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The electronic structure, Zeeman splitting, and g factor of Mn-doped CdS nanowires are studied using the
k · p method and the mean field model. It is found that the Zeeman splittings of the hole ground states can be
highly anisotropic, and so can their g factors. The hole ground states vary a lot with the radius. For thin wire,
gz �g factor when B is along the z direction or the wire direction� is a little smaller than gx. For thick wire, gz

is mcuh larger than gx at small magnetic field, and the anisotropic factor gz /gx decreases as B increases. A small
transverse electric field can change the Zeeman splitting dramatically, so tune the gx from nearly 0 to 70, in
thick wire. The anisotropic factor decreases rapidly as the electric field increases. On the other hand, the
Zeeman splittings of the electron ground states are always isotropic.
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I. INTRODUCTION

Nowadays, much of the research in semiconductor phys-
ics has been shifting toward diluted magnetic semiconduc-
tors �DMSs�,1–3 which have extensive applications in spin-
dependent quantum computing devices that combine logic
and storage functions. Manganese-doped II-VI �Refs. 4 and
5� and III-V �Ref. 1� compound semiconductors have been
widely studied. Transportation6 and manipulation7 of carri-
ers’ spin in DMSs were experimentally reported.

Meanwhile, the investigations of quantum confinement of
carriers in spatially modulated semiconductor structures have
been a field of intense activity over the past decades. High-
quality CdS nanowires were synthesized and used as photo-
nic circuit elements.8–11 The electronic structure of semicon-
ductor nanowires was studied using the k · p method.12,13 The
method to dope Mn ions into CdS nanowires was
achieved.14–16 The electronic, optical, and transport proper-
ties of DMS nanowires were investigated extensively.14–18

Recently, the electronic structure and Zeeman splitting of
paramagnetic Mn-doped ZnO nanowires were theoretically
studied.19

The anisotropic Zeeman splitting was earlier found in the
GaAs/AlAs quantum wells.20 The fine structure of excitons
in GaAs/AlAs quantum wells showed that the perpendicular
�to the well plane� g factors of the heavy hole ghz are in
between 2 and 3, while the in-plane values ghx and ghy are
smaller than 0.01. This strong anisotropy of the effective
hole g value is a consequence of description of the heavy-
hole states with Jhz= ± 3

2 by an effective spin Sh= 1
2 . From the

spin Hamiltonian, it can be seen that the in-plane splittings
can only be due to the cubic hole Zeeman interaction terms.
The small values of ghx and ghy correspond to a small q value
in a bulk semiconductor. On the other hand, the bulk linear
hole Zeeman splitting constant �, which is about 1.2 for
GaAs, results in a large ghz value for GaAs layer samples.

Recently, the anisotropic Zeeman splitting has been found
in ballistic one-dimensional hole systems.21,22 The splitting
of the subband edges is shown in the transconductance gray-
scale plot when an in-plane magnetic field is applied parallel

to the one-dimensional �1D� GaAs hole systems. In contrast,
the transconductance grayscale shows that the degenerate 1D
subbands are not affected by the perpendicular magnetic field
up to 8.8 T; i.e., no Zeeman splitting is seen when the mag-
netic field is aligned perpendicular to the channel. This an-
isotropy of the effective g factor is a direct consequence of
the one-dimensional confinement on a system with strong
spin-orbit coupling. We will study how the spin-orbit cou-
pling and the quantum confinement will affect the Zeeman
splitting in wurtzite Cd1−xMnxS nanowires.

In this paper, we use the effective-mass model of semi-
conductor nanowires, taking into account the sp-d exchange
interaction, for the study of the electronic structure, Zeeman
splitting, and especially, the anisotropic g factor of hole
states in paramagnetic Mn-doped CdS nanowires under mag-
netic and electric fields. The remainder of this paper is orga-
nized as follows. The calculation model is given in Sec. II,
the results and discussion are given in Sec. III, and Sec. IV is
the conclusion.

