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Recently, we have proposed a spin quantum cross structure �SQCS� device toward the realization of
novel switching devices. The SQCS device consists of two ferromagnetic metal thin films with their
edges facing each other at an angle of �, and sandwiches a few molecules and atoms. In this paper,
the calculation of electronic transport has been performed for SQCS devices with the Ni
noncollinear magnetic films as both electrodes within the framework of the Anderson Hamiltonian,
taking into consideration both polar angle �, and azimuthal angle �. We have obtained the general
noncollinear spin transport formula, and the polar angle dependence of current-voltage
characteristics of SQCS devices. The noncollinear spin transport is determined only by the angle �
defined by the inner product of two spins. Also, it is implied that SQCS devices can serve as
multivalued memory devices by varying the angle �. © 2010 American Institute of Physics.
�doi:10.1063/1.3357330�

I. INTRODUCTION

We have proposed a spin quantum cross structure
�SQCS� device as a candidate beyond complementary metal-
oxide semiconductor.1–4 The SQCS device consists of two
ferromagnetic metal thin films with their edges facing each
other at an angle of � as shown in Figs. 1�a� and 1�b�. The
SQCS device has potential applications in both spin depen-
dent switching devices and spin dependent high-density
memory devices by sandwiching a few molecules and atoms.
Also, the SQCS device has favorable configuration for inves-
tigating the spin dependent electronic transport between the
noncollinear ferromagnetic electrodes because we can easily
change the direction of magnetization in both electrodes by
rotating the other electrode by an angle of �. This fact means
that the calculation results can be easily verified by experi-
ments. The ferromagnetic metal thin films such as Ni, Fe,
and Co can be made by an evaporation method on organic
substrates. Then, we can realize SQCS devices by using the
edges of evaporated ferromagnetic metal thin films as both
electrodes. In previous work, we studied the spin dependent
electronic transport of the SQCS devices with the Ni collin-
ear magnetic films as both electrodes, theoretically and
experimentally.4 In this paper, we investigate the general spin
dependent electronic transport of the SQCS devices with the
Ni noncollinear magnetic films as both electrodes within the
framework of the Anderson Hamiltonian, taking into consid-
eration both polar angle �, and azimuthal angle �.

II. THEORY AND RESULTS

We study the current-voltage �I-V� characteristics of
SQCS devices with a molecule sandwiched between two Ni
noncollinear magnetic electrodes. The molecule is assumed
to have two energy levels. We include the possibility that the

molecule flips the spin of an electron passing through the
energy level. The model of SQCS devices with two-
dimensional �2D� electrodes is shown in Fig. 1�c�. The en-
ergy diagram for the SQCS device model is also shown in
Fig. 1�d�. We analyze the transport characteristics using the
Anderson Hamiltonian. The Anderson Hamiltonian is de-
scribed as follows:

H = HElectrodes + Hmole + Ht , �1�

where

HElectrodes = �
�=L,R

�
k,�

��k�c�k�
† c�k�, �2�

Hmole = �
i,�

�0��i�ai�
† ai�, Ht = HLt + HRt . �3�

Ht consists of two interaction Hamiltonians, HLt and HRt in
the following:
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FIG. 1. �Color� �a� Whole image and �b� top view of SQCS devices and the
definition of polar angle �, and azimuthal angle �. Schematic illustrations of
�c� SQCS device models and �d� the energy diagram for SQCS devices.
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HLt = �
k,i

�VL
↑↑cLk↑

† ai↑ + VL
↓↓cLk↓

† ai↓ + H.c.� , �4�

HRt = �
k,i
��VR

↑↑ei��/2� cos
�

2
cRk↑

† − VR
↑↓ei��/2� sin

�

2
cRk↓

† �ai↑

+ �VR
↓↑e−i��/2� sin

�

2
cRk↑

† + VR
↓↓e−i��/2� cos

�

2
cRk↓

† �ai↓

+ H.c.	 . �5�

HElectrodes is the Hamiltonian of both Ni electrodes, ��k↑�↓�
=�2k2 /2m��ex, m is the free electron mass, and � is
Planck’s constant divided by 2	. The band of itinerant d-like
electrons of Ni is assumed to be parabolic with the free elec-
tron mass.5 The wave vector k is a 2D vector in 2D elec-
trodes. The value of 260 meV was used for the exchange
splitting 2�ex of Ni.6 c�k↑�↓�

