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Abstract: Spin  injection  and  detection  in  bulk  GaN  were  investigated  by  performing  magnetotransport  measurements  at  low
temperatures. A non-local four-terminal lateral spin valve device was fabricated with Co/GaN Schottky contacts. The spin injec-
tion  efficiency  of  21%  was  achieved  at  1.7  K.  It  was  confirmed  that  the  thin  Schottky  barrier  formed  between  the  heavily  n-
doped  GaN  and  Co  was  conducive  to  the  direct  spin  tunneling,  by  reducing  the  spin  scattering  relaxation  through  the  inter-
face states.
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 1.  Introduction

In  recent  years,  the  spintronic  device  has  been  devel-
oped  because  of  its  potentials  of  low  power  consumption,
high  computing  speed,  and  high  integration  compared  with
traditional electronic devices[1−3].  Nitride wide-bandgap semi-
conductors  represented  by  GaN  are  favorable  for  spintronic
device  because  of  the  high  Curie  temperature  of  the  GaN-
based  diluted  magnetic  semiconductors  and  tunable  spin-
orbit  coupling  strength[4−6].  To  realize  GaN-based  spintronic
devices, efficient spin injection into GaN channel is a prerequi-
site.  Compared  with  optical  spin  injection  methods[7],  electri-
cal  spin  injection  is  more  difficult  because  of  the  conduc-
tance mismatch between the ferromagnetic metals and semi-
conductors[8, 9].  A  tunneling  barrier  such  as  MgO  or  Al2O3 is
raised  to  solve  this  problem[10, 11],  which  has  been  utilized  in
GaN-based spin injection structures so far[12−14]. Another tech-
nological  route  is  to  use  a  naturally  formed  Schottky  tunnel-
ing barrier between the ferromagnetic metals and semiconduc-
tors[15, 16].  The  Schottky  barrier  contact  has  the  advantage  of
convenient  technological  process,  and  has  therefore
become more  important  for  developing  GaN-based  spin-
tronic  devices.  Up  to  now,  spin  injection  based  on  Schottky
tunneling  barrier  has  been  used  for  spin  light  emitting
diodes[17],  but  has  yet  to  be  demonstrated  in  non-local  spin
valves based on spin transport.

In this work, a four-terminal lateral spin valve with Schot-
tky  tunneling  barrier  based  on  bulk  GaN  was  fabricated.  The
spin  injection  polarization  of  21%  was  achieved  at  1.7  K.  It
was  confirmed  that  the  thin  Schottky  barrier  was  conducive
to  the  direct  spin  tunneling  by  reducing  the  spin  scattering
relaxation through the interface states.

 2.  Experiment

μm

The lateral ferromagnet-semiconductor spin valve was fab-
ricated upon Si-doped c-plane wurtzite GaN grown by metal-
organic chemical vapor deposition (MOCVD). The thickness of
the epitaxial  GaN layer is  2  and the doping density is  1  ×
1019 cm−3.  The  GaN  epitaxial  wafer  was  then  directly  trans-
ferred into the chamber of an ultrahigh vacuum magneto-sput-
tering  through  an  on-line  ultra-high-vacuum  interconnection
system. In this system, the sample was not exposed into atmo-
spheric  environment  and  the  possible  influence  of  other  fac-
tors  can  be  minimized.  Next,  a  30  nm  Co  layer  and  a  30  nm
Pt layer were deposited by magneto-sputtering to form the fer-
romagnetic  tunneling  injection  contacts.  The  in-plane  coer-
cive  field  of  Co  film  on  GaN  was  measured  to  be  100  Oe  at
room  temperature.  The  four-terminal  device  was  initiated  by
standard  UV  lithography  to  define  the  reference  electrode
regions.  The  injector  and  detector  electrode  regions  were
defined by electron beam lithography and the transport chan-
nel was designed to be 400 nm. A 20 nm Ti layer and a 100 nm
Au  layer  were  deposited  by  electron  beam  evaporation  to
form  the  pattern  mask.  Finally,  ion  beam  etching  (IBE)  was
employed  to  etch  the  Co/Pt  not  covered  by  the  Ti/Au  mask,
and  the  four-terminal  spin  valve  was  then  fabricated.  As
shown  in Fig.  1(a),  the  spin  injector  and  detector  have  the
dimensions of 20 × 90 and 50 × 90 μm2, respectively. Low tem-
perature  magnetotransport  measurements  were  performed
by  an  integrated  Cryogen-free  superconducting  magnet  sys-
tem with a  ³He sample-in-vacuum insert  (TeslatronPT,  Oxford
instrument).  Keithley  2400  source  meter,  Keysight  33500B
waveform generator  and a SR830 lock-in amplifier  were used
to conduct the electrical measurements.

