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Photo-Induced Spin Dynamics in Nanoelectronic Devices
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The present research is devoted to the investigation of electron spin transmission through a nanoelectronic device.
This device is modeled as nonmagnetic semiconductor quantum dot coupled to two diluted magnetic semiconduc-
tor leads. The spin transport characteristics through such a device are investigated under the effect of an ac-field
of a wide range of frequencies. The present result shows a periodic oscillation of the conductance for both the
cases of parallel and antiparallel spin alignment. These oscillations are due to Fano-resonance. Results for spin
polarization and giant magneto-resistance show the coherency property. The present research might be useful for
developing single spin-based quantum bits (qubits) required for quantum information processing and quantum

spin-telecommunication.
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Control of spin-polarized electric conduction while
maintaining phase coherence is needed for quantum
information technology.!'"?) Spintronics is based on
three factors: spin injection, control of spin transport,
and spin selective detection.[' ]

In recent years, spin polarized transport through
I-VI diluted magnetic semiconductors/nonmagnetic
semiconductor junctions has attracted much atten-
tion due to its potential use in spintronics.[® % Di-
luted magnetic semiconductors of I-VI compounds
have attracted a considerable attention for the last
few years due to the carrier-mediated origin of the
ferromagnetism.[”! This special feature makes it pos-
sible to control quantization of the material by chang-
ing the concentration of the carriers, which is re-
quired property for future applications in semiconduc-
tor spintronics and in optoelectronic devices.['"] The
I-VI diluted magnetic semiconductors are known to
be good candidates for effective spin injection into a
nonmagnetic semiconductor because their spin polar-
ization can be easily detected.!'!>'?]

Quantum dots are semiconductor heterostructures
in which carriers are confined in all three space
dimensions.!'?' Y] Their discrete energy spectrum, tun-
able in a wide range by structural design, in combi-
nation with the ability to embed quantum dots in a
practical device environment, predestines these nanos-
tructures for various applications in optoelectronics,
spintronics, and quantum information processing.!>!
Electron spin qubits are based on Zeeman-state dou-
blets, coupled by microwave irradiation at the reso-
nance frequency. The microwave irradiation drives
spin resonance and manipulation with pulses of ap-
propriate duration.['”) Tt may also activate electron
spin transport in the quantum dot via inelastic tun-
neling due to exchanges of energy between electron
spins and the microwave field (photon-assisted tun-
neling, PAT).['0~19]

In this Letter, we investigate the spin transport
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characteristics through a nanoelectronic device under
the effect of both ac-field (mid-infrared) of different
frequencies and magnetic field. The investigated na-
noelectronic device consists of a semiconducting quan-
tum dot coupled to two diluted magnetic semicon-
ductor leads. The spin-transport of electrons through
such a device is conducted under the effect of both ac-
field (mid-infrared) of a wide range of frequencies and
magnetic effect (see Fig. 1). The oscillating ac-field in-
troduces additional photon-assisted conduction chan-
nels that can be tuned via a gate voltage to lie within
the conduction window of the device. In the presence
of Zeeman splitting produced by an applied magnetic
field, the contribution from the photon-assisted chan-
nels becomes different for spin up and spin down re-
sulting in photon-assisted spin polarized conductance.

Thus, it is desirable to deduce an expression for
spin-polarization and giant magneto-resistance. This
is carried out as follows: the Hamiltonian H describing
the spin transport of electrons through such a nanode-
vice can be written as

n?* d?
H = —%@"‘e%d"‘e‘/g‘i‘EF"‘Vb
1 2,2
+ eVac cos(wt) £ —gu,oB + =+ oho,
2 2C (1)

where m* is the effective electron mass, h is the re-
duced Planck constant, Viq is the source-drain volt-
age (bias voltage), V; is the gate voltage, Fr is the
Fermi-energy, V4 is the barrier height at the interface
between the leads and the quantum dot, V,. is the
amplitude of the applied ac-field with frequency w, g
is the Landé factor of the diluted magnetic semicon-
ductor, p, is Bohr magneton, B is the applied mag-
netic field, o represents the Pauli matrices of spin,
and h, is the exchange field of the diluted magnetic
semiconductor. In Eq. (1), the term NZ2e?/2C repre-
sents the Coulomb charging energy of the quantum
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dot in which e is the electron charge, N is the num-
ber of electrons tunneling through the quantum dot,
and C' is the capacitance of the quantum dot. There-
fore, the corresponding Schréodinger equation for such
transport reads

