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Spin-dependent Breit—Wigner and Fano resonances in
photon-assisted electron transport through a
semiconductor heterostructure*
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We theoretically investigate the electron transmission through a seven-layer semiconductor heterostructure with

the Dresselhaus spin—orbit coupling under two applied oscillating fields. Numerical results show that both of the spin-

dependent symmetric Breit-Wigner and the asymmetric Fano resonances appear and that the properties of these two

types of resonance peaks are dependent on the amplitude and the relative phases of the two applied oscillating fields.

The modulation of the spin-polarization efficiency of transmitted electrons by the relative phase is also discussed.
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1. Introduction

The spin-dependent tunneling of electrons in non-
magnetic semiconductor nanostructures is an inter-
esting problem in the field of spintronics, in which
the spin—orbit coupling (SOC) effect plays an impor-
tant role. The SOC, which relates the electron spin
to its momentum, may provide a controllable way to
orient, manipulate and detect spins in semiconduc-
tors by electrical means. Structure inversion asymme-
try in semiconductor heterojunctions, which may be
induced either by growing an asymmetric structure
or by the use of external electric field and leads to
spin splitting of the conduction band in the momen-
tum k space, induces so-called Rashba SOC.IY This
type of system may be a good candidate to imple-
ment spin-based electronic devices and has attracted
more and more attention; moreover it is also noted
that Rashba SOC in differential types of semiconduc-
tor quantum wells may show differential behaviors.[23!
Since Voskoboynikov et al. indicated the possibil-
ity of creating a spin filter on the basis of tunnel-
ing through an asymmetric barrier in nonmagnetic
semiconductors with Rashba SOC,*% the depen-
dence of the tunneling transmission probability on the
electron—spin polarization in asymmetric semiconduc-
tor heterostructures with Rashba SOC has been ex-
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tensively investigated.[6—11]

For instance, a prototype
side-gated asymmetric resonant interband tunneling
device fabricated with an AlSb/InAs/GaSb/AlSb het-
erostructure for Rashba spin filter applications was
proposed by Moon et al.l''] On the other hand, Perel’

11121 developed a theoretical model of a spin in-

et a
jector to show another mechanism of SOC, induced
by a bulk inversion asymmetry and often referred
to as Dresselhaus SOC,[3] can modify the effective
mass of electron and lead to spin-dependent tunnel-
ing through a symmetric nonmagnetic semiconduc-
tor barrier. Since then, many efforts have been de-
voted to the study of the effect of the Dresselhaus
SOC on electrons tunneling through the semiconduc-
tor heterostructures with or without an external elec-
tric field."*=27) Moreover, the interplay between the
Rashba and the Dresselhaus SOCs has also attracted
considerable attention.[28—32]

When considering quantum transport in periodi-
cally driven semiconductor heterostructures, quantum
interference between a bound state and the contin-
uum of band leads to the appearance of asymmetric
Fano-type resonance.l?>34 Recently, Zhang et al.l'"]
investigated the spin-dependent electron transmission
through a quantum well with Dresselhaus SOC driven
by a homogeneous oscillating field and indicated that
Fano-type resonance can split into two asymmet-
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ric resonance peaks due to Dresselhaus SOC. Later
on, the photon-mediated electron resonance trans-
mission through a symmetric nonmagnetic semicon-
ductor double-well structure with Dresselhaus SOC
and two spatially homogeneous oscillating fields hav-
ing a relative phase difference between them was also
investigated.[2426] Tt was demonstrated that the spin-
dependent resonance peaks can be controlled by ad-
justing the relative phase difference between the two
applied oscillating fields. In the present work, we will
consider a seven-layer semiconductor heterostructure
with Dresselhaus SOC and assume that the two spa-
tially homogeneous applied oscillating fields are con-
fined in quantum-well regions. The main characteris-
tic of the structure considered here is that both of
the symmetric Breit-Wigner resonances and asym-
metric Fano resonances occur simultaneously. We will
focus on the dependence of these two types of spin-
dependent resonances on the amplitude and the rel-
ative phase of the two applied oscillating fields and
present some fascinating features which can be used
to design a tunable spin filter and to realize the mod-
ulation of spin.

