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Recently, we have proposed quantum cross structure (QCS) devices that consist of two metal thin
films deposited on organic films with edge-to-edge configuration like crossed fins for switching
devices. In this paper, we propose a spin quantum cross structure (SQCS) device, which is a QCS
device consisting of two magnetic thin films. We show theoretical and experimental results of
electronic transport characteristics regarding SQCS devices. The calculation of the [I-V
characteristics has been performed for the SQCS devices with the Ni magnetic thin films for both
the electrodes within the framework of the Anderson model. Then, we fabricated a SQCS device
with the Ni magnetic thin films and measured the /-V characteristics by a four-terminal method.
Also, the calculation of the magnetoresistance ratio has been done as a function of renormalized
transfer matrices including magnetostriction effects and the other effects phenomenologically.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3072781]

Recently, we have proposed a double
“nanobaumkuchen” (DNB) structure, composed of two thin
slices of alternating metal/insulator nanobaumkuchen, as a
lithography-free nanostructure fabrication technologyl_3 and
a quantum cross structure (QCS) device.** The cross point of
the DNB can be scaled down to ultimate feature sizes of a
few nanometers due to the film thickness determined by the
metal-deposition rate, ranging from 0.01 to 1 nm/s. We call
one crossing element of the DNB structure a QCS device
that consists of two metal nanoribbons with the edge-to-edge
configuration. Especially, we call the QCS device with mag-
netic electrodes or spin injection mechanism “a spin quan-
tum cross structure (SQCS) device,” shown in Fig. 1(a).

We study the current-voltage characteristics of SQCS de-
vices with a molecule sandwiched between two Ni magnetic
electrodes. The molecule is assumed to have two energy lev-
els. We also assume that the molecule does not flip 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(b). The energy diagram for the SQCS device
model is also shown in Fig. 1(c). We analyze the transport
characteristics using the Anderson Hamiltonian. The Ander-
son Hamiltonian is described as follows:

H = Hejeetrodes + Himote + H;s (1)

where
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Hgjectrodes 18 the Hamiltonian of both the Ni electrodes, €,
=#%k?%/2m, m is the free electron mass, and # is the Planck
constant divided by 27. The band of itinerant d-like elec-
trons of Ni is assumed to be parabolic with the free electron
mass.” The wave vector k is a 2D vector in 2D electrodes.
cl’,m and c,y, are creation and annihilation operators for
electrons of wave vector k and spin index o in « electrode. «
indicates the left or right electrode. The creation and annihi-
lation operators obey the standard fermion anticommunica-
tion rules. H, . is the Hamiltonian of a molecule sand-
wiched between both electrodes, and €,(i) represents the ith
energy level of eigenstates of the molecule as shown in Fig.
1(c). The two energy levels are €)(1)=0.5 eV and ¢,(2)
=1 eV, estimated from Fermi levels Ey; and E g of the two
electrodes, respectively. The Fermi levels Er; and Epp of the
electrodes were assumed to be equal, and we used the value
of 9.071 eV of Ni for the Fermi level.® The value of 260
meV was used for the exchange splitting of Ni. aza and a; ,
are creation and annihilation operators for electrons of spin
index o in the ith energy level. These operators also obey the
standard fermion anticommunication rules. H, is the transfer
Hamiltonian between the sandwiched molecule and each
electrode. V¢, is the spin-dependent transfer matrix between
the molecule and electrons of spin index o in « electrode.
This value determines the coupling strength between each
electrode and the molecule. Considering H, as a perturbation,
we have investigated the current-voltage characteristics from
right to left electrode by changing these coupling strengths.
The electrons flow from left to right electrode. After tedious
manipulation, the current / from right to left electrode is as
follows:

© 2009 American Institute of Physics
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FIG. 1. (Color online) Schematic il-

lustrations of (a) SQCS devices and
(b) SQCS device model with 2D Ni
electrodes. (c) The energy diagram for

Left Electrode

Right Electrode SQCS devices.