II. THEORETICAL MODEL AND CALCULATIONS

In the absence of external fields, we represent the six-
band effective-mass Hamiltonian of the hole in the basis
functions �11�↑, �10�↑, �1−1�↑, �11�↓, �10�↓, and �1−1�↓ as

Hh0 = �Hint

Hint
� + Hso. �1�

Here, Hso is the valence band spin-orbit coupling Hamil-
tonian which was given before,12 and the spin-orbit splitting
energy of CdS is �so=70 meV. Hint is written as

Hint = −
1

2m0�
P1 S T

S� P3 S

T� S� P1
� , �2�

where

P1 =
L + M

2
p−p+ + Npz

2, �3a�
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P3 = Sp−p+ + Tpz
2 + 2m0�c, �3b�

T =
L − M − R

4
p+

2 +
L − M + R

4
p−

2 , �3c�

T* =
L − M − R

4
p−

2 +
L − M + R

4
p+

2 , �3d�

S =
1
	2

Qp−pz, �3e�

S* =
1
	2

Qp+pz, �3f�

p± = px ± ipy . �3g�

Here, L ,M , . . . ,Q are the effective-mass parameters and �c
is the crystal field splitting energy, which were given
before.12

The effective-mass Hamiltonian of the electron in the ab-
sence of external fields is

He0 =
1

2mx
* p−p+ +

1

2mz
* pz

2 + Eg, �4�

where mx
*=0.1806m0, mz

*=0.1788m0 are the electron effec-
tive masses and Eg=2.582 eV is the band gap.23

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

V = eF · r = eFx = eFr cos � = 1
2eFrei� + 1

2eFre−i�. �5�

We choose the magnetic field along the x or z direction. In
the absence of magnetic ions, the magnetic field introduces
three terms in the hole Hamiltonian, the antisymmetric term
Hasym, the magnetic-momentum term Hmm, and the spin-
Zeeman-splitting term HZeeman�h,24 and it also introduces the
spin-Zeeman-splitting term HZeeman�e in the electron Hamil-
tonian. In the presence of magnetic ions, the magnetic field
brings the magnetization of the localized spins, so it intro-
duces two other terms, the s-d and p-d exchange interaction
terms between the carriers and the magnetic ion, Hsd and Hpd
in the electron and hole Hamiltonians, respectively. They are
written as3

Hsd = �se · M/�gMn�B� , �6�

Hpd = �sh · M/�gMn�B� , �7�

where gMn=2 is the g factor of magnetic ion, se�sh� is the
spin �se=sh= 1

2
� of electron �hole�, �N0 and �N0 are the s-d

and p-d exchange constants, and N0 is the number of cations
per unit volume. For Mn-doped CdS, �N0=0.22 eV and
�N0=−1.8 eV.25 M is the magnetization of the localized
spins of the magnetic ions. In the paramagnetic case, M is
parallel to the external magnetic field, the magnitude of M is
given by3

M = SgMn�BN0xef fBS
 SgMn�BB

kB�T + TAF�� , �8�

where S= 5
2 is the spin of magnetic ion, xef f is the effective

content of magnetic ions, TAF accounts for the reduced
single-ion contribution due to the antiferromagnetic Mn-Mn
coupling, and the Brillouin function BS�x� is

BS�x� =
2S + 1

2S
coth�2S + 1

2S
x� −

1

2S
coth� 1

2S
x� . �9�

For Mn-doped CdS, TAF=1 K.3 The total hole and electron
Hamiltonians in the presence of electric and magnetic fields
are written as

Hh = Hh0 + V + Hasym + Hmm�h + HZeeman�h + Hpd, �10�

He = He0 + V + Hmm�e + HZeeman�e + Hsd. �11�

We assume that the nanowires have cylindrical symmetry,
the longitudinal axis is along the z direction, and the elec-
trons 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 hole and electron envelope functions are

