversal of  V  LP  from the n-type to 
the p-type junctions and from the FM layer to the Si substrate. 
These are the typical features of the lateral photovoltaic effect. 

As is well established, photoexcited electrons and holes will be 
separated by the built-in fi eld, accumulating at the two poles of 
the junction. Driven by the lateral electric fi eld and concentra-
tion gradient, the accumulated photocarriers will then drift out 
of the illuminated region, forming two oppositely directed cur-
rents in the FM layer and the Si substrate. A simple analysis of 
the energy-band structure of the FM/Si junction indicates that 

the photocarriers will be holes (electrons) in 
the FM (n-Si) side and electrons (holes) in 
the FM (p-Si) side. Therefore, the  V  LP  of the 
FM layer and the Si substrate always exhibit 
opposite signs.  

 Remarkably, the  V  LP  of the junction 
shows a strong dependence on magnetic 
fi eld.  Figure    2  a,b present the  V  LP  of the 
Py/n-Si(1) and Py/p-Si junctions, measured 
in a fi eld applied along the hard axis of the 
FM layer ( x -axis). Along the hard axis, it is 
hard to magnetize the fi lm. Here, only the 
results obtained by descending fi eld are pre-
sented. The fi eld-ascending process yields 
similar data. For the Py/n-Si(1) junction; for 
example, the  V  LP  of the Py layer grows rap-
idly while  H  deviates from zero, and satu-
rates above a threshold fi eld of 5 Oe. This 
behavior could be ascribed to the reorienta-
tion of the magnetic moment. As shown 
in Figure  2 c, the magnetic moment of the 
Py layer rotates with applied fi eld when the 
fi eld is low and saturates above 5 Oe. Fas-
cinatingly, the absolute value of  V  LP  of the 
non-magnetic Si also shows a variation with 
applied fi eld, decreasing in magnitude as  H  
increases. This result indicates that while the 
magnetic fi eld enhances the  V  LP  of the FM 
layer, it depresses the  V  LP  of the Si. Similar 
phenomena are observed in all FM/n-Si junc-
tions except for the one formed by lightly elec-
tron-doped Si, although the detailed  V  LP – H  
dependence varies from sample to sample. 
The magnetic effect is also observed in FM/p-
Si, and the absolute value of  V  LP  varies in the 
same way as that in FM/n-Si.  

 A distinct feature of the magnetic effect 
is its dependence on electrode separation. 
As shown in Figure  2 d, the normalized 
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  Table 1.    Junction parameters.  

   Φ  B   
 [eV] 

  X  D   
 [µm] 

  α  ⊥   
 [mm −1]  

  φ   
 [× 10 14  mm −2  s −1 ] 

 AMV of Si ( δ  = 9 mm)   
[%] 

 AMV of fi lm ( δ  = 9 mm)  
 [%]  

 AMR  
 [%] 