(a) Spin quantum cross structure devices (b) SQCS model with 2D electrodes (c) Energy diagram for SQCS devices

I}y, parallel

1=3(PLHR_PRHL)={ 3)

I, antiparallel,

where ¢ is the elementary charge, P;_ ., (Pg_,) is the tran-
sition probability of electrons from left to right (right to left)
electrode, and I}, () is the current flowing from right to
left electrode when two Ni magnetic electrodes have the par-
allel (antiparallel) magnetic moments. They are given by

~ e_2 EpgteV 4T (e)Tx(e)
= h f dé; <[6— e+ [T (e)]?

Erg
. AT(T(e )
[e- &)+ [T (9T

X[f(€e=eV—Erg) - f(e= Erp)], 4)
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=5 LFR dE; ([6— &)+ (e
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[e— )P+ [T (&)

X[f(e—eV—Erg) - fle=Epg)]. (5)

where f(€) is the Fermi-Dirac distribution function, I'**(e)
=T'j(e)+I'z(e), I (e)=I" () +I'x(e), " (e)=T";(e)+I';(e€),
and I'"*(e)=I";(e)+T'x(e). Since both the electrodes are the
same Ni, the following equations hold from the symmetry:

(e =I""(e), Tj(e=I%le), I'(e=I%le). (6)
The superscript + (—) designates the coupling between the
density of states of the majority (minority) spin electrons and
the molecule. Then, I';(e) and I';(€) [I';(e) and I'z(€)] are
coupling strengths between the molecule and the majority
(minority) spin electrons of left and right electrodes, respec-

tively, which are given in the following:

I'i(e) = wDi(e)|V} 2,

2, T'i(e)=7Di(e)|V;

I'z(€) = mDx(e)| Vi

%, Ti(e) = mDy(e)| Vi[>, (7
where Dj(€) and Dj(e) [D;(€) and Dx(€)] are densities of
states of the majority (minority) spin electrons in left and
right electrodes, respectively, and V] and V (V, and V;) are
transfer matrices between the molecule and majority (minor-
ity) spin electrons in left and right electrodes, respectively. In
this model, the relations V;=Vj and V; =V hold from the
symmetry. Now, we define the renormalized transfer matri-
ces as follows:

WiR)(© = DiR (Vi) )

These renormalized transfer matrices can include the spin
polarization effects, physical disconnection induced by mag-
netostriction effects, and the other effects with application of
magnetic field. In our model, the MR ratio is given by

Gy—-G I, =1
MR = — o A=

9 (9)
Gy Iy ey,

where Gy, (G;)) is a conductance of SQCS devices when
two Ni magnetic electrodes have the parallel (antiparallel)
magnetic moments. They are dependent on the applied volt-
age. Then, MR ratio is defined at V,. V, is the operating
voltage, which is 0.75 V in this calculation. We have calcu-
lated the transport characteristics at room temperature of 300
K. Figure 2(a) shows the I-V characteristics of SQCS devices
with two Ni thin film electrodes with parallel magnetic mo-
ments under the weak coupling condition. We regard the
coupling as the weak coupling when the energy of coupling
strength is smaller than that of the ambient temperature 27
meV. In this situation, we used the coupling strengths I';(e€)
and I';(e) of 1.57 meV. The results show sharp steps at the
positions of the energy level of the sandwiched molecule.
Even at room temperature, these conductance peaks are
sharp, indicating that a SQCS device with Ni thin film elec-
trodes can be used as a switching device that works at very
small voltage change. Figure 2(b) shows the I-V characteris-
tics of SQCS devices under the strong coupling limit. The
strong coupling limit means that the energies of the coupling
strengths I';(e) and I';(e) are much larger than that of the
ambient temperature. We used the coupling strengths I';(e)
and I'(€) of 3927 meV. In this case, the energy level of the
sandwiched molecule is almost continuous because of the
wide broadening induced by the strong coupling with the
itinerant electrons. Therefore, we expect the /-V characteris-
tics to be like those of the Ohmic contact without the mol-
ecule. As expected, we can obtain the Ohmic-type /-V char-
acteristics. The MR ratio calculated by Eq. (9) is shown in
Fig. 3(a). We have calculated the MR ratio with the renor-

kS
=
1
S

V=V 'e=0.2 meV (C)
7300 K

V=V *r=10 meV (b)
T=300 K

S
>
2

[
I
S

0.8
0.6
0.4
0.2

0.15

Current (pA)
Current (mA)