2. Model and method

In this paper, we consider the transmission of
electron with the initial wave vector k = (k‘hkz)
along the z || [001] direction through a seven-layer
semiconductor heterostructure with Dresselhaus SOC
[see Fig. 1: regions I (z < —=b), IV (a < z < a + ¢)
and VII (z > 2a + b + ¢) being made of GaAs with
the effective mass of the electron u; and Dresselhaus
SOC constant ;; regions II (—=b < z < 0) and VI
(2a+ ¢ <z < 2a+b+c) GagrAlp3As with pe and
va; regions Il (0 < z < a)and V (a+c¢ < 2 < 2a+¢)
of GaSb with ps and ~3; a is the width of the wells,
b and c are the thicknesses of the barriers]. Here kj
is the wave vector parallel to the plane of the wells

0,

Vin,
V(z,t) =

—Vo + V1 cos(wt + ),
—Vo + Va cos(wt + ),

the barrier height is V,,, and the static well depth is V.

and k, is the wave vector component normal to the
well plane along the direction of transmission. To
investigate the modulation of spin-dependent electron
transport induced by the external fields, we assume
that two spatially homogeneously applied oscillating
fields Vi cos(wt 4+ «) and Vz cos(wt + 3) are confined
in the two well regions III and V, where V; (), w and
a(f) denote the amplitudes, frequency and phases of
applied oscillating fields, respectively. We also define
a relative phase ¢ (= f—a) of the two applied oscillat-
ing fields. We use a single-electron model and neglect
the charging effect as well as imperfections,®¥ thus

I

V_y | VI| VI

Ir | 11 v

! ! I I ! !
a+c 2a+c 2a+b+c z

Fig. 1. Potential profile of a seven-layer semiconductor
heterostructure with two spatially homogeneously applied
oscillating fields. Vi, is the height of the barriers and V
is the depth of the well; a is the width of the wells, b and
¢ are the thicknesses of the barriers. Vi cos(wt 4+ «) and
Vs cos(wt + ) are the two applied oscillating fields.

the Hamiltonian in each layer of the semiconductor
structure may be given by

G N ki

+V(Z’t)+ﬁDa (1)

where i = 1, 2 and 3, V (2, t) is a time-periodic poten-
tial [V (z,t) = V (z,t +T) with T = 27 /w], and Hp
is the Dresselhaus SOC term. The potential profile
of a harmonically driven heterostructure due to laser
fields in the different regions is described by

regions I, IV and VII;
regions II and VI,
region III;

region V;

Assuming that the kinetic energy of incident electron is substantially smaller than the potential well depth

V;, then the Dresselhaus SOC term is simplified tol*?
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Hp = i (62ks — 6yky) 58 (3)

where 6, and &, are the Pauli matrices. One can
diagonalize the Dresselhaus SOC term Hp by the
spinors!?!

1 1
X+ = —F# . ) (4)
\/§ :Fe_‘¢

which describe the electron spin states corresponding
to the opposite spin directions, with + for the spin-up
state and — for the spin-down state. Here ¢ is the
polar angle of the wave vector kj. Now we use the ba-
sis of the spin eigenstates + to simplify the effective
Hamiltonian H (1), thus the electron motion in each
layer of the semiconductor structure may be described
by a time-dependent Schrodinger equation

o X

ihadsﬂ: (Ta t) =H.®. (’F, t) ) (5)
where r = (337 Y, Z)7 L (’I", t) = Xiwi (Z7 t) exp (1 k|| : p)
with p = (z,y) being a vector parallel to the potential
well plane and
R2k?

02 i
oL 02 o +V(z,t) (6)

Hy=xLHys=

with pi4 = p; (1+ 2%,uik”/h2)_1 being the modified
effective mass of electron. It is shown that the mod-
ified effective mass of electron ;4 is not only asso-
ciated with the Dresselhaus SOC constant and the
in-plane wave vector, but also with the orientation
of electron spin. One notes that in equilibrium the
momentum distribution of the incident electrons is
isotropic in the zy plane and therefore the average
spin of the transmitted electrons vanishes.!**21] Thus
we assume that the in-plane wave vector of the inci-
dent electron is along a fixed direction to obtain the
net spin polarization in the transmitted electrons.?!]