Atomic force microscope (AFM) measurements were per-
formed  to  ascertain  the  length  and  depth  of  the  channel.  As
shown in Fig.  1(b),  the electrode boundaries on both sides of
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the  channel  are  clear  and regular.  Due to  the  extremely  slow
etching  rate  of  GaN  by  IBE,  the  channel  depth  (the  distance
from  the  electrode  surface  to  the  channel  GaN  surface)  re-
presents  the  thickness  of  the  spin  injection  electrode,  which
is  80  nm.  The  spin  tunneling  layer  is  Co/Pt  (30  nm/30  nm)
with  a  total  thickness  of  60  nm.  Therefore,  the  80  nm  depth
of  the  channel  reveals  that  the  IBE  does  not  damage  the
Co/Pt spin tunneling layer. The channel length of 400 nm can
be clearly seen from the AFM image.

 3.  Results and discussion

Two-terminal  conductance  measurements  were  per-
formed to verify the tunneling process. The DC equivalent cir-
cuit  can be regarded as  a  series  connection of  two backward
Schottky junctions, so the I–V characteristics indicate the tun-
neling process of the junctions under negative bias as shown
in Fig.  1(c). Fig.  2(a)  shows  the  two-terminal I–V characteris-
tics of the lateral spin valve device at various temperatures. It
can  be  observed  that  the I–V characteristics  of  the  GaN/Co
Schottky  junction  exhibit  a  non-linear  and  symmetric  behav-
ior.  Rowell  criteria  were  applied  to  determine  the  tunneling
process[18].  First,  the  conductance  of  the  tunneling  junctions
should  have a  parabolic  dependence on the  applied voltage.
The  inset  in Fig.  2(a)  shows  the  differential  conductance  as  a
function  of  the  bias  voltage,  together  with  a  parabolic  fit  to
the  curve.  Second,  the  zero-bias  conductance  should  exhibit
a  weak,  insulating-like  temperature  dependence  which  is
proposed as a definitive confirmation of tunneling[18]. The tem-
perature  dependence  of  the  zero-bias  conductance  is
depicted  in Fig.  2(b).  The  conductance  shows  a  weak  depen-
dence on temperature, which satisfies the second Rowell crite-
rion.  Therefore,  the  direct  tunneling  process  is  dominant  in
this Schottky barrier.

As  shown in Fig.  1(c),  a  thicker  Schottky  barrier  may trap
the spin-polarized electrons, and thus influence the spin trans-
port  due  to  the  participation  of  the  localized  interface

d = (εϕ/eND). ε,ϕ, e,ND

states[19].  The  width  of  the  Schottky  barrier d is  expressed  as
,  where  are the dielectric constant,

barrier height, elementary charge and doping density, respec-
tively. As a result, a heavily-doped GaN will have a thinner bar-
rier which is beneficial for the direct tunneling. Moreover, the
barrier narrowing related tunneling will participate in the tun-
neling  process  when  the  barrier  width  is  relatively  large[20].
The feature of  this  tunneling (similar  to the Fowler-Nordheim
tunneling)  is  an  increasing  trend  of  ln(I/V2)  with  an  increase
in V[21],  which  can  be  excluded  as  shown  in  the  inset  of Fig.
2(b),  demonstrating  an  appropriate  thin  Schottky  barrier  in
our  sample.  As  evidenced  by  the  above  two-terminal  electri-
cal  measurements,  the  spin  polarized  electrons  can  be
directly injected into the GaN channel rather than be trapped
or scattered by the interface states.

A non-local four-terminal geometry was utilized to investi-
gate  the  spin  injection,  spin  transport  and  spin  detection  in
the  bulk  GaN  channel,  which  could  guarantee  the  validity  of
the  spin  related  signals.  The  spurious  magnetostatic  effects,
such  as  local  Hall  effects  and  anisotropic  magnetoresistance,
can  be  excluded  in  this  geometry[22−24].  The  term  “non-local”
refers  to  the  fact  that  the  spin-voltage-detection  part  (Elec-
trodes Ⅲ and Ⅳ)  is  separated from the charge-current-injec-

 

Fig.  1. (Color  online)  (a)  Schematic  illustration  of  the  four-terminal
non-local measurement scheme (not drawn to scale).  (b) AFM image
of  the  GaN  channel  between  injection  and  detection  electrodes.
(c)  Schematic  diagram  of  Schottky  barrier  tunneling  at  various  dop-
ing densities. A lower doping density of GaN channel (red conduction
band case) has a thicker barrier which causes spin polarized electrons
being trapped by interface states.