0.10

0.05

002040608 10 12 14 16 18 2.0
Voltage (V) Voltage (V)

FIG. 2. The current-voltage characteristics of SQCS devices (a) under the
weak coupling condition and (b) under the strong coupling limit.
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FIG. 3. (a) The calculated MR ratio of SQCS devices. (b) The relation
between the renormalized transfer matrices and the spin polarizations of
ferromagnetic electrodes of SQCS devices.

malized transfer matrices changed while imagining that
SQCS devices have ferromagnetic materials with different
spin polarizations in both the electrodes, and that the cou-
pling between both the electrodes is getting weak due to
physical shrinkage induced by magnetostriction effects with
application of magnetic field. The calculated curve is de-
scribed very well by the following fitting function:

(10)

We notice that this function is very similar to the amplitude
reflection coefficient of electromagnetic waves, regarding the
renormalized transfer matrix ratio as a relative refractive in-
dex. Namely, the MR ratio can be regarded as an amplitude
reflection coefficient of itinerant d-like electrons from one
electrode to the other electrode. When we know the spin
polarizations of the ferromagnetic electrodes, the MR ratio
can be calculated by the Julliere model ® Though our calcu-
lation results include not only spin polarization effects but
also the other effects with application of magnetic field, we
apply the Julliere formula to the calculation results in order
to derive the relation between the renormalized transfer ma-
trices and the spin polarization of ferromagnetic electrodes.
The relation is shown in Fig. 3(b). If you know the spin
polarization of magnetic electrodes, you can obtain the ratio
of the renormalized transfer matrices from Fig. 3(b). Then,
the expected MR ratio can be obtained from Fig. 3(a), using
the ratio of the renormalized transfer matrices. If the experi-
mental MR ratio is higher than the value, we can suggest that
the other effects such as magnetostriction enhance the MR
ratio.

We have realized a prototype SQCS device with Ni thin
film electrodes. Ni thin films have been thermally evaporated
on polyethylene naphthalate (PEN) substrates (2 mm width,
10 mm length, and 100 um thickness) in a high vacuum
chamber at the base pressure of 10 Torr. The growth rate
is 0.93 nm/min at the evaporation power of 280 W. Fabri-
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(a) A fabricated SQCS device

(b) Experimental current-voltage characteristics

FIG. 4. (a) A fabricated SQCS device. (b) Experimental current-voltage
characteristics of SQCS devices and the measurement setup of the four-
probe method.

cated Ni/PEN films have been sandwiched between two
polymethyl methacrylate (PMMA) resins. The edge of
PMMA/Ni/PEN/PMMA has been polished by chemical me-
chanical polishing methods using alumina (Al,O5) slurries
with particle diameters of 0.1, 0.3, and 1.0 um. Two sets of
polished PMMA/Ni/PEN/PMMA have been prepared and at-
tached together with their edges crossing in a highly clean
environment.” Figure 4(a) shows the schematic illustration of
a fabricated SQCS device consisting of two Ni thin films.
The Ni thickness measured by an optical method is 17 nm.
Since the Ni thickness is 17 nm, the cross-sectional area
between two Ni thin films is 17 X 17 nm?. The experimental
current-voltage characteristics of the SQCS device have been
measured by a four-probe method at room temperature, and
are shown in Fig. 4(b). The experimental results agree well
with the theoretical one in Fig. 2(b) qualitatively. The mea-
sured resistance is very large and cannot be explained within
the above theory. We suspect that this discrepancy is attrib-
uted to the resistance of the electrodes themselves. We also
measured the MR effect of the fabricated SQCS device, but
the MR effect was not observed. We consider that this is
because the measured very large resistance prevents us from
observing the small MR effect.
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