Since V' (z,t) is a time-periodic potential function
in the Hamiltonian (6), the wavefunctions in the re-
gions IIT and V can be expressed according to the Flo-
quet theorem.3>=37] Moreover incident electrons will
be scattered inelastically into an infinite number of
Floquet sidebands inside the regions III and V, so the
wavefunctions in the other regions can be written as
the superposition of waves with all values of energy.
The wavefunctions in seven semiconductor layers have
the following forms, respectively,

“+o0
P = Z 77(‘5:0@1]@;’%2‘%7'5067%;?)» (7)

n=—oo

“+o0
@Ing = Z n (Crie_kﬁz +drjf1ek2%z)» (8)
[e’e} +oo n N
= 55 (et e
X Jp—m (;;:}) exp <i % sin a) e~ iln=ma (g)
= e pat
O = N m(ehe 4 fpeT ) (0)
+o0 00 4 -
@\i/ - Z Z Ui (afﬂeiqmz +brinzeﬂqmz)
X Jnem <h‘f}) exp <i % sinﬂ)ei(”m)ﬁ,(ll)
= b+ b+
@XI = Z n (szefk”'z + dviLzek”'Z> ) (12)
+oo N
U= S gt 1)
Here
= ek R
Eﬁt = W’k /2,
Jn () is the Bessel function of the first kind,
gt — 2014 ot 2
o = e (Ezo +nhw) , (14)
2
kbt = [ ‘;;i (Vm — EX — nhw
thﬁ ﬁzkﬁ 1/2
Ly 15
2 2p )] (15)
and
919 1/2
234 h7kj
+ +
= E hw———4+V 16
dm [hQ <F+m 2:“'3+O ’( )

where m is an integer and Eljﬁ is the Floquet energy
eigenvalue (EX = E;thrEf = Ef +nhw with n being
the sideband index!3:38). Based on the continuities of
@4 and u;il - 0Py [0z at the interfaces z = —b, z = 0,
z=a,z=a+c, z=2a+c,and z = 2a+ b+ c, the
coefficients of the wavefunctions (ai1(2)v bilm), 6307
rE, cffl(z), d§1(2)’ eX,, f&, and t%, ) can be solved
numerically by making use of transfer matrix tech-
nique and constructing the Flouquet S matrix.[3426]
The coefficients 7, and t=, are the probability ampli-
tudes of the reflecting waves and outgoing waves from
the sideband 0 to sideband n, respectively. Thus, the

total electron transmission probabilities of spin 4+ and
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spin — components are given by!21l
N +oo kaj: L2
zZNn
T =" e [t5]” (17)
n=0 20

3. Results and discussions

We now investigate numerically the spin-
dependent electron resonance transmission through
this seven-layer semiconductor heterostructure. The
minimum number of sidebands needed to be included
in the sum of Eq. (17) is determined by the amplitude
and the frequency of applied oscillating fields.['9:21]
For the numerical calculations, we take the follow-
ing parameters: V,, = 250 meV, Vj = 200 meV,
k=02 nm ™!, Aw = 10meV, a = 1.5nm, b = 2.5 nm,
c =10 nm, 7; = 24 meV-nm?, 75 = 18 meV-nm?,
~v3 = 187 meV-nm?, 1y = 0.067me, iz = 0.092m., and
s = 0.041m, with m, being the mass of a free elec-
tron. It will be demonstrated that Dresselhaus SOC
induces the splitting of the multiple spectrum and the
line shapes of transmission resonances depend on the
amplitude and the relative phase of oscillating fields.

