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Abstract. The electronic structure, spin splitting energies, and g factors of paramagnetic Inj_;Mn,As
nanowires under magnetic and electric fields are investigated theoretically including the sp-d exchange
interaction between the carriers and the magnetic ion. We find that the effective g factor changes dra-
matically with the magnetic field. The spin splitting due to the sp-d exchange interaction counteracts the
Zeeman spin splitting. The effective g factor can be tuned to zero by the external magnetic field. There
is also spin splitting under an electric field due to the Rashba spin-orbit coupling which is a relativistic
effect. The spin-degenerated bands split at nonzero k. (k. is the wave vector in the wire direction), and the
spin-splitting bands cross at k, = 0, whose k,-positive part and negative part are symmetrical. A proper
magnetic field makes the k.-positive part and negative part of the bands asymmetrical, and the bands cross
at nonzero k.. In the absence of magnetic field, the electron Rashba coefficient increases almost linearly
with the electric field, while the hole Rashba coefficient increases at first and then decreases as the electric
field increases. The hole Rashba coefficient can be tuned to zero by the electric field.

PACS. 72.25.Dc Spin polarized transport in semiconductors — 73.21.Hb Quantum wires — 75.75.4+a Mag-

netic properties of nanostructures

1 Introduction

Nowadays, much of the research in semiconductor physics
has been shifting towards diluted magnetic semiconduc-
tors (DMS) [1-6], as well as their nanostructures [7-14].
These DMS systems can perform spin-dependent ef-
fect on electron spin, so have extensive application
in spintronics [15,16]. Meanwhile, there has been a
growing interest and experimental progress in the one-
dimensional semiconductors, which are called nanowires.
Nanowires can be grown out of numerous semicon-
ductor materials with a large range of radii and by
several methods [17-23]. Especially, Mn-doped semicon-
ductor nanowires were well synthesized [12-14]. The elec-
tronic structure and other properties of DMS nanostruc-
tures were studied extensively [7,11-13]. The magnetic
field tunable g factor in DMS quantum dots was inves-
tigated theoretically [11]. It is expected that the magnetic
field tunable g factor will also happen in DMS nanowires.

There is another important spin-dependent effect,
named Rashba spin-orbit coupling, which is also widely
investigated [24-27]. Based on these spin-dependent ef-
fects, electron spin might be used in the future to build

a e-mail: zhxw99@semi.ac.cn

quantum computing devices that combine logic and stor-
age functions. One of the most important spin-based de-
vices was proposed by Datta and Das [28], which makes
use of the Rashba spin-orbit coupling in order to perform
controlled rotations of a field-effect transistor (FET) [29].
The Datta-Das device also uses diluted magnetic semicon-
ductors as Source and Drain.

Recently, people have been paying special atten-
tion to the Rashba spin-orbit coupling in semiconductor
nanowires [30-40] because of its abundance of physical
phenomena. The Rashba spin-orbit splitting [31-37] and
spin-polarized transport properties [38-40] of nanowires
have been studied theoretically. However, the spin split-
ting under both magnetic field and electric field in param-
agnetic nanowires and the hole Rashba effect of nanowires
are not clear.

In this paper, we use the eight-band effective-mass
model of semiconductor nanowires, taking into account
the sp-d exchange interaction, to study the electronic
structure, spin splitting energies, and g factors of param-
agnetic Iny_,Mn,As nanowires under magnetic and elec-
tric fields. The remainder of this paper is organized as
follows. The calculation model is given in Section 2. The
results and discussion are given in Section 3. Section 4 is
the conclusion.
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2 Theoretical model and calculations

In the absence of external fields, we represent the eight-
band effective-mass Hamiltonian in the Bloch function

bases [S) 1, [11) 1, [10) 1, [1— 1) 1, [S) L, [11) L, [10) |,
[1—1) | as
Hy, = (H’Lnt Hznt) + H,,. (1)