�kz

h = �
J

�
n �

bl−1,n,↑Al−1,nJl−1�kn
l−1r�ei�l−1��

cl,n,↑Al,nJl�kn
l r�eil�

dl+1,n,↑Al+1,nJl+1�kn
l+1r�ei�l+1��

bl,n,↓Al,nJl�kn
l r�eil�

cl+1,n,↓Al+1,nJl+1�kn
l+1r�ei�l+1��

dl+2,n,↓Al+2,nJl+2�kn
l+2r�ei�l+2��

�eikzz,

�12�

�kz

e = �
l

�
n
�el,n,↑Al,nJl�kn

l r�eil�

el,n,↓Al,nJl�kn
l r�eil� �eikzz, �13�

respectively, where J= l+1/2 and Al,n is the normalization
constant,

Al,n =
1

		RJl+1��n
l �

. �14�

Here, �n
l =kn

l R is the nth zero point of Jl�x�, R is the radius of
the wire, and kz is the wave vector along the wire direction,
which is a good quantum number.

III. RESULTS AND DISCUSSION

In this section, we calculate the electronic structure, Zee-
man splitting, and g factor of the Mn-doped CdS nanowires
under magnetic and electric fields using the k · p method and
the mean field model.

Figures 1�a� and 1�b� show the electron and hole energy
levels of Mn-doped CdS nanowires as functions of the radius
R at kz=0, B=0, and F=0. The main state components of
some levels are labeled; for example, �1,0�X+↑ means that
the state has the envelope function with n=1, l=0 see Eqs.
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�12� and �13��, the Bloch function �11�, and the spin-up state.
The electron levels decrease and hole levels increase as R
increases. When R
2 nm, the hole ground states have the
components �1,0�Z↑ and �1,0�Z↓, while when R�7 nm,
they have the components �1,0�X+↑ and �1,0�X−↓. Thus, the
hole ground states vary a lot with R. Figures 1�c� and 1�d�
show the electron and hole energy levels of Mn-doped CdS
nanowires with R=1.5 nm as functions of the wave vector kz

at B=2 T �B � z�, xef f =0.01, T=10 K, and F=0. From the
figures, we see that the energy levels split greatly at B=2 T
due to their sp-d exchange interaction with the Mn ion see
Eqs. �6� and �7��.

Figures 2�a� and 2�b� show the electron energy levels of
Mn-doped CdS nanowires with R=1.5 nm as functions of B
at xef f =0.01, T=10 K, kz=0, and F=0 in the cases of B � z
and B �x, respectively. Figures 2�c� and 2�d� are the same but

FIG. 1. Energy levels of Mn-
doped CdS nanowires in the ab-
sence of electric field. �a� Electron
levels as functions of R at B=0
and kz=0. �b� Hole levels similar
to �a�. �c� Electron levels as func-
tions of kz for R=1.5 nm, B=2 T
�B � z�, xef f =0.01, and T=10 K.
�d� Hole levels similar to �c�.

FIG. 2. Energy levels and g
factors of Mn-doped CdS nano-
wires with R=1.5 nm and xef f

=0.01 at T=10 K, kz=0, and F
=0 as functions of B. �a� Electron
levels B � z. �b� Electron levels
B �x. �c� Hole levels B � z. �d� Hole
levels B �x. �e� Electron g factors.
�f� Hole g factors.
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for the hole energy levels. The Zeeman splittings are similar
for different magnetic field directions; i.e., they are almost
isotropic. The slitting energy �E increases nearly linearly
with B, then shows a saturation trend when B is large, which
is not clear in the figures. We can define a g factor g
=�E / ��BB� to denote the Zeeman splitting energy at a given
magnetic field. The gz and gx factors of the electron and hole
ground states as functions of B for R=1.5 nm wire are shown
in Figs. 2�e� and 2�f�, respectively. gz �gx� is the g factor
when the magnetic field is along the z �x� direction. We note
that the g factor decreases as B increases, which indicates the
saturation trend of the Zeeman splittings. It is due to the
saturation of the magnetization of the localized spins as B
increases see Eq. �8��. For the electron ground states, gz
=gx, i.e., they are exactly isotropic. While for the hole
ground states, gz is a little smaller than gx, so they are a little
anisotropic.