In Fig. 2, we plot the transmission probability as
a function of the incident electron energy for the dif-
ferent amplitudes of applied periodic oscillating fields
with the relative phase ¢ = 0. Figure 2(a) shows
the splitting of the resonance transmission in the ab-
sence of oscillating field (i.e., V3 = V5 = 0). The sym-
metric Breit—-Wigner resonant peaks result from ap-
pearance of quasibound energy levels in the middle of
the two higher barriers and incident energy EF equals
the quasibound level Eff. The quasibound levels for
spin-up and spin-down electrons are E;r = 28.1 meV
and E; = 26.6 meV, respectively. When two peri-
odic oscillating fields are applied, the photon-assisted
resonance transmission occurs because of the inter-
action between the incident electron and the oscil-
lating fields, which results in the multiple structure
of the transmission.?*39 The positions of symmet-
ric resonance peaks in Fig. 2 depend on the relation
Ef = Ef £ nhw and they are the process of pho-
tons emission or absorption. The lateral peaks in
Figs. 2(b)—2(e) denote the one-photon absorption or
emission process. Since the amplitudes of the oscil-
lating fields determine the coupling strength between
electron and the applied fields, the increase of the am-
plitudes of the fields will favour the probability of the
one-photon process to occur. Thus, we can see clearly

from Fig. 2 that with the increase of the amplitude of

oscillating fields, the lateral peaks increase gradually
while the symmetric Breit-Wigner resonant central
peaks are suppressed. It is noted that the positions
of the central peaks depend on the in-plane electron
wave vector and have no relation to the oscillating
fields; on the other hand, both the frequency of the
applied oscillating fields and in-plane electron wave
vector determined the positions of the lateral peaks.
Therefore, the variation of the amplitude of oscillat-
ing fields cannot induce the shift of the positions of
the symmetric Breit-Wigner resonant peaks. These
properties of symmetric Breit—-Wigner resonance are
in agreement with the previous results.[?!]

&

0.8} (®) V=10 meV
& 04

ol

0.8 () V=20 meV
& 04

0

0.8} (d) V=30 meV
-

0.8} V=40 meV
& 04

o

0 10 20 30 40 50
E, /meV

Fig. 2. The transmissivity of spin-up and spin-down elec-
trons as a function of incident energy E. for different am-
plitudes of oscillating fields with Vi3 = Vo = V, V,,, =
250 meV, Vo = 200 meV, kj = 0.2 nm~?, Aw = 10 meV,
a =15 nm, b = 2.5 nm, ¢ = 10 nm, g1 = 0.067me,
pa = 0.0092me, p3 = 0.04lme, y1 = 24 meV-nm?,
v2 = 18 meV-nm?, v3 = 187 meV-nm?, and a = 8 = 0
(i-e., the relative phase ¢ = 0).

In Fig. 2, it is interesting to observe that the sharp
asymmetric Fano-type resonant peaks appear on the
left-hand side of Breit—Wigner resonant central peaks.
Figure 2(b) shows that when V; = Vo, =V = 10 meV,
the Fano resonance occurs at E = 8.19 meV for the
spin + and E; = 7.57 meV for the spin —. The corre-
sponding bound-state energies are E;" = —1.81 meV,
E, = —2.43 meV, and resonance energies satisfy the
relation EF = E‘bi + hw. The asymmetric Fano-type
resonance arises from the interference between the dis-
crete state and the continuum state.[*?) In this seven-
layer semiconductor heterostructure with two applied
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oscillating fields (V4 = V4 # 0), the electron tunneling
through the first barrier may emit a photon, drop-
ping to the bound state bound level, and is then ex-
cited back to the original state by absorbing a photon
to tunnel through the last barrier.'?21] This photon-
mediated tunneling process actually forms the discrete
channel in the Fano-type resonance. If the energy of
one (or multi-) photon is just consistent with the en-
ergy difference between the incident electrons and the
bound states, the resonance transmission occurs. Ac-
cording to the Fano theory,*%*!] the Fano resonances
of the transition probability have a line shape ~
(e+q)°/ (1+¢%), with ¢ = (E — Ep) / (I'/2), where
Ey and I' are the energy position and width of the
resonance state, respectively. The Fano’s asymmetric
parameter ¢ is a measure of the coupling strength be-
tween the continuum state and the resonance state.
For ¢ > 0 (¢ < 0), a dip lies on the left-hand (right-
hand) side of the asymmetric resonant peak.?4 In the
limit of ¢ — oo, the line shape of resonances evolves
into a symmetric Breit—Wigner-type resonance.
Then, we plot the transmission probability as a
function of the incident electron energy in a small
energy scale corresponding to Fano resonance peaks
in Fig. 3. The coupling strength between the elec-
tron and the applied oscillating fields depends on the
amplitude of fields. This coupling effect leads to the
broadening of the bound energy level and the asym-
metric Fano resonance can take place within certain
range of energy.'”) Thus, one can also observe that
the widths of Fano-type resonance peaks broaden
with increasing oscillation amplitude for both spin-
up and spin-down electrons. On the other hand, the
variation of the amplitudes of the two oscillating fields

