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Electron spin splitting in polarization-doped group-III nitrides
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The Rashba spin-orbit splitting parameter has been calculated in wurtzite GaN/AlGaN heterostructures.
Despite the fact that wide-bandgap semiconductors are expected to have a smaller spin-orbit coupling param-
eter than that in InGaAs-based III-V materials, the electron spin-split energy in GaN/AlGaN heterostructure is
predicted to have the same order of magnitude, due to the strong polarization field at the interface and
polarization-induced doping. This, taken together with the existence of room-temperature ferromagnetism in
GaN~Mn!, could make the GaN-based material system competitive in spintronic applications.
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I. INTRODUCTION

Heterostructures and quantum wells~QW’s! based on
GaAs, InAs, GaSb, and InP materials are recognized a
platform for semiconductor spintronic devices as they p
vide additional spin transport functionality to electronic a
optoelectronic devices. The electrically controlled spin tra
port, relatively large spin dephasing time~'100 ns, T
55 K),1,2 and ferromagnetism in GaAs~Mn! (Tc
'110– 140 K)3–5 make these materials attractive for sem
conductor spintronics. Gate-controlled electron spin splitt
near interfaces in narrow-gap III-V nanostructures is at
origin of spintronic proposals such as spin transistors6,7 and
quantum computers.8

In crystals with inversion asymmetry of the crystal pote
tial, the spin-orbit interaction lifts the spin degeneracy
electrons and holes. The magnitude of spin splitting depe
on an electron wave vectork. Inversion asymmetry in bulk
zinc blende crystals results ink3-dependent spin splitting
~Dresselhaus terms!,9,10 whereas the structural inversio
asymmetry near a heterointerface leads to an additio
k-linear contribution62aki ~Rashba term!,11 whereki , a,
are the in-plane wave vector and spin-orbit coupling para
eter, respectively. Coupling parametera in group III-V cubic
materials was calculated first using a two-band mo
spectrum12 and then using a more realistic multiband Ka
model.13–17 Typical values ofa in InAs/GaSb, InP/InGaAs
and InAs/InGaAs QW’s are (0.624)10211 eV m, which
gives an electron spin-splitting energy of the order of~1–10!
meV depending on the doping level.18

Search for spintronic semiconductors is ongoing as
semiconductor devices are expected to provide effective
injection into an active region of the device. Lack of room
temperature ~RT! ferromagnetic semiconductors lattic
matched to the InGaAs and InP materials makes it difficul
find the proper material combination that provides high-sp
injection efficiency. In this respect, the wide bandgap ma
rials might have been useful since RT ferromagnetism
been projected in magnetically doped group-III nitrid
theoretically19,20 and found experimentally.21–23 It is known,
however, that the spin-orbit coupling parametera decreases
as a bandgap increases. Thus in larger bandgap mate
comparable spin splitting is not expected. Fortunately,
spin splitting, being approximately proportional to an av
0163-1829/2003/68~15!/155314~6!/$20.00 68 1553
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age electric field in the growth direction, could be affect
and engineered by a polarization field near an interface in
group-III-nitride heterostructure. It is known that a lattic
polarization strongly affects the performance of GaN-ba
electronic and optoelectronic devices.24–30 In addition, the
spin splitting depends not only ona, it also increases with
the carrier density. Strong polarization doping effect
group-III nitrides may compensate to some extent for
smallness of the coupling parameter and make overall s
splitting comparable to that found in narrow-gap group-III-
structures. This fact, accompanied with the existence of
ferromagnetism, could make group-III-nitride structur
competitive in emerging spintronics applications.

The purpose of this paper is to explore some spintro
capabilities of wurtzite group-III-nitride heterostructures a
QW, namely, to calculate the spin-orbit coupling parame
conduction-band spin splitting, and its sensitivity to a ga
voltage. The role the polarization field plays in spin splittin
of confined electrons is discussed. General expressions
the coupling parameter are obtained for GaN/AlGaN hete
structures and QW. Numerical calculations are performed
a high-electron-mobility transistor~HEMT! structure, where
the polarization-induced doping results in a high density
two-dimensional~2D! electrons. Calculations for an asym
metric QW will be done elsewhere.

II. HAMILTONIAN AND BASIC EQUATIONS

We start with a 838 Hamiltonian which includes conduc
tion and valence bands31,32

H5
p2

2m0
1H838 . ~1!