Hip = Evp, (2)

where the solution for the eigenfunction, 1(x), in the

corresponding regions of the device, can be expressed
20]
as!
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where Ai(p(z)) is the Airy function and its com-
plement is Bi(p(z)).’"! In Egs.(3), the parameter
Jp, (€Viae/hw) represents the n'® order Bessel function
of the first kind. The solutions to Egs. (3) must be
generated by the presence of the different side-bands
n which come with phase factor e~ ™t [16-19] and d
represents the diameter of the quantum dot. Also,
the parameters ki, ko and p(x) in Egs. (3) can be ex-
pressed as

2m*
klz h2 (E+nhw+Vb+Uho>,
n=0, £1, £2, £3,... (4)
m* 262
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Now, the tunneling probability I'(E) can be ob-
tained by applying the boundary conditions to the
eigenfunctions (Egs. (3)) and their derivatives at the
boundaries of the junction.l'®~ ') We obtain the fol-
lowing expression for the tunneling probability,

r'(E) = i e (6;;) . {4’“’“2 [02k2k2
n=1

w2 P2
+ 8 m* ] (8)

where a and (8 are given by
a = Ai(p(0)) - Bi(p(d)) — Bi(p(0)) - Ai(p(d)),  (9)

§ = 2 [Ai(p(0)) - B/ (o) ~ Bilp(0)) - A (o(d))].
m (10

Here Ai'(p(x)) is the first derivative of the Airy func-
tion and Bi'(p(x)) is the first derivative of its comple-
ment.
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Fig.1l. Schematics of a spin transistor. Spin polarized
electrons (blue arrows) are injected from a DMS source
contact into a semiconductor channel where the spin orien-
tation is controlled by the electric field of a non-magnetic
gate contact and analyzed by a DMS drain contact. The
black arrows schematically depict the effective magnetic
field that results from the electric gate field and the wave
vector of the electrons. The blue and red arrows in the
drain contact depict the parallel and antiparallel spin
alignment, respectively.

Now, the conductance G of the present nanode-
vice is expressed in terms of the tunneling proba-
bility I'(E) through the following Landuaer—Buttiker
equation!!6-19:27]

9 5 Er+nhw
G = % sin(yp) dE(

_ Ofn
0FE

)-I'(E), (11)

Er

where ¢ is the phase of the scattered electrons and
(=0fap /OF) is the first derivative of the Fermi-Dirac
distribution function given by

(- ) s (B ke
(12)

where k is the Boltzmann constant and 7' is the ab-
solute temperature.

The spin polarization (SP) and the giant magneto-
resistance (GMR) are expressed in terms of the con-
ductance G as follows:[*’]

gp - Gt —Gn (13)
G+ Gy

aMR = Gt =G (14)
G

where G4 is the conductance when the magnetization
of the two diluted magnetic-semiconductor leads are
in parallel alignments, while G4 is the conductance
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for the case of antiparallel alignment of the magneti-
zation in the leads. The indicator 1 corresponds to
spin up and | corresponds to spin down.
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Fig. 2. The variation of conductance with gate voltage
at two different frequencies for (a) parallel spin alignment
and (b) antiparallel spin alignment.
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Fig. 3. The variation of conductance with gate voltage at
two different values of magnetic field for (a) parallel spin
alignment and (b) antiparallel spin alignment.

It is interesting to calculate the cutoff frequency v,
of the nanoelectronic device studied here, which is ex-
pressed in terms of the maximum conductance Gax
for both parallel and antiparallel alignment spins via
the following equation:!*"!

Gmax(11/11)
v oarC (15)
where C' is the gate-to-semiconducting-quantum-dot

capacitance.

Numerical calculations are performed of Egs. (11)
and (13)—(15), taking into consideration of the two
cases for parallel and antiparallel spins of quasi-
particles in the two leads. In the present calculations,

we take the case of a GaAs quantum dot and the
two leads as diluted magnetic semiconductors of GaM-
nAs. The values for the quantum dot arel!0—19:24-20]
Er =0.75e¢V,C =10"%Fand d = 2nm, }, = 0.3eV.
The value of the exchange field h, for GaMnAs is
—1eV and g = 2.%%°7

The features of the present results are described in
the following.
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Fig.4. The variation of (a) GMR and (b) SP with gate
voltage at two different frequencies.
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Fig. 5. The variation of (a) GMR and (b) SP with gate
voltage at two different values of magnetic field.

The variations of conductance with gate voltage at
different frequencies of the ac-field and different mag-
netic field are shown in Figs.2(a), 2(b), 3(a), 3(b).
The frequencies of the induced ac-field are the fre-
quencies of mid-infrared radiation.