Fig. 3. The transmissivity versus E. in a small energy
scale for different amplitudes of oscillating fields. The pa-
rameters are given in Fig. 2 (with relative phase ¢ = 0),
(a) for spin + and (b) for spin —.

affects the coupling between two potential wells (re-
gions IIT and V) and leads to the shift of the bound
energy levels in two potential wells. Therefore, it is
shown in Fig. 3 that both for spin + and spin — the
asymmetric Fano resonance peaks move toward the
direction of low energy as the amplitude of oscillating
fields increases.

The shapes of the symmetric and asymmetric
resonance peaks in energy parameter space depend
not only on the amplitude of the external fields, but
also on the relative phase of the external fields. The
corresponding results for the phase modulation of
transmission coefficients on the opposite spin orien-
tation are presented in Figs. 4 and 5. In Fig. 4, we
plot the transmission probability as a function of the
incident electron energy with the variation of relative
phase ¢ (= § — ). It is noted from Egs. (9) and (11)

that the wavefunctions @}

and @Y in the potential
wells have an additional phase relation to the phases
of applied oscillating fields. When the two oscillat-
ing fields are applied in regions IIT and V, the relative
phase ¢ between the two oscillating fields may weaken
the probability of one-photon process and enhance the
direct resonance transmission. As a result, it is shown
in Fig. 4 that when the relative phase of the two

oscillating fields changes from 0 to 7, the symmetric

e
b
0.8} (b) o= n/d

e
e
~
~

0 10 20 30 40 50

E./meV

Fig. 4. The transmissivity versus E, for different relative
phases between oscillating fields with V73 = V5 = 30 meV.
The other parameters are the same as those in Fig. 2.
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Breit—Wigner resonant central peaks increase gradu-
ally while the lateral peaks are suppressed and almost
disappear at ¢ = mw. Moreover, the relative phase
¢ directly modifies the quasibound energy levels in
the middle of two higher barriers, thus the position
of the symmetric resonance moves gradually toward
the direction of high energy. These phenomena imply
that the relative phase influences the position and the
amplitude of the symmetric Breit—Wigner resonance
peaks. Additionally, figure 4(c) shows three sets of
Fano resonance peaks for spin-up and spin-down elec-
trons. For instance, in the case of spin-up electrons the
resonance energies are E = 7.50 meV, 17.51 meV,
and 27.51 meV. In fact, they are the multi-photon
Fano resonance processes and the resonance energies
satisfy the relation Ef = Ebi + nhw. Furthermore,
the probabilities of two-photon and three-photon pro-
cesses are much less than one-photon process, which
is similar to the cases in Figs. 4(b), 4(d), and 4(e).
Now we focus again on the asymmetric Fano res-
onance peaks. When the system has the time-reversal
symmetry, the Fano’s asymmetric parameter ¢ is con-
ventionally considered to be real. However, if the
time-reversal symmetry is broken, the asymmetric
parameter ¢ should be a complex number and the
line shape of the resonances may be expressed as ~
[(e +Req)® + (Im q)2] / (1 + €2).141:42) The line shape
of the resonances is asymmetric and symmetric for
[Reg| > [Imgq| and |Req| < |Img|, respectively. In
the case of asymmetric line shapes, a dip lies on the
left-hand (right-hand) side of the asymmetric resonant
peak for Req > 0 (Req < 0).[?4 In the system consid-
ered here, the different phases between two oscillating
fields leads to the breaking of the time-reversal sym-
metry, thus the asymmetric parameter ¢ and the line
shape of the transmission resonance may be modified
by the relative phase of the two oscillating fields. The
shapes of asymmetric Fano resonance peaks depend
on the relative phase of the external fields, which are
plotted in Fig. 5. The variation of the relative phase
of the two oscillating fields adjusts the tunneling of
electron through the middle barrier (region IV) be-
tween two potential wells (regions III and V), which
leads to the shift of the bound energy levels. There-
fore, one can observe that when ¢ changes from 0
to m, the positions of Fano resonant peaks move to-
In addition, the
amplitude and the dip of the asymmetry resonance

ward the direction of low energy.