Hs, is the valence band spin-orbit coupling Hamiltonian
which was given before [41,42]. H;,,; is written as

e+ P J5DoP+ oDz J5PoP—

Hig = —— | “waPor= —0 =85 =) )
2mo | —ipop. —S* —-P3 =S
—hop+ —T* =57 =P
where
P. =ap_py + ap?, (3a)
L'+ M
P = g PP+ + M'p?, (3b)
Py=M'p_p, +L'p?, (3c)
L' —M — N’ L' — M + N’
T = 2 2 d
. L'-M-N , L —M+N
T* = 1 P+ . P, (3e)
1
S=—_N'p_p,, 3t
NP (3)
1
S* = —N'pyp., 3
N R (3g)
P+ = Pz T ipy. (3h)

€g = 2moE,, E, is the bandgap of the bulk material,
po = V2moEp, and Ep is the matrix element of Kane’s
theory. a, L', M', N’ are the effective mass parameters.
Since we have taken into account the coupling of the va-
lence band and the conduction band, we should subtract
the contribution of the conduction band from the Lut-
tinger parameters L and IV, that istosay, L' = L—Ep/E,,
N'= N — Ep/E,. M does not change, and M’ = M. We
should also subtract the contribution of the valence band
from the electron effective mass [41],

m E 2 1
S (———), @
Me 3 \E, E;+ A
where m,. is the electron effective mass and A,, is the
spin-orbit splitting energy of the valence band.

We assume that the electric field is applied along the
y-direction. The electric field potential term is written as

V=eF -r=elFy=elFrsinf = —%eFrew + %eFrefw.
(5)

We also assume that the magnetic field is along the
z-direction. In the absence of magnetic ions, the mag-
netic field brings three terms in the Hamiltonian, the an-
tisymmetric term Hygym [43], magnetic-momentum term

The European Physical Journal B

Hpm [44], and spin-Zeeman-splitting term Hzeeman. In
the presence of magnetic ions (Mn?*), the magnetic field
also brings the magnetization of the localized spins, so
brings two other terms in the Hamiltonian, s-d and p-d
exchange interaction terms between the carriers and the
magnetic ion, Hyq and Hpq, which are written as [6]

Hsq = ase-M/(gvniB), (6)
Hpq = Bsn-M/(gvnpiB), (7)

gun = 2 is the g factor of magnetic ion, s.(sp) is the spin
(se = sp = 3) of electron (hole), aNy and 3N are the s-d
and p-d exchange constants, Ny is the number of cations
per unit volume, the exchange constants of In;_,MnzAs
are cited from reference [3], M is the magnetization of the
localized spins of the magnetic ions. In the paramagnetic
case, M is parallel with the external magnetic field, the
magnitude of M is given by [6]

SgymnpsB

M = Sgyn N Bg | ————————
IMa B INOT eff S|:kB(T+TAF)

| ®

where S = 2

5 is the spin of magnetic ion, zy is
the effective content of magnetic ions, Tar accounts
for the reduced single-ion contribution due to the anti-
ferromagnetic Mn-Mn coupling, and the Brillouin function

Bg(z) is

25 +1 25 +1 1 1
Bs(z) = h — —coth ==z .
s(x) = —5g— cot ( 25 I) 25 < (255”)

For Iny_,Mn,As, 2.5 = « and Tar = 0 [6]. The whole
Hamiltonian in the presence of electric and magnetic fields
is written as

H= Heb+V+Hasym+Hmm+HZeeman+Hsd+de- (10)

We assume that the nanowires have cylindrical symme-
try, the longitudinal axis is along the z direction, and the
electrons and holes are confined laterally in an infinitely
high potential barrier. The longitudinal wave function is
the plane wave, and the lateral wave function is expanded
in Bessel functions. The total envelope function including
the electron and hole states is

el,n,TAl,nJl (kiﬂ”) eiw
bi—t,m Ai—1n i1 (K 1r) eflt=D0

Cl,n,TAl,nJl (k},fl”l’) eiw
A1 Aiprn i (KGHr) g0
€141, A1 n iy (kL) efD0

bl,n,lAl,nJl (kzﬁlr) eiw
ity At n Ty (kL) Do
di2,n, | Aipandiga (KGH2r) e142)0

1k, z

(11)
where J = [ 4+ 1/2 is the total angular momentum and
A;, is the normalization constant,

1
Aln

" VAR ) "
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Table 1. The parameters of InAs used in this paper.