Figures 3�a� and 3�b� show the electron energy levels of
Mn-doped CdS nanowires with R=10 nm as functions of B
at xef f =0.01, T=10 K, kz=0, and F=0 in the cases of B � z
and B �x, respectively. Figures 3�c� and 3�d� are the same but
for the hole energy levels. The Zeeman splittings of electron
ground states are still isotropic. We see from Fig. 3�d� that
when B �x, the Zeeman splitting of hole ground states is very
small, while the Zeeman splitting when B � z Fig. 3�c�� is
large. Thus, the Zeeman splittings of the hole ground states
are highly anisotropic, and gz is very larger than gx. Figures
4�a� and 4�b� show the gz and gx factors of the ground states
as functions of B for electron and hole, respectively. We see
from Figs. 4�a� and 4�b� that for electron states, gz is nearly
the same as gx, decreasing with increasing B which is similar
to the cases in Figs. 2�e� and 2�f�, but for hole states, gx is
much smaller than gz. The gx increases slightly as B in-
creases because the second excited states split normally and

FIG. 3. Energy levels of Mn-
doped CdS nanowires with R
=10 nm and xef f =0.01 at T
=10 K, kz=0, and F=0 as func-
tions of B. �a� Electron levels B � z.
�b� Electron levels B �x. �c� Hole
levels B � z. �d� Hole levels B �x.

FIG. 4. g factors and their an-
isotropic factor of Mn-doped CdS
nanowires with R=10 nm and
xef f =0.01 at T=10 K, kz=0, and
F=0 as functions of B. �a� Elec-
tron g factors. �b� Hole g factors.
�c� and �d�� The anisotropic fac-
tor of hole g factors.
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one of them becomes close to the hole ground states and
couples with them, leading to their splitting. In order to de-
note the anisotropy, we define an anisotropic factor of the
Zeeman splitting for the hole ground states as gz /gx, which is
shown in Figs. 4�c� and 4�d� as functions of B in the range of
0
B
0.5 T and 0.5
B
2 T, respectively. We see that the
anisotropic factor can be as large as 170 000 at small mag-
netic field, and decreases when B increases because gz de-
creases and gx increases. The highly anisotropic Zeeman
splitting of nanowires will lead to highly anisotropic magne-
totransport for different magnetic field directions. This aniso-
tropic magnetotransport effect is significant at low tempera-
ture, while it is tiny when the temperature is very high due to
the carriers’ thermal distribution. The highly anisotropic Zee-
man splitting of hole ground states appears in thick nano-
wires while disappears in thin nanowires because there are
two level crossings of the highest hole levels and the hole
ground states vary with the radius see Fig. 1�.

Physically, the highly anisotropic Zeeman splitting is in-
duced by the spin-orbit coupling effect, which makes the
spin states couple with the space-wave functions. The space-
wave functions are anisotropic due to the crystal field split-
ting energy ��c� and the anisotropic shape of the wire �from
the z direction to x direction�. This makes the spin states
anisotropic. The spin-orbit coupling in the conduction band
of CdS is neglectable, so the spin states of the electron states
are isotropic. We see that the electron ground states �1,0�S↑
and �1,0�S↓ have the same space-wave function �1,0�S.
There are some hole states whose spin states are basically
isotropic, for example, the hole ground states of R=1.5 nm
wire �1,0�Z↑ and �1,0�Z↓ which have the same space-wave
function �1,0�Z. While some hole states have highly aniso-
tropic spin states, for example, the hole ground states of R
=10 nm wire �1,0�X+↑ and �1,0�X−↓ whose space-wave
functions �1,0�X+ and �1,0�X− are quite different. In the hole
Hamiltonian Eq. �10��, there are three terms which induce

Zeeman splitting: the Hasym, HZeeman�h, and Hpd; the last one
dominates when xef f is not too small. When B � z, the three
terms can be written as A�z, BIz,