peaks also changes with the relative phase. For both
of the spin-up and spin-down electron states, when ¢

changes from 0 to 7, the amplitude decreases grad-
ually and the dip of the asymmetry resonance shifts
from left-hand side to right-hand side. Moreover, at
a special value of the relative phase about ¢ = 37/8,
the transmission asymmetry resonance peaks degener-
ate to the symmetric peaks. According to the theory
mentioned above, for the relative phase ¢ € (0,37/8),
Re g of the asymmetric parameter g is larger than zero
and for ¢ € (37/8,7) Req is less than zero. The spe-
cial value of the relative phase ¢ (= 37/8) actually
corresponds to the limiting case of Req — 0 (and
Imgq # 0), thus the Fano asymmetric lineshapes dis-
appear and the symmetric peaks occur.

p=3m/4

8.0 9.0

E, /meV

Fig. 5. The transmissivity versus E, in a small energy
scale for different relative phases of oscillating fields with
Vi = Vo = 30 meV, and the other parameters are the same
as those in Fig. 2.

The spin-dependent splitting of Fano-type reso-
nance peaks plays an important role in realizing the
spin polarization current. The spin polarization of
electrons as a function of the relative phase ¢ is shown
in Fig. 6 according to P = (T —T7) /(T + T~ ) for
the incident electron with energies E, = 8.02 meV and
7.39 meV. When ¢ increases from 0 to 27, for the case
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of F, = 8.02 meV, the spin-up polarization is domi-
nant and it changes from about 0 to +0.9, but for the
case of E, = 7.39 meV, the spin polarization changes
from —1.0 to +1.0. Thus we can design a tunable
spin-polarization modulator and control the spin po-
larization of the current on the basis of the modulation
of the relative phase of the two oscillating fields.

Q,
—04F ;
L — F, = 8.02 meV
_osk & F, =7.39 meV
; 1 1 1 1 1 1
0 2 4 6

Fig. 6. The spin-polarization efficiency of the transmit-
ted electrons as a function of relative phase for E, =
8.02 meV, 7.39 meV, V3 = Vo = 30 meV and the other
parameters are the same as those in Fig. 2.

4. Conclusions

In conclusion, we have investigated above the elec-

tron transmission through a seven-layer semiconduc-

tor heterostructure with Dresselhaus SOC and two ap-
plied oscillating fields. It is shown that SOC causes
the spin splitting of the symmetric Breit—Wigner res-
onance peaks and the asymmetric Fano resonance
peaks. Numerical results present that the amplitude
and the relative phase of the two applied oscillation
fields can influence the features of resonance peaks.
As the amplitude of oscillating fields increases, the
symmetric Breit—-Wigner resonant central peaks are
suppressed while the lateral peaks increase gradually
and the asymmetric Fano resonance peaks move to-
ward the direction of low energy and the width of
peaks broadens. On the other hand, when the rela-
tive phase of oscillating fields changes from 0 to ,
the symmetric Breit-Wigner resonant central peaks
increase gradually but the lateral peaks are suppressed
and the positions of the symmetric resonance peaks
move toward direction of high energy, while the asym-
metric resonance peaks move toward the direction of
low energy. Moreover, for both the spin-up and spin-
down states, the amplitude of Fano resonance peaks
decreases gradually and the dip of asymmetry reso-
nance shifts from left-hand side to right-hand side.
Finally, the modulation of the spin-polarization effi-
ciency of transmitted electrons by the relative phase
was also discussed. These features can be applied to
the design of a tunable spin filter and to realize the
modulation of spin.
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