Me L M N & Ep(eV) Eg(eV) Ay(eV) e
0.02226 54.2 3.87 55.6 7.68 21.6 0.418 0.38 15.15

al, = kL R is the nth zero point of J; (z), R is the radius
of the wire, and k, is the wave vector along the wire di-
rection, which is a good quantum number. In calculating
the matrix elements of the Hamiltonian we can use the
properties of the operators p4,

, A ,
pxJp (kr) el = $zk’Jli1 (kr) e (110 (13)

3 Results and discussion

In this section, we calculate the electronic structure,
spin splitting energies, and ¢ factors of paramagnetic
In;_,Mn, Asnanowires under magnetic and electric fields
using the eight-band effective-mass model. The parame-
ters of InAs [45] used in this paper are listed in Table 1.
However, these parameters measured in the bulk mate-
rial include some contributions, say, nonlocal character of
the self-consistent potential, that are absent in narrow-gap
nanostructures [41]. Therefore, using these parameters re-
quires taking special precautions. The nonlocal contribu-
tions are

AL = —218,;, AM = 36,, AN = —246,;,  (14)
2 EnE
Ao =—1 = P 1
@ 09n; Ot 5re, B,V 3 (15)

where Ep = 27.211 eV and ¢, is the dielectric constant
given in Table 1.

Figure 1 shows the electron (a) and hole states (b) of
Iny_,Mn,As nanowires with R = 18 nm and z = 0.005
under magnetic field B = 1.5 T (B||z) at T = 10 K as
functions of k,. The symbol of each energy level represents
the main components of it’s wave function. For example,
(1,0)S 7 means that the state consists mainly of the n = 1,
[ = 0 state of the effective-mass envelope function multi-
plied with the S Bloch state of the conduction-band bot-
tom and the spin-up state. The magnetic field brings the
magnetization of the localized spins of the magnetic ions
which affects the states of carriers via the sp-d exchange
interaction between the carriers and the magnetic ion and
leading to a spin splitting. The magnetic field also brings
the Zeeman spin splitting. All the spin splitting has the
form Hgpir, ~ 04 [see Eq. (10)]. So the spin states in Fig-
ure 1 are almost the eigenstates of o,,.

We show the spin splitting energies in three cases of
Ini_,Mn,As nanowires with R = 18 nm and xz = 0.005
at k, = 0 and T = 10 K as functions of B (B||z) in Fig-
ure 2a. In “not diluted” case (dashed line), z = 0 and
the spin splitting is only due to the Zeeman splitting. As
the g factor is negative, the spin splitting energy is nega-
tive, whose inverse is shown by the dashed line. The “M
only” case (dotted line) is a dummy case in which the
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Fig. 1. (a) Electron states of In;_,Mn,As nanowires with R =
18 nm and z = 0.005 under magnetic field B = 1.5 T (B||x)
at T =10 K as functions of k.. (b) Hole states of Ini_;Mn,As
nanowires with R = 18 nm and « = 0.005 under magnetic field
B=1.5T (Bl||z) at T =10 K as functions of k..