The nonzero matrix elements are given as

H115H555EC , H225H665F, H335H775G,

H445H885l, H385H475&D3 ,

H125H5752
P2k1

&
, H135H565

P2k2

&
,

H145H585P1kz , ~2!
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where k65kx6 iky , F5En
01D11D21S11S21V, l5En

0

1S11V, G5En
01D12D21S11S21V, S15D1«zz

1D2(«xx1«yy), S25D3«zz1D4(«xx1«yy), m0 is the free
electron mass, P152 i (\2/m0)^ iSu]/]zuZ&, P25
2 i (\2/m0)^ iSu]/]xuX&52 i\2/m0^ iSu]/]xuY& are momen-
tum matrix elements,Ec is the position of theG-point con-
duction band minimum,D1 and D2,3 are parameters of th
crystal field and spin-orbit interaction, respectively,En

0 is the
valence band edge position before the strain, crystal-fi
and spin-orbit splittings are taken into account,Di ’s are the
deformation potentials, «xx5«yy5(a02a)/a, «zz5
22C13/C33«xx are the strain components,C13 and C33 are
the elastic coefficients, anda0 anda are the lattice constant
of the substrate and layer, respectively. We assume
z-dependent parametersEc and En

0 account for the hetero
structure band offsets. HereV includes contributions from an
s
-
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external electric field~bias! and a self-consistent potential i
an inhomogeneous structure. In Eq.~2!, the shear strain com
ponents are neglected. Also, we keep only lineark terms in
the off-diagonal matrix elements. The lineark approximation
has also been used in spin splitting calculations in Ga
heterostructures.13 As this approximation is valid if the typi-
cal electron energy is less than the band gap, it better
scribes the band spectrum in a wider band gap GaN.

The matrix Schro¨dinger equation for the eight-compone
envelope wave function has the formHw5«w, whereH is
given in Eq.~2!. In a heterostructure grown along thec axis
~z direction!, one has to replacekz with 2 i (]/]z) and keep
band parametersz dependent. The system of eight equatio
can be exactly decoupled in to a two-component conduc
band envelope function (f2

f1) as
F Ec1V1
\2ki

2

2mi
2

\2

2

]

]z

1

mz

]

]z
2« iP1P2k2

]b

]z

2 iP1P2k1

]b

]z
Ec1V1

\2ki
2

2mi
2

\2

2

]

]z

1

mz

]

]z
2«

G S f1

f2
D50, ~3!
e-

rbit

m

W

wherez dependent potential energyV accounts for the bias
and electric field in the depletion regions and

mi
215

1

m0
1

2P2
2

\2

2D3
22~l2«!~F1G22«!

~F2«!@~G2«!~l2«!22D3
2#

,

mz
215

1

m0
1

2P1
2

\2

~«2G!

~G2«!~l2«!22D3
2 , ~4!

b5
D3

~G2«!~l2«!22D3
2 .

In a relaxed GaN crystal the electron effective masse
Eq. ~4! coincide with those obtained32 assuming that the ref
erence energyEn

050, «→Ec5Eg1D11D2 , whereEg is the
bandgap.

The diagonal part of the Hamiltonian in Eq.~3! has de-
generate eigenfunctionsF15F25F. Nondiagonal terms in
in

Eq. ~3! lift the spin degeneracy. The energy difference b
tween spin-up and spin-down conduction states~spin-
splitting! can be written as

uD«u52aAkx
21ky

2, a5P1P2U K ]b

]z L U, ^ f &[E F* f Fdz.

~5!

Let us analyze the general expression for the spin-o
splitting parametera. In the AlxGa12xN/GaN/AlyGa12yN
QW of width L, the coefficientb can be represented as a su
of three terms each corresponding to a regioni representing
the left barrierL, the well W, and the right barrierR as
follows:

b5bL@12u~z!#1bW@u~z!2u~z2L !#1bRu~z2L !,
~6!

where u(z) is the step function. The average over Q
ground state follows from Eq.~6!:
K ]b

]z L 5F2~0!~bW2bL!2F2~L !~bW2bR!1q^BLFL&1q^BRFR&1q^BWFW&, ~7!

where

b i5
D3

~Eg12D22S12S21«2V!~Eg1D11D22S11«2V!22D3
2 ,
4-2
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Bi5
D3b2Eg1D113D222S12S212~«2V!c

$~Eg12D22S12S21«2V!~Eg1D11D22S11«2V!22D3
2%2 , ~8!

Fi5
1

q
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The reference energy in Eq.~7! is the bottom of the conduc
tion band. Each average value in Eq.~7! contains integration
over the corresponding regioni excluding interfaces locate
at z50 andz5L. Potential jumps and offsets of band p
rameters at the interfaces contribute to the first two term
Eq. ~7!. The energy parameter« in all Bi andb i should be
taken at the ground electron level in the well, andki50: «
→«1 . All other parameters in Eqs.~7! and ~8! take the val-
ues attributed to the corresponding layeri.