The conductance is calculated for both parallel and
antiparallel alignment of spin in the two diluted mag-
netic semiconductor leads. As shown from the figures,
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a periodic oscillation of the conductance for both the
cases of alignment, i.e., for G44 and G4, is observed.
Also, we notice that the peak height of conductance
(G44, G4,) increases as the gate voltage increases and
the width of the half maximum is approximately con-
stant. Spin transport through a semiconducting quan-
tum dot at low temperature reveals new effects such as
spin single electron tunneling according to the present
results and according to the results obtained by other
authors.[’®* %! The most important property of this
spin single-electron transport is that the conductance
for both the cases of spin parallel and antiparallel
alignment is a periodic function of the gate voltage
(see Figs.2(a), 2(b), 3(a), 3(b)).
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Fig. 6. The variation of (a) GMR and (b) SP with the
magnetic field at two different values of frequencies.

According to the present nanoelectronic device
model, the interaction of electrons of both spin up
and spin down with the induced ac-field (mid-infrared
radiation) leads to photon-mediated transmission res-
onances. The interplay between the induced photons
and the spin-up and spin-down electrons leads to so-
called Fano-resonance.['?32~ 34

Now, the SP (Eq.(13)) and GMR (Eq. (14)) are
calculated. The variations of both spin polarization
and giant magneto-resistance with the gate voltage
at different frequencies of the induced ac-field (mid-
infrared radiation) and at different magnetic field are
shown in Figs.4(a), 4(b), 5(a), 5(b). As shown in
these figures, the values of both spin polarization and
giant magneto-resistance coincide when the values of
both frequencies of induced mid-infrared radiation and
applied magnetic field vary. Also, we notice that
the trends of the figures are similar and the giant
magneto-resistance attains a maximum value approx-
imately ~23.44% at V; ~ 0.335V for both the cases
(see Figs.4(a) and 5(a)). The spin polarization at-
tains a maximum value ~13.28% at V; ~ 0.335V (see
Figs.4(b) and 5(b)). These results show that the co-
herent manipulation of the precession of spin polar-

ization could be achieved by the parameters investi-
gated here. This coherency in spin transport through
such a nanoelectronic device is a fundamental issue
in view of developing single spin-based quantum bits
(qubits).[;;‘:-’ 38]

In order to confirm the results shown in Figs. 4(a),
4(b), 5(a), 5(b), calculations of giant magneto-
resistance and spin polarization with the dependence
on the magnetic field are performed. Thus, Figs. 6(a)
and 6(b) show the variation of both giant magneto-
resistance and spin polarization with the magnetic
field at two different frequencies of the induced mid-
infrared radiation. These variations are linear for both
parameters (see Figs.6(a) and 6(b)). We notice that
the difference between the maximum value of the giant
magneto-resistance and its minimum value is approxi-
mately 0.08% for both the values of frequencies. Also,
the difference between the maximum value of the spin
polarization and its minimum value is approximately
0.05% for both the values of frequencies. These results
may indicate that the presently proposed nanoelec-
tronic device is stable under the effect of the magnetic
field, which is needed in data storage and quantum
information processing.[*>~ %%

11
10
9

vryy (THz)

—
© O oWk GO~

vryy (THz)

=N W R Gl N ®

~04-03 —02-01 0 01 02 03 04
Ve (V)

Fig. 7. The variation of the cutoff frequency with gate
voltage at two different values of magnetic field for (a) par-
allel spin alignment and (b) antiparallel spin alignment.

Figures 7(a) and 7(b) show the variations of the
cutoff frequency with the gate voltage at two differ-
ent values of magnetic field for parallel and antipar-
allel spin alignments, respectively. It is clear that
the curves representing different values of magnetic
field coincide, emphasizing the weak influence of the
magnetic field due to single-electron tunneling. The
tunability of the cutoff frequency with the gate volt-
age is noticed as the value of the cutoff frequency in-
creases with the gate voltage for both the cases of
alignment. For the case of parallel spin alignment,
the curve reaches a maximum of ~10.8 x 102 Hz at
Ve ~ 0.4 V. These results have a great impact on the
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applications of recent nanodevices and their response
to the working frequencies.

We can conclude that the present investigation
may be useful for devising the present nanodevice with
controllable parameters, for example, the frequency of
the induced photons and magnetic field. The presently
proposed nanodevice can be manufactured, and can be
used in data storage and nonvolatile magnetic mem-
ory devices.!'”! Also, this nanodevice can be used as
a photodetector for a specific frequency of a certain
ac-field.[*”]
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