Py/n-Si(1) 0.60 ± 0.01 0.61 ± 0.02 0.084 ± 0.001 4.2 ± 0.1 −0.50 1.30 1.46

Py/p-Si 0.07 ± 0.01 0.22 ± 0.01 0.256 ± 0.003 4.8 ± 0.2 −1.00 0.49 0.75

NC/n-Si(1) 0.59 ± 0.01 0.63 ± 0.02 0.038 ± 0.001 24 ± 1 −0.47 1.53 1.82

NC/p-Si 0.06 ± 0.01 0.20 ± 0.01 0.190 ± 0.002 16 ± 1 −3.24 1.11 1.51

Ta/NC/Ta/n-Si(1) 0.05 ± 0.01 0.14 ± 0.01 0.370 ± 0.004 3.6 ± 0.2 −1.81 1.40 1.79

Py/n-Si(2) 0.57 ± 0.01 >10 0.217 ± 0.002 0.56 ± 0.03 0 1.55 1.58
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 Figure 1.    a) A sketch of experiment setup. Cu pads were connected to the FM fi lm by silver 
paint and to Si substrate by Al wire bonding. The welding spot is 1 mm away from the fi lm edge 
in the  y  direction. b) The lateral photovoltage  V  LP  of the FM fi lm and Si substrate as a function 
of electrode position. The symbols are the experimental data and the lines are the results of 
curve fi tting based on Equation   2  . The laser power adopted in the experiments was 30 mW 
(beam size = 2 mm × 2 mm).
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photovoltage  V  LP ( H )/ V  LP (0) decreases with  δ  for the FM layer 
and increases with  δ  for the Si substrate. Denoting  V  LP  as LPV ⊥  
when it is recorded without a magnetic fi eld (the easy axis of 
the FM layer is the  y -axis) and LPV �  when it is measured above 
the saturation fi eld along the  x -axis, we defi ne an anisotropic 
magnetic photovoltage AMV = ( )/LP LP LPV V V� �− ⊥ . Figure  2 e,f show 
the AMV as a function of  δ . The fi rst remarkable observation 
is the different dependence of the AMVs of the FM layer and 
Si substrate on  δ , decreasing for the former (Figure  2 e) but 
increasing for the latter (Figure  2 f). The second remarkable 
observation is that the AMV of Si can achieve values much 
larger than that of the FM layer. According to Figure  2 f, the 
largest value is ca. 3.2% for Si, appearing when  δ  = 9 mm, 
whereas the maximal AMV of the NC fi lm is below ca. 1.4%. 
Extrapolating the AMV– δ  relation to  δ  → 0, we found that 
the AMV of the FM layer approaches a value close to the cor-
responding AMR (Figure  2 e). This result suggests that the 
AMV may share the same origin as the AMR, i.e., anisotropic 
magnetic scattering of charge carriers. A preliminary explana-
tion could be that the reorientation of the magnetic moment 
affects the resistivity of the FM layer and, thus, the lateral 
diffusion/drift of the photocarriers, while the non-magnetic 

Si becomes magnetically susceptible through coupling to the 
FM layer. 

 In the above experiments, the AMV of Si is detected by two 
electrodes that are 1 mm away from the FM fi lm. However, 
the photovoltage collected from different locations of the Si 
substrate could be different.  Figure    3  a shows the spatial dis-
tribution of the electrical potential on Si, obtained by fi nite 
element analysis. To check how far this magnetic response 
can be maintained, we measured the V LP  of Si while varying 
the distance of the two electrodes from the FM layer ( d ) but 
fi xing their separation to  δ  = 9 mm, as sketched in Figure  3 a. 
As shown by the AMV– d  relation in Figure  3 b, although the 
AMV decays with distance from the FM layer, it is still quite 
prominent even when  d  = 10 mm, i.e., the AMV of Si has a 
long-range nature.  

 The AMV is a longitudinal photoelectric effect, appearing 
when carrier transport is modifi ed by an applied fi eld. We also 
observed a tunable transverse photovoltaic effect.  Figure    4   pre-
sents the planar Hall photovoltage,  V  PHP , collected from two 
transversely aligned electrodes while applying magnetic fi eld 
at an angle of  θ  with the Py strip (Figure  4 a). Again, a strong 
dependence of the photovoltage on  H  is observed for the Py 
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 Figure 2.    a,b) Lateral photovoltage as a function of magnetic fi eld, measured at the n-Si/Py (a) and the p-Si/Py (b) junctions. c) Normalized magnetiza-
tion of the Py layer, measured at room temperature. An external magnetic fi eld is applied perpendicular to the easy magnetization axis. d) Normalized 
 V  LP – H  relations of the Py/p-Si junction, measured for different electrode separations,  δ . e,f) AMV– δ  relation of the FM layer and the Si substrate, meas-
ured for different FM/Si junctions. The AMR values of the FM layers are presented in the shaded area of (e) for comparison. The laser power was 30 mW.
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(right panel of Figure  4 b) junctions, as demonstrated by the 
oscillating  V  PHP  –  H  curve, for  θ  = 0°, or the butterfl y-shaped 
 V  PHP  –  H  curve, for  θ  = 45°/135°. A further analysis shows 
that the  V  PHP  –  θ  relation, extracted from the  V  PHP  –  H  curves 
well above the saturation fi eld (>5 Oe), can be described by:

   sin2PHPV k θ=   (1) 

 adopting the  k  of 11.5 µV for Py/n-Si and −3.0 µV for Py/p-
Si (Figure  4 c). This result indicates that the transverse photo-
voltage shares the same mechanism as the planar Hall effect. 
On the analogy of the planar Hall effect,  k  = ( ρ ρ− ⊥ J� ) /2Py Py ph  
where  J  ph  is the photocurrent through the Py layer, Py