If the barrier height tends to infinity, the coupling coef
cient takes the form

K ]b

]z L 5q^BWFW&, ~9!

which is not exactly proportional to the average electric fi
in the well as long asBW depends onz. Equation~7! gives no
spin splitting in a symmetric QW whereF2(0)(bW2bLB)
5F2(L)(bW2bRB) and ^BLBFLB&1^BRBFRB&5^BWFW&
50.

III. POLARIZATION-DOPED HETEROSTRUCTURE

In a HEMT structure, which comprises a AlGaN lay
grown in thez direction on the top of a thick GaN layer, th
spin-orbit coupling parameter~7! takes the form

K ]b

]z L 5F2~0!~bC2bB!1q^BBFB&1q^BCFC&, ~10!

whereB andC represent the AlGaN barrier and GaN cha
nel, respectively.

We assume that the AlxGa12xN layer is grown on the top
of a relaxed GaN with a Ga-polarity surface. In this case,
polarization field causes the conduction band to decreas
energy with decreasing distance toward the interface fr
both well and barrier sides as shown in Fig. 1.

The total polarization comprises two parts, namely,Ptot
5PSP1PPE, wherePSP is the spontaneous polarization fro
both barrier and channel regions andPPE is the piezoelectric
polarization in the barrier caused by a lattice mismatch
GaN:

PPE5e31~«xx1«yy!1e33«zz,

PSP520.052x20.029S C

m2D , ~11!

whereei j are the piezoelectric coefficients in AlGaN.
Two-dimensional electrons confined in the GaN-chan

partially compensate the total polarization chargePtot . Un-
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compensated polarization charge creates the electric
across the barrier. Sheet electron density in the channel o
nominally undoped heterostructure is related to the Fe
level as28

nS5
Ptot

q
2

«B«0

q2WB
@wB2qVg1EF2DEC#, ~12!

wherewB is the height of the Schottky barrier on the top
the WB-thick AlGaN layer,EF is the Fermi energy,DEC is
the conduction band offset, andVg is the gate voltage.

In the structure with the doped AlGaN barrier, the electr
transfer from the barrier increases the total sheet elec
density in the channelNc5nS1NDl , which can be found
from the equations29

H DEC2EF2«d5
q2NDl 2

2«0«B
,

Nc5
mikBT

p\2 ln$11exp@~EF2«1!/kBT#%,

~13!

wheremi is the in-plane effective mass of channel electro
ND is the density of ionized donors in thel-thick space
charge region on the AlGaN side of the structure, and«d is
donor bound energy.

IV. ELECTRIC FIELDS AND WAVE FUNCTION

Electric fields across the channelFC and the barrierFB
follow from the charge and electrostatic potent

FIG. 1. Potential profile and wave function in Al0.5Ga0.5N/GaN
heterostructure. Barrier thickness: 100 Å, barrier doping:ND

51018 cm23. Interface is located atz50.
4-3
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balance.24,28 The potential energy profile is shown in Fig.
The electric fields are given as

VC5qFCz, FC5
qnS

«C«0
, z>0,

VB5DEC2qFBz, FB5
Ptot2qnS

]C«0
, z,0. ~14!
-

e
n
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We will calculate the spin splitting of the ground state
2D electrons in the channel neglecting higher subban
Ground state wave function can be well represented by
Fang-Howard~FG! trial function.33 Since wave function pen
etration into the barrier contributes to the spin-orbit coupli
parameter of Eq.~10!, we have to use the modified FG func
tion that accounts for barrier penetration. Thus,
F~z!55 Az0Ab3

2
exp~2kbz!, z<0,

A~z1z0!Ab3

2
exp~2bz/2!, z>0, kb5A2mzBDEC

\2

. ~15!
a-
on

an
be calculated with Eqs.~5! and ~10!.
Parametersz0 andA follow from normalization and match
ing condition for the electron flux through the interface

z05
2

2kbmzCmzB
211b

, A25
4z0

22

~2z0
211b!1b21b3kb

21 ,

~16!

wheremzB , mzC are electron masses in thez direction in the
barrier and well, respectively.

The total average energyEav consists of three parts: th
kinetic energy, the energy in the channel electric field, a
the potential energy induced by other 2D electrons in
channel. It is written as

Eav5^T&1^VC&1
1

2
^VS&, ~17!

where
d
e

^T&5 K 2
\2

2mzC

]2

]z2L , ^VC&5qFC^z&,

^VS&5
q2Nc

««0
K zE

z

`

F2dz81E
0

z

z8F2dz8L . ~18!

The average electron energy in the wellEav is subject to
minimization with respect to parameterb. Energy «1
5min(Eav) is the ground state level in the 2D channel. P
rameterbmin determines the spatial size of the wave functi
in the z direction.

