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We theoretically investigate the wave-vector filtering (W VF) effect for electrons in an antiparallel asymmetric double
J-magnetic-barrier microstructure under a bias, which can be fabricated experimentally by patterning two asymmetric
ferromagnetic (FM) stripes on the top and the bottom of GaAs/Al,Ga;_,As heterostructure, respectively. It is found
that an appreciable WVF effect appears because of an essentially two-dimensional (2D) process for electrons across this
microstructure. WVF effect is found to be sensitive to the applied bias. WVF efficiency can be tuned by changing bias,
which may lead to an electrically-controllable momentum filter for nanoelectronics device applications.

Keywords: magnetic microstructure, bias, wave vector filtering (WVF) effect, electrically-tunable momentum

filter
PACS: 73.40.—c, 75.47.—m, 73.40.Gk

1. Introduction

Advanced modern materials growth techniques (such as
molecular beam epitaxy) make it possible to confine the mo-
tion of high mobility two-dimensional electron gas (2DEG)
in a modulation-doped semiconductor heterostructure by an
inhomogeneous magnetic field,!'! e.g., patterning a ferro-
magnetic (FM) stripe on the surface of GaAs/Al,Gaj_,As
heterostructure,[?! which allows to construct so-called mag-
netic microstructure in experiments.'?! In fact, magnetic mi-
crostructure consists of magnetic materials and semiconduc-
tor, where the former produces an inhomogeneous mag-
netic field affecting locally the motion of electrons in lat-
ter. Because of small size, low dimensionality and quan-
tum magnetic confinement, some novel quantum effects exist
in the magnetic microstructure,*! e.g., wave-vector filtering
(WVF),3l magnetoresistance (MR) effect!>! and electron-
spin polarization.!'%~13] Meanwhile, these effects can be used
to develop new nanoelectronics devices.[!4-16]

Recently, WVF effect in magnetic microstructure has at-
tracted much interest, owing to its scientific importance!!”!
and potential application.!'®! Physically, such an effect results
from an essentially two-dimensional (2D) process for elec-
trons across magnetic microstructure.® In 2017, Lu er al.['!
firstly reported a theoretical study on WVF effect and its con-
trol via 8-doping in an experimentally-realizable magnetic mi-
crostructure. They found a considerable WVF effect, and con-

firmed that WVF efficiency can be controlled structurally by

DOI: 10.1088/1674-1056/ac1570

d-doping. Since then, WVF effect in magnetic microstruc-
tures was explored extensively and corresponding electron-

momentum filters were proposed successfully. [20-24]

More recently, an idea to confine 2DEG motion by an
electric field, e.g., patterning Schottky-metal (SM) stripe on
semiconductor heterostructure,[>2%! is put forward, in order
to enhance manipulation to electron-momentum filter based on
the magnetic microstructure. By depositing a FM stripe and a
SM stripe on the top and the bottom of GaAs/Al,Ga;_,As het-
erostructure, respectively, Liu et al.?’! found that this kind of
magnetic microstructure also possesses an appreciable WVF
effect and its efficiency can be altered by SM stripe. Ulteri-
orly, manipulating WVF effect by 6-doping and applied bias
was investigated independently by Liu et