magnetic field only brings the magnetization of the local-
ized spins of the magnetic ions, whose other effects are
ignored, then the spin splitting is only due to the sp-d ex-
change interaction between the carriers and the magnetic
ion. The “diluted” case (bold solid line) is the real case
of In;_,Mn, As nanowires investigated in the paper, in
which the spin splitting due to the sp-d exchange interac-
tion counteracts the Zeeman spin splitting. The absolute
value of Zeeman spin splitting energy (dashed line) in-
creases with the magnetic field almost linearly, while the
exchange spin splitting energy (dotted line) increases and
saturates as the magnetic field increases due to the sat-
uration of the magnetization of the localized spins. The
dashed line and dotted line cross at about B = 5 T. The
whole spin splitting energy (bold solid line) is the sum of
all the spin splitting energies. We see from Figure 2a that
the bold solid line is approximately equals the dotted line
subtracts the dashed line which means the sum of these
two spin splitting energies, but not exactly, for example,
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Fig. 2. (a) Spin splitting energies [spin-up (in z-direction)
energy subtracts spin-down energy] of Inj_,Mn,As nanowires
with R = 18 nm and x = 0.005 at k. = 0 and 7" = 10 K as
functions of B (B||z). (b) Effective g factors of Ini—;MngzAs
nanowires with R = 18 nm and « = 0.005 at k. = 0 and
T =10 K as functions of B (B||x).

the cross point of the bold solid line and the thin solid line
(zero line) is on the left of the cross point of the dotted
line and the dashed line, due to the combined effect of the
exchange spin splitting and Zeeman spin splitting.

For each of the cases in Figure 2a, we assume a effec-
tive spin Hamiltonian Hgpin = %g* upoz B, then the spin
splitting energy is AE = ¢g*up B and the effective g factor
is g* = MABEB. We show the g factors in the above three
cases in Figure 2b. Correspondingly, the dashed is the ab-
solute value of the “not diluted” g factor. The g factor of
the lowest electron states of InAs nanostructures is in the
range of [—o00, 2] [42], so the g factor in “not diluted” case
(dashed line) can not be about 10 but be about —10. The
g factor due to exchange spin splitting (dotted line) is al-
ways positive because there is a ferromagnetic interaction
between the electron and the magnetic ion [see Eq. (6)].
The bold solid line shows that the effective g factor in the
real case under B = 1.5 T is positive, which is confirmed
by the state components in Figure la. Corresponding to
Figure 2a, the bold solid line is approximately equals the
dotted line subtracts the dashed line in Figure 2b. It is
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Fig. 3. (a) Electron states of Inj_;Mn,As nanowires with R =
18 nm under electric field ' = 15 mV/nm (F||y) as functions
of k.. (b) Electron states of Ini—;MnzAs nanowires with R =
18 nm and # = 0.005 under electric field F = 15 mV/nm
(F|ly) and magnetic field B = 1.5 T (B||lz) at T = 10 K
as functions of k. (c) Spin splitting energies of Iny_,Mn,As
nanowires with R = 18 nm and « = 0.005 under electric field
F =15 mV/nm (F|ly) and magnetic field B = 1.5 T (B||z)
at T'= 10 K as functions of k.. “’F”, “B”, “FB” indicate the
presence of electric field only, magnetic field only, both electric
and magnetic fields. (d) Hole states of In1_;Mn,As nanowires
with R = 18 nm under electric field F = 15 mV/nm (F||y) as
functions of k. Inset: spin splitting energy of the hole states.

noticed to find that the effective g factor can be tuned to
zero by an external magnetic field, which means that the
spin does not split at a proper magnetic field.

It is known that a transverse electric field can bring
spin splitting in semiconductor nanowires [46]. From Fig-
ure 3a, we see that the two spin bands split at k, # 0,
which cross at k, = 0. The k,-positive part and neg-
ative part of the bands are symmetrical. When we ap-
plied a magnetic field along x-direction, as shown in Fig-
ure 3b, the k,-positive part and negative part of the bands
becomes asymmetrical, the two bands cross at k, > O.
We show the spin splitting energies in the above two
cases [Figs. 3a and 3b, indicated by ‘F’ and ‘FB’, respec-
tively] and the case in Figure la which is indicated by
‘B’. The spin splitting energy in Figure la is always posi-
tive. But the spin splitting energies in Figures 3a and 3b
change from positive values to negative values with k.,
as the two bands cross. The bold solid line and dotted
line are the inverse spin splitting energies. We see from
the bold solid line that there is a linear relationship be-
tween the spin splitting energy and k, when k, is small.
It is well-known that the k-linear Rashba term is written
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Fig. 4. (a) Electron Rashba coefficient of Ini_,MngAs

nanowires with R = 18 nm as a function of F' (F||y). (b) Hole
Rashba coefficient of Ini_,Mn,As nanowires with R = 18 nm
as a function of F' (F||y).