† and c�k↑�↓� are creation and an-
nihilation operators for electrons of wave vector k and spin
index ↑�↓ � in � electrode. � indicates the left or right elec-
trode. The creation and annihilation operators obey the stan-
dard fermion anticommunication rules. Hmole is the Hamil-
tonian of a molecule sandwiched between both electrodes,
and �0��i� represents the ith energy level of eigenstates of an
electron of spin index �= ↑ �↓ � in the molecule as shown in
Fig. 1�d�. The two energy levels are �0��1�=0.5 eV, �0��2�
=1 eV, estimated from Fermi levels EFL, EFR of each elec-
trode, respectively. The Fermi levels EFL, EFR of each elec-
trode were assumed to be equal and we used the value of
9.071 eV for the Ni Fermi level.7 ai↑�↓�

† and ai↑�↓� are creation
and annihilation operators for electrons of spin index ↑�↓ � in
the ith energy level. These operators also obey the standard
fermion anticommunication rules. Here, the magnetization of
the left electrode is pointing to the z direction, and the mag-
netization of the right electrode has arbitrary directions rep-
resented by polar angle �, and azimuthal angle �. HR�L�t is
the transfer Hamiltonian between the sandwiched molecule
and the right �left� electrode, V�

��́ is the spin-dependent elec-
tron transfer matrix between an electron of spin index � in
the molecule and an electron of spin index �́ in � electrode.
The index of ���́� takes the value of ↑�↓ �. This value V�

��́

determines the coupling strength between each electrode and
the molecule. For the sake of simplicity, we assumed that the
spin flip scattering does not happen at the interface between
the molecule and each electrode. However, in actual devices,
the scattering happens by defects or surface roughness at the
interface between the molecule and each electrode. If neces-
sary, the effects induced by the scattering can be included in
the transfer matrices and densities of states of electrodes,
phenomenologically. Notice that this assumption is indepen-
dent of spin flip processes in the molecule. The spin depen-
dent I-V characteristics from right to left electrode has been
studied, taking into consideration both polar angle �, and
azimuthal angle �. The spin-dependent electron transfer ma-
trices are dependent on each other. The following equations
hold after simple consideration:

VR
↑↑ = VR

↓↑, VR
↓↓ = VR

↑↓. �6�

Here, we define the following retarded Green’s function of
the sandwiched molecule,

Gi
r��́��� = − i
 dt��t���ai��t�,ai�́

† �0��ei��+i
�t, �7�

where �¯  denotes an anticommutator, �¯ � means the ther-
modynamic average, ��t� is a step function of time t, and 
 is
an infinitesimal positive quantity. These Green’s functions
with spin index ��́ are regarded as matrix elements of Gr���
which is the 2�2 matrix in spin space for the retarded
Green’s function in the sandwiched molecule. Gr��� satisfies
the Dyson equation in matrix form as follows:

Gr��� = G0
r��� + G0

r����r���Gr��� , �8�

where the free Green’s function G0
r��� and the self-energy

�r���=�R
r ���+�L

r ��� are also 2�2 matrices in spin space.
�R�L�

r ��� describes the interaction between the molecule and
the right �left� electrode. Using Keldysh formalism,8 the cur-
rent I from right to left electrode is described as follows:

I =
e

h

 d� Tr��LGr�RGr†��fL − fR� , �9�

�R = i��R
r − �R

r†�, �L = i��L
r − �L

r†� , �10�

where fR�L� is the Fermi–Dirac distribution function of right
�left� electrode, and �R�L� means the coupling strength matrix
between the molecule and right �left� electrode. After tedious
manipulations, we can obtain the following matrix elements
of the self-energies �R

r ��� and �L
r ��� using the Hamiltonian

in Eq. �1�:

�R
r↑↑ = �

k
� �VR

↑↑�2cos2 �
2

� − �Rk↑ + i

+

�VR
↓↓�2sin2 �

2

� − �Rk↓ + i

	 ,

�R
r↓↓ = �

k
� �VR

↓↓�2cos2 �
2

� − �Rk↓ + i

+

�VR
↑↑�2sin2 �

2

� − �Rk↑ + i

	 ,

�R
r↑↓ = �

k
e−i�� �VR

↑↑�2sin�
2cos�

2

� − �Rk↑ + i

−

�VR
↓↓�2sin�

2cos�
2

� − �Rk↓ + i

	 ,

�R
r↓↑ = �

k
ei�� �VR

↑↑�2sin�
2cos�

2

� − �Rk↑ + i

−

�VR
↓↓�2sin�

2cos�
2

� − �Rk↓ + i

	 ,

�L
r↑↑ = �

k

�VL
↑↑�2

� − �Lk↑ + i

, �L

r↓↓ = �
k

�VL
↓↓�2

� − �Lk↓ + i

.