24 and C�z, respectively; A,
B, and C are the coefficients. They have large matrix ele-
ments in the states of �1,0�X+↑ and �1,0�X−↓, leading to
large Zeeman splitting. When B �x, the three terms can be
written as A�x, BIx, and C�x, respectively. A�x and C�x have
zero matrix elements between the states of �1,0�X+↑ and
�1,0�X−↓ as their space-wave functions are orthogonal. BIx

has zero matrix element between the states of �1,0�X+↑ and
�1,0�X−↓ because the spin states are orthogonal. That is why
the Zeeman splitting in Fig. 3�d� is tiny in the case of B �x.
While for the states whose space-wave functions are same,
such as �1,0�Z↑ and �1,0�Z↓, the Zeeman terms have large
matrix elements in both the cases of B � z and B �x. Therefore,
the states which have very different space-wave functions
have highly anisotropic Zeeman splitting. The former works
on highly anisotropic Zeeman splittings20–22 focused on the
heavy-hole states whose space-wave functions are different
such as �1,0�X+↑ and �1,0�X−↓ in Fig. 1�. Our result can be
used to explain the former experimental results20–22 and sug-
gests to investigate the highly anisotropic Zeeman splitting
of other states that have very different space-wave functions.

Figure 5�a� shows the hole energy levels of Mn-doped
CdS nanowires with R=10 nm as functions of the transverse
electric field F at B=0 and kz=0. We see that an external
electric field can make the hole states coupled with each
other, resulting in the mixing of the wave functions and the
energy levels anticrossing. The coupling of states will change
the Zeeman splitting dramatically. Figures 5�b� and 5�c�
show the hole energy levels of Mn-doped CdS nanowires
with R=10 nm as functions of B at xef f =0.01, T=10 K, kz
=0, and F=2 mV/nm in the cases of B � z and B �x, respec-
tively. We find that the Zeeman splitting in the B �x case is
large even B is small, which is contrary to that when F=0
see Fig. 3�d��. It is due to the mixing of the nearly isotropic

FIG. 5. Hole levels of Mn-
doped CdS nanowires with R
=10 nm and xef f =0.01 at T
=10 K and kz=0. �a� B=0 as
functions of F. �b� F=2 mV/nm
as functions of B �B � z�. �c� F
=2 mV/nm as functions of B
�B �x�.
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components into the originally anisotropic hole ground states
�1,0�X+↑ and �1,0�X−↓. The Zeeman splitting in the B � z
case is affected a little by the electric field. Figure 6�a� shows
the gz and gx factors of the hole ground states in R=10 nm
wire as functions of F at xef f =0.01, T=10 K, kz=0, and B
=2 T. It is interesting to note that the gz decreases as F
increases, and the gx increases from nearly 0 to 70 when the
electric field increases from 0 to just 3 mV/nm which is
comparatively small. Figures 6�b� and 6�c� show the aniso-
tropic factor �gz /gx� as functions of F for the range 0
F

1 mV/nm and 1
F
3 mV/nm, respectively. We see
that the gz /gx decreases from 170 000 to nearly 1 rapidly as
the electric field increases. So a small electric field can tune
the g factor dramatically. As DMS nanowires can be used for
spin-dependent transportation,17 by using the Zeeman split-
ting of the ground states, a small external electric field can be
used to control the spin-dependent transportation in DMS
nanowires.

IV. CONCLUSIONS

In summary, the electronic structure, Zeeman splitting,
and g factor of Mn-doped CdS nanowires were studied using

the k · p method and the mean field model. It was found that
the Zeeman splittings of the hole ground states are aniso-
tropic for different magnetic field �B� directions, and so are
their g factors, due to the spin-orbit coupling effect. The hole
ground states vary a lot with the radius. For thin wire, gz is a
little smaller than gx. For thick wire, gz is 170 000 times
larger than gx at small magnetic field, and the anisotropic
factor gz /gx decreases as B increases. A small transverse
electric field can change the Zeeman splitting of the hole
ground states dramatically, so tune the gx from nearly 0 to
70, because the state components vary due to the state cou-
pling induced by the electric field. The anisotropic factor
decreases from 170 000 to nearly 1 rapidly as the electric
field increases. The Zeeman splittings of the electron ground
states are always isotropic as the spin-orbit coupling is ne-
glectable in these states.
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