�ρ  and Pyρ⊥  
are the resistivities of the Py layer when the magnetic moment 
aligns along or normal to the measuring current, respectively. 
Since the direction of  J  ph  is opposite in Py/n-Si(1) and Py/p-
Si,  k  changes sign from the former to the latter. The complex 
 V  PHP  –  H  relation below the saturation fi eld could be an effect 
of the reorientation of the magnetic moment. A weak  V  PHP  –  H  
dependence, about one tenth of that of the FM layer in mag-
nitude, is also observed in Si (not shown), probably stemming 
from the short-circuit effect due to the close connection of Si 
with Py.  

 Without an applied fi eld, the magnetic moment of the 
FM layer aligns along the  y -axis of the sample (Figure  1 a). 
According to Niu et al., [ 15 ]  the photovoltage in this case can be 
described by:

    
,

[cosh ( ) cosh ( )]

sinh w cosh
LP 0

M

M FM

FM 0 FM 0

FM FM FM

V x
wq

d

L x L x

L L
δ φρ

α
α α δ

α α α
( ) =

− − − −
+

⊥
⊥

⊥

⊥ ⊥

⊥ ⊥ ⊥
  (2) 

 where  x  0  and ( x  0  +  δ ) are the coordinates of the two electro des 
for the electric measurements, Mρ⊥  and  d  M  are, respectively, 
the resistivity and thickness of the M component of the junc-
tion,  φ  is the concentration of excited electron–hole pairs 
per second,  w  = 2 mm is the beam size of the laser, and 
 L  = 17 mm is the long dimension of the fi lm. FMα ⊥  has the 
form of:

    
d d

FM
s

B

FM

FM

Si

Si

eJ

nk T
α ρ ρ= +⎛

⎝⎜
⎞
⎠⎟

⊥
⊥

  
(3)

 

 where  n  and  J  S  are the ideality factor and saturation current 
of the junction, respectively. An excellent fi tting of the experi-
ment results to Equation   2   is obtained when adopting the fi t-
ting parameters  n  and FMα ⊥  in Table  1 . The largest and smallest 

FMα ⊥ s are 0.37 mm −1  and 0.038 mm −1 , respectively, appearing 
in the Ta/NC/Ta/n-Si(1) and NC/n-Si(1) junctions. Here, FMα ⊥  
determines the decay of  V  LP  with  δ  = x  −  x  0 , and a large FMα ⊥  
implies a rapid damping. According to Equation   3  , FMα ⊥  is pro-
portional to sJ . A large FMα ⊥  implies a large  J  S , which means 
a severe recombination of the non-equilibrium charge car-
riers.  φ  quantifi es the quantum effi ciency of the photoexcita-
tion. It is in the order of 10 14  mm −2  s −1  under a laser power of 
30 mW. 

 In fact, the magnetic effect can be described by Equation   2  . A 
direct calculation leads to:

 

AMV
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 where , ,
cosh cosh

(sinh w cosh )
.FM 0
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FM FM FM FM

f x
L x L x

L L
�

� �

� � � �α δ
α α δ

α α α α( ) ( )( )
=

− − − −
+  

AMV is generally non-vanishing since >FM FM
�ρ ρ⊥  and FM FM

�α α> ⊥  
for the FM layers studied here. A direct calculation indicates 
that ( , , )/ ( , , )>1FM 0 FM 0f x f x�α δ α δ⊥ , and grows monotonically 
with  δ  for any  x  0  <  x  <  L  when >FM FM