Using Eqs.~12!–~18!, one can find the wave function
F(z), ground state energy«1 , Fermi energyEF , and total
sheet density of electrons in the channelNc self-consistently.
After that, the electron spin-splitting at the Fermi level c
TABLE I. Parameters of the AlxGa12xN material system.

Effective mass (m0) 0.2210.26x
Static dielectric constant («0) 10.420.3x
Elastic constants~GPa! C13510315x; C335405232x
Piezoelectric coefficients (C/m2) e13520.4920.11x; e3350.73 (11x)a

Schottky barrier height~eV! 0.8411.3xb

Band gap~eV! 3.412.7x
Conduction band offset~eV! Eg(x)2Eg(0)20.8x
Lattice constant~Å! 3.18920.077x
Donor ionization energy~meV! 38.0c

Spin-orbit split energy~meV!, D25D356.0d

Crystal-field split energy~meV! D1522.0280.0xe

Interband momentum-matrix elements E15E2520.0 eV
P1,25\AE1,2/2m0

aReference 25.
bReference 34.
cReference 35.
dReference 36.
eReference 32.
4-4
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V. RESULTS AND DISCUSSION

In this section we calculate the spin-splitting of chann
electrons in GaN-based field effect transistor and compa
with the magnitude of Rashba effect in Ga~In,Al!As materi-
als. Material parameters used in numerical calculations
given in Table I.

The conduction band offset, shown in Table I, is calc
lated using the linear alloy approximation for the valen
band offset@0.8 eV between GaN and AlN~Ref. 37!#. To
estimate spin splitting up to a high Al content in the barri
we choose a barrier thickness of 100 Å. We assume
thickness is less than the critical thickness of the AlG
layer up tox50.8. This assumption allows using the piez
electric polarization Eq.~11! for the pseudomorphic laye
without having to include a partial stress relaxation, wh
otherwise should be taken into account for thicker layer30

Calculations below were done with the barrier dopingND
51018 cm23.

FIG. 2. Width of the electron channel near GaN/AlGaN inte
face for various values of gate voltages. Lines A, B, and C co
spond to gate voltagesVg5(20.8,0,0.8) V, respectively.

FIG. 3. Total sheet carrier concentration in the channel w
different gate voltages. Lines A, B, and C correspond to gate v
agesVg520.8, 0, 0.8~V!, respectively.
15531
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The wave function for the particular choice of paramet
is illustrated in Fig. 1. Effective thickness of the bound sh
electrons near an interface is given asd5*0

`zF2(z)dz and
shown in Fig. 2 as a function of Al content in the barrier.

Figure 2 illustrates the gate-controlled effective distan
of the 2D gas from the interface. The distance, in turn, co
control kinetic characteristics of electrons: large distan
makes higher the electron mobility with respect to scatter
on interface roughness and interface-induced structural
fects. The total sheet electron concentration as a functio
Al composition and gate voltage is given in Fig. 3.

Gate-controlled carrier density in the channel is shown
Fig. 3. The lower the Al content in the barrier material t
higher sensitivity of the carrier density to an external bias.
Vg50 the result is quite close to that obtained in Ref. 30

The built-in electric field in the channelFC calculated at
x50.2(1.1 MV/cm) andx50.5(4.2 MV/cm) are in a good
agreement with those typically observed in GaN/AlGa
QW.38

-

h
t-

FIG. 4. Electron spin-splitting energy. Barrier thickness 100
barrier dopingND51018 cm23. Lines A, B, and C correspond to
gate voltagesVg520.8, 0, 0.8~V!, respectively.

FIG. 5. Electron spin-splitting in the channel under the g
bias. Lines A, B, and C correspond to alloy compositionsx50.3,
0.5, 0.8, respectively.
4-5
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The electron spin splittinguD«u, calculated at the Ferm
level as a function of Al content in the barrier is given in Fi
4, and as a function of gate voltage in Fig. 5.

As seen in Figs. 4 and 5, the spin splitting is gate volta
tunable and of the same order of magnitude as in o
group-III-V materials: in InAlAs/InGaAs QW, it approxi-
mately equals 1.0 meV.39 More complete information abou
spin-splitting in narrow-gap materials can be found in R
18, which lists spin-splitting magnitude across all grou
III-V nanostructures between 1 to 10 meV. Electron sp
splitting, governed by a gate voltage, is at heart of the sp
transistor proposal.6 Gate-controlled spin-splitting allows fit
ting the phase difference of spin-up and spin-down elect
wave functions, acquired on the channel length. Since
drain current oscillates with the phase difference, one co
punch-off the channel varying the electron phase. This
much less power consuming and much faster process

*Electronic address: vlitvinov@waveband.com
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