You can notice that the self-energy �L
r ��� is a diagonal ma-

trix, and only the off-diagonal elements of the self-energy
�R

r ��� have a dependence on azimuthal angle �. To our
knowledge, we have shown azimuthal angle � dependence
of the self-energy explicitly for the first time. Then, the fol-
lowing matrix elements of the Green’s function Gr��� can be
obtained using the above self-energy matrix elements and
Eq. �8�:
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Gi
r↑↑ =

Mi
↓

Di
,Gi

r↑↓ =
�r↑↓

Di
,Gi

r↓↑ =
�r↓↑

Di
,Gi

r↓↓ =
Mi

↑

Di
,

where

Di = Mi
↑Mi

↓ − �r↑↓�r↓↑,

Mi
↑ = � − �0↑�i� + i
 − �r↑↑,

Mi
↓ = � − �0↓�i� + i
 − �r↓↓.

Using Eqs. �6� and �9�, and the above elements, the current I
can be obtained as follows:

I =
e

h



EFR

EFR+eV

d��
i

�L
↑↑R

↑↑��Gi
r↑↑�2 + �Gi

r↑↓�2�

+ L
↓↓R

↓↓��Gi
r↓↓�2 + �Gi

r↓↑�2�� � �f�� − eV − EFR� − f��

− EFR�� , �11�

where

L
↑↑ = 2�L

↑↑, R
↑↑ = 2��R

↑↑ cos2�

2
+ �R

↓↓ sin2�

2
� ,

L
↓↓ = 2�L

↓↓, R
↓↓ = 2��R

↓↓ cos2�

2
+ �R

↑↑ sin2�

2
� ,

�L
↑↑ = 	DL

↑����VL
↑↑�2, �L

↓↓��� = 	DL
↓����VL

↓↓�2,

�R
↑↑ = 	DR

↑����VR
↑↑�2, �R

↓↓��� = 	DR
↓����VR

↓↓�2.

DL
↑���, DR

↑��� �DL
↓���, DR

↓���� are densities of states of the
↑�↓ � spin electrons in left and right electrodes, respectively.
This equation is a general noncollinear spin dependent trans-
port formula with the spin flip process in the molecule, tak-
ing into consideration both polar angle �, and azimuthal
angle �. This formula does not include the azimuthal angle �
dependence. Although the self-energy �r↑↓�↓↑� has a depen-
dence on �, they are canceled out completely. Namely, only
the polar angle � affects the electronic transport. This fact
means that the noncollinear spin transport is determined only
by the angle defined by the inner product of two spins. Also,
this formula can be widely used for molecular spintronic
devices. In most cases the spin flip process does not occur in
the molecule. Therefore, Gi

r↑↓�↓↑� in Eq. �11� vanishes be-
cause these Green’s functions represent the spin flip process

in the molecule. Then, Eq. �11� becomes the following
simple formula:

I =
e

h



EFR

EFR+eV

d��
i
�4�L

↑↑��R
↑↑ cos2 �

2 + �R
↓↓ sin2 �

2�
�� − �0�i��2 + �↑↑

2

+
4�L

↓↓��R
↓↓ cos2 �

2 + �R
↑↑ sin2 �

2�
�� − �0�i��2 + �↓↓

2 	 � �f�� − eV − EFR�

− f�� − EFR�� , �12�

where �↑↑�↓↓�=�L
↑↑�↓↓�+�R

↑↑�↓↓� cos2 �
2 +�R

↓↓�↑↑� sin2 �
2 . The equa-

tions �R
↑↑=�L

↑↑ and �R
↓↓=�L

↓↓ hold from the symmetry. Figure
2 shows calculated results of I-V characteristics for SQCS
devices using Eq. �12� under the weak coupling condition.
We regard the coupling as weak coupling when the energy of
the coupling strength is smaller than that of the ambient tem-
perature 26 meV. In this situation, the value of 3.67 meV
�0.92 meV� was used for the coupling strength �R

↑↑��R
↓↓�, re-

spectively, assuming that the upspin is the majority spin in
both electrodes. Changing polar angle �, the current gradu-
ally decreases because the two Ni magnetic electrodes begin
to have components of antiparallel magnetic moments. Fig-
ure 3 shows the angular dependence of the current of SQCS
devices at an operating voltage of 0.75 V. These results im-
ply that SQCS devices can serve as multivalued memory
devices by varying polar angle � using microelectromechani-
cal system, etc.
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FIG. 2. Calculated results of I-V characteristics for SQCS devices under the
weak coupling condition at 300 K.
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FIG. 3. Angular dependence of the current of SQCS devices at an operating
voltage of 0.75 V.
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