�α α ⊥ . This implies that 
the AMV of the FM layer is always smaller than the AMR 

(AMV = 1
( ,x , )

( , x , )
1 AMR)FM

FM

FM 0

FM 0

FM

FM

f

f� � �

ρ
ρ

α δ
α δ

ρ
ρ

− < − =
⊥ ⊥ ⊥

, and monotoni-

cally decreases with  δ . Setting  x  to  x  0  and  L  to ∞, we have the 

formula AMV = 1 exp[ ]FM

FM
FM FM 0x�
�ρ

ρ
α α( )− −

⊥
⊥ . In the limiting case 
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 Figure 3.    a) Distribution of the electrical potential on the  x – y  plane of 
Si, obtained by fi nite element analysis. b) AMV of the Si substrate in the 
Py/n-Si and Py/p-Si junctions, collected from the electrode separation of 
 δ  = 9 mm and different distances away from fi lm. The laser power was 
30 mW.
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of  x  0  = 0, AMV = AMR. These inferences are confi rmed by the 
experimental results shown in Figure  2 e. 

 For the Si substrate, Equation   4   reduces to AMV =
1 ( , , )/ ( , , )FM 0 FM 0f x f xα δ α δ− ⊥ �  adopting the relation .Si Si

�ρ ρ= ⊥  
Since ( , , )/ ( , , ) 1FM 0 FM 0f x f xα δ α δ >⊥ � , the AMV of Si is always 
negative, and increases in magnitude as  δ  grows. The maximal 
AMV will be:

 

AMV 1
1

1
exp

FM FM

FM FM
FM FM 0

w

w
x

� �
�α α

α α
α α

( )
( ) ( )= −

+
+

−⎡⎣ ⎤⎦⊥ ⊥
⊥

 
 (5) 

 obtained in the limit of  x  → ∞ and  L  → ∞. According to Equa-
tion   5  , there is a relation AMV(Si) > AMV(FM) for suffi ciently 

large  x  0 , i.e., the non-magnetic Si seems more susceptible than 
the FM layer to the magnetic fi eld. This inference is consistent 
with the experiment results in Figure  2 e and  2 f. 

 It is easy to prove that 1
2FM

FM FM

FM

FM FM

FM
�

�

�

�

�

α
α

α α
α

ρ ρ
ρ

= − < −⊥ ⊥

, i.e., 

 α  �  and  α  ⊥  are very close to each other (the AMR of the FM layer 
is generally only a few percent). Therefore, for Si, Equation   4   
can be further simplifi ed to:

   

α δ
α δ

α δ
α δ

α= − ≈
′

Δ
⊥ ⊥

⊥

f x

f x

f x

f x�AMV 1
( , , )

( , , )

( , , )

( , , )
FM 0

FM 0

FM 0

FM 0  
 (6)

   

 In  Figure    5  , we present the variation of 
 f  ′( , ,FM 0xα δ⊥ )/ f ( , ,FM 0xα δ⊥ ) with FMα ⊥  by setting  x  to 4.5 mm and 
 δ  to 9 mm. According to Figure  5 ,  f  ′( , ,FM 0xα δ⊥ )/ f ( , ,FM 0xα δ⊥ ) 
linearly increases with FMα ⊥  when FMα ⊥  < 0.15 and slightly 
decreases when FMα ⊥  > 0.2. According to Table  1 , FMα ⊥  is near or 
above 0.2 for FM/p-Si and well below 0.1 for FM/n-Si(1) (except 
for Ta/Nc/Ta/n-Si(1)), i.e., the  f  ′( , ,FM 0xα δ⊥ )/ f ( , ,FM 0xα δ⊥ ) is larger 
for FM/p-Si than for FM/n-Si(1). This explains why the AMV of 
FM/p-Si(1) is generally large. Meanwhile, since Ta has a work 
function similar to that of n-Si(1), the leakage current of the Ta/
NC/Ta/n-Si(1) junction is the highest, i.e.,  α  ⊥  will be large for 
this junction. As shown in Figure  2 f, we gained a larger AMV 
by inserting a non-magnetic Ta buffer layer between n-Si(1) and 
NC. According to Equation   6  , not only FMα ⊥  but also Δ α  will 
affect the AMV. For the Py/n-Si(2) junction, the AMV is negli-
gibly small since the Δ α  of this junction is 100-fold lower than 
that of the other junctions. Therefore, to enhance the AMV of 
Si, the interfacial barrier should be low, which favors a large 

FMα ⊥ , and the resistivity of the Si substrate should be low, which 
gives rise to a large Δ α  according to Equation   3  .  