as Hp, = vo - (k x f‘), where v is the Rashba coeffi-
cient and F is the unit vector along the electric field di-
rection. In the case of Figure 3a, Hr, = —~vk.0,, and
v > 0. And the spin splitting term due to the magnetic
field along x direction is %g*uBBo, and ¢g* is positive [see
Fig. 1a and the dashed line in Fig. 3c]. The whole spin
Hamiltonian in the case of Figure 3b is approximately
Hopin = (—vk. + %g*uBB)az. So there is a positive k,

(about %g%ﬁ) at which Hgpin = 0. And the energy
bands are asymmetrical. We also show the hole states and
spin splitting energy in the absence of magnetic field under
transverse electric field in Figure 3d. The splitting energy
is also a linear function of k, when k. is small. So we can
define the same k-linear Rashba term and Rashba coef-
ficient of the hole as those of the electron. We see from
the state components in Figure 4d that when k., > 0, the
spin-down (in z-direction) state is below the spin-up state.
This is contrary to the the case in Figure 3a, so the hole
Rashba coefficient in the case of Figure 4d is negative.

The electron (a) and hole (b) Rashba coefficients of
Iny_,Mn,As nanowires with R = 18 nm as functions of
F (F||y) are shown in Figure 4. We see that the electron
Rashba coefficient increases almost linearly with the elec-
tric field. While the hole Rashba coefficient increases at
first and then decreases as the electric field increases, be-
cause the hole states changes dramatically with the elec-
tric field which can be seen from the state components of
Figure 1b and Figure 3d whose highest hole states are
quite different. The hole bands are very close to each
other, so the electric field can easily couple them. On
the contrary, the lowest electron bands are far away from
the upper electron bands. It is noticed to find that the
hole Rashba coefficient can be tuned to zero by an exter-
nal electric field, and we can change the sign of the hole
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Rashba coefficient by changing the strength of the exter-
nal electric field without changing its direction.

4 Conclusions

The electronic structure, spin splitting, and g factors
of paramagnetic In;_,Mn,As nanowires are investigated
theoretically. We find that the effective g factor changes
dramatically with the magnetic field. The spin splitting
due to the sp-d exchange interaction counteracts the
Zeeman spin splitting. The effective g factor can be tuned
to zero by the external magnetic field. There is also spin
splitting under an electric field due to the Rashba spin-
orbit coupling which is a relativistic effect. The spin-
degenerated bands split at nonzero k, (k. is the wave
vector in the wire direction), and the spin-splitting bands
cross at k, = 0, whose k.-positive part and negative part
are symmetrical. A proper magnetic field makes the k,-
positive part and negative part of the bands asymmetrical,
and the bands cross at nonzero k. The spin splitting due
to the electric field also counteracts the spin splitting due
to the magnetic field. In the absence of magnetic field,
the electron Rashba coeflicient increases almost linearly
with the electric field, while the hole Rashba coefficient
increases at first and then decreases as the electric field
increases. The hole Rashba coefficient can be tuned to
zero by the electric field. We can change the sign of the
hole Rashba coefficient by changing the strength of the
external electric field without changing its direction.

X.W. Zhang would like to thank Kai Chang and W. Yang for
their help on Rashba spin-orbit effect. This work was supported
by the National Natural Science Foundation No. 90301007,
60521001 and the special funds for Major State Basic Research
Project No. GO01CB3095 of China.
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