 

Fig. 2. (Color online) (a) The I–V characteristics of the injection circuit
of  the sample at various temperatures.  The inset shows the differen-
tial conductance as a function of the bias voltage. (b) The zero-bias con-
ductance  as  a  function  of  temperature.  The  inset  shows  the
ln(I/V2)–1/V curves for various temperatures.
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tion  part  (Electrodes Ⅰ and Ⅱ)  as  shown  in Fig.  1(a).  A  con-
stant  injection  current  flows  between  Electrodes Ⅰ and Ⅱ
on the left-hand side of  the sample,  and then the spin polar-
ized  electrons  will  diffuse  beneath  the  right-hand  side  elec-
trodes  that  generate  a  non-local  voltage  between  the  ferro-
magnetic  Electrode Ⅲ and  distal  reference  Electrode Ⅳ due
to  the  spin  dependent  electrochemical  potential  difference.
The non-local voltage is determined by the magnetization con-
figuration  of  Electrodes Ⅱ and Ⅲ[12, 14, 25] and  thus  can  be
modulated  by  an  in-plane  magnetic  field  as  the  electrodes
would have different coercivity.

±

For the case of a forward sweep magnetic field, the mag-
netization configuration of  Electrodes Ⅱ and Ⅲ held parallel
before  250  Oe.  When  the  magnetic  field  turned  to  be  larger
than 250 Oe, the magnetization configuration of the two elec-
trodes  would  be  anti-parallel  due  to  the  larger  coercivity  of
electrode Ⅱ.  Since  the  positive  magnetic  field  was  strong
enough  (~600  Oe)  to  rotate  the  magnetization  of  electrode
Ⅱ,  the  magnetization  configuration  returned  to  the  parallel
state. The situation in the opposite magnetic field sweep direc-
tion  was  similar.  As  a  result,  two  magnetoresistance  (voltage
divides injection current) peaks appear in the range of the in-
plane  magnetic  field (250–600)  Oe  as  shown  in Fig.  3(a).
The  red  and  black  lines  indicate  the  forward  and  reverse
sweep of the in-plane magnetic field, respectively.

To  quantitatively  judge  the  quality  of  the  spin  tunneling

junctions, the spin injection efficiency was evaluated by the fol-
lowing approach. First, the magnetoresistance ratio (MR) is cal-
culated by the equation as[12, 14]
 

MR =
R↑↓ − R↑↑

R↑↑
=
V↑↓ − V↑↑

V↑↑
, (1)

V↑↓ V↑↑

R↑↓ R↑↑ V↑↓ V↑↑
↑↓ ↑↑

where  and  are  the  detected  non-local  spin  voltage
under different magnetization configurations and the magne-
toresistance  ( )  equals  to /Iinject ( /Iinject).  The  sub-
scripts  and  indicate the anti-parallel and parallel magne-
tization  configuration  of  Electrodes Ⅱ and Ⅲ,  respectively.
Next, the MR can also be valuated as[12, 14]
 

MR =
(β − )
β

, (2)

β =
R↓TB
R↑TB

Πinject

Πinject =
β − 
β + 

when  the  channel  length L approaches  zero,  and  is

defined as the spin selectivity of the tunneling barrier. Finally,
the  spin  injection  efficiency  can  be  derived  from

[12, 14].  It  is  worth  noting  that,  the  spin  injection

efficiency defined here is a parameter to calibrate the tunnel-
ing process.

According to Eq.  (1),  an MR of 4.7% was obtained for the
channel  length L =  400  nm  at  1.7  K.  By  taking  this  ratio  into
Eq. (2),  the spin injection efficiency of 21% was obtained. It  is

 

± Oe

ΔR

Fig. 3. (Color online) (a) Magnetoresistance as a function of in-plane magnetic field under a constant injection current of Iinject = 40 μA at 1.7 K.
(b) The injection current-dependent non-local voltage at 1.7 K. The non-local voltage peaks are always restricted in the range of (250–600)
as surrounded by four corresponding dotted lines. (c) The magnetoresistance difference extracted by non-local measurements at various injec-
tion currents. (d) The temperature dependent  under 40 μA injection current.
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worth  noting  that,  the  extracted  MR  is  presumably  larger
than  4.7%  when  the  channel  length  L  approaches  0  because
the  spin  polarization  will  be  relaxed  during  spin  transport.  In
this situation, the actual spin injection efficiency of the Schot-
tky tunneling contact should be more than 21% at 1.7 K[14].

±

ΔR = R↑↓ − R↑↑

ΔR

ΔR

Next, the dependence of the detected non-local spin volt-
age  on  bias  was  given  to  exclude  the  impacts  of  interfa-
ce states  in  the space-charge region.  As  depicted in Fig.  3(b),
the  voltage  peaks  are  always  restricted  the  range  of

(250–600) Oe at various injection currents, thus demonstrat-
ing  that  the  non-local  voltage  measured  here  is  not  a  spuri-
ous  signal  originating  from  thermal  disturbances  or  back-
ground  noises.  At  the  same  time,  the  non-local  voltage  is
approximately  linear  with  the injection current,  similar  to  the
situations  based  on  metal[26],  graphene[27] and  Si[28],  but
unlike  that  for  GaAs  accompanied  by  localized  electrons  in
bands  near  the  surface[29].  Moreover,  the  magnetoresistance
difference  is  extracted  from Fig.  3(b)  and  plot-
ted  as  a  function  of  the  injection  current  in Fig.  3(c).  Obvi-
ously, a weak correlation between  and injection current is
obtained, which clearly demonstrates the direct tunneling pro-
cess. Theoretically,  is expressed as[30]
 

ΔR = ΔV
Iinject

=
Pρλs
A

exp (−L
λs

) , (3)

ρ
λs

ΔR

ΔR

ΔR

where P is  the  spin  injection  polarization,  is  the  resistivity
of  the  GaN  channel, A is  the  cross-section  area  and  is  the
spin diffusion length of the sample.  As revealed in Eq. (3), 
is determined by the spin injection polarization and spin diffu-
sion  length  which  both  are  greatly  affected  by  the  tunneling
process.  When  the  spin-polarized  electrons  are  injected  into
the space-charge region of the Schottky contact, the spin diffu-
sion  length  will  be  reduced  due  to  the  band  bending
induced Rashba spin-orbit coupling through D’yakonov-Perel’
spin  relaxation  mechanism[19].  The  spin  injection  polarization
will  also be depressed when some of  the injected spin-polar-
ized  electrons  are  trapped  by  the  interface  states.  A  large
injection  current  was  found  to  help  the  trapped  electrons
escaping  from  the  localized  interface  states[19].  Therefore, 
will increase with increasing injection current when interface-
states-assisted  tunneling  process  dominates.  As  shown  in
Fig.  3(c),  a  weak  dependence  between  and  injection  cur-
rent  is  observed,  in  contrast  to  the  aforementioned  assump-
tion, thus demonstrating a direct tunneling through the Schot-
tky  tunneling  barrier.  This  conclusion  is  consistent  with  the
results  from  the  two-terminal  conductance  measurements  as
discussed above.

ΔR

γDP ∝ τp(AT − BT + CT) τp

λs =
√
Dτs τs

ΔR λs

In  contrast from  the  injection  current  independent  spin
signals,  decreases  with  increasing  temperature  as  shown
in Fig.  3(d).  This  temperature  dependence  of  the  magneto-
resistance  peaks  can  be  attributed  to  the  following  possible
reasons.  First,  the  increasing  temperature  will  aggravate
the  spin  relaxation  rate  via  D’yakonov-Perel’  spin  relaxa-
tion  mechanism.  The  relaxation  rate  can  be  expressed  as

,  where  is  the  momentum  relax-
ation  time,  and A, B and C are  the  parameters  related  to  the
spin-orbit coupling[31, 32].  As a result,  the spin diffusion length

 will  be  affected,  where  is  the  spin  relaxation
time  and D is  the  diffusion  coefficient.  According  to  Eq.  (3),

, as a function of , will decrease with increasing tempera-

ΔR

ΔR

ture,  consistent  with  the  experimental  results  shown  in
Fig.  3(d).  However, previous  spin  dynamics  research  shows
that spin relaxation time will not change much with tempera-
ture  within  2–10  K  to  reduce  by  nearly  half  (2.0  →
1.2  mΩ)  as  shown  in Fig.  3(d)[31],  and  therefore this  explana-
tion  may  not  be  the  sole  mechanism.  Second,  the  signal-to-
noise  ratio  gets  worse  quickly  with  increasing  temperature
and  the  magnetoresistance  can’t  be  clearly  distinguished  as
the temperature exceeds 10 K. Hence, the signal extraction of

 is  affected  near  10  K.  Further  theoretical  and  experimen-
tal research is needed to elucidate the origin of the observed
temperature dependence of the spin magnetoresistance.

 4.  Conclusions

In conclusion, electrical spin injection and detection were
demonstrated  in  a  heavily  doped  n-GaN  with  Co/GaN  Schot-
tky tunneling contacts at  low temperature.  The spin injection
efficiency was 21% at 1.7 K. It  is demonstrated that the direct
tunneling  is  dominant  by  non-local  magnetoresistance  mea-
surements, which is in good agreement with the weak depen-
dence of  the zero-bias resistance on temperature.  Finally,  the
dependence  of  the  magnetoresistance  on  temperature  has
also been preliminarily discussed.
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