 In summary, the magnetic effect on the photovoltaic effect 
of the FM/Si junction has been studied (FM = Py, NC, and Ta/
NC/Ta). It is found that the lateral photovoltage of either the 
FM layer or the Si substrate is strongly coupled to the magnetic 
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 Figure 4.    a) Experimental setup for the planar Hall photovoltage meas-
urement. The Py strip was 0.2 mm in width. b) Dependence of the planar 
Hall photovoltage on magnetic fi eld for the Py layers of Py/n-Si (left panel) 
and Py/p-Si (right panel). The labels mark the angles between the applied 
fi eld and the Py strip. The curves denoted by the fi lled and open symbols 
were recorded in the fi eld descending and ascending processes, respec-
tively. c) The planar Hall photovoltage as a function of the angle between 
the magnetic moment and the Py strip.

 Figure 5.    Variation of  f  ′(α δ⊥ ,x ,FM 0 )/ f (α δ⊥ ,x ,FM 0 ) with  α  ⊥ , where  x  0  has 
been set to 4.5 mm and  δ  to 3, 6 and 9 mm.
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alignment of the FM layer, and an anisotropic magnetic photo-
voltaic effect appears when the magnetic moment reorients in 
the magnetic fi eld. Moreover, the AMV is much larger for the 
Si substrate than for the FM layer, and can be modifi ed by very 
low magnetic fi elds, on the order of oersteds. The planar Hall 
effect generated by the photocurrent, a transverse photovoltaic 
effect, is also observed. This work demonstrates the combined 
effect of magnetic fi eld and photoexcitation, and may lead to 
a potential approach for the magnetic tuning of conventional 
semiconductors.  

  Experimental Section 
 Samples were prepared by depositing, via magnetron sputtering in a 
0.5 Pa Ar atmosphere, a 20-nm-thick Py fi lm, a 40-nm-thick Ni 65 Co 35  fi lm, 
and a Ta(4nm)/Ni 65 Co 35 (40nm)/Ta(4nm) (Ta/NC/Ta) trilayer on different 
(001)-Si substrates (10 mm × 20 mm in size) through a Hall bar-shaped 
mask. The fi lm thickness was calibrated by low-angle X-ray refl ectivity. 
To defi ne the magnetic easy axis, a magnetic fi eld was applied along the 
short axis of the fi lm ( y -axis) during fi lm deposition. Three kinds of Si 
substrates have been employed, with a hole density of ca. 1 × 10 15  cm −3  
(p-Si), an electron density of ca. 2 × 10 14  cm −3  (n-Si(1)), and an electron 
density of 10 12  cm −3  (n-Si(2)). A NanoVoltmeter (Keithley 2182A) was 
used for the photoelectrical measurements. Silver paint and aluminum 
ultrasonic bonding were, respectively, used for electric connections 
of the FM fi lm and the Si substrate. To get an Ohmic Si–Al contact, 
a voltage pulse of 80 V was applied to break the possible interfacial 
barrier. A laser beam with a wavelength of 635 nm and a power of 30 
mW was used to excite the electron–hole pairs in Si. The entire sample, 
except for the illuminated region, was covered by an opaque soft mask 
during the measurements, and all the experiments were conducted 
under ambient conditions. The fi nite element analysis technique was 
used to simulate the spatial distribution of the electric potential in 
the Si substrate when the above FM layer was illuminated by a laser, 
based on the charge density determined by the Poisson equation and 
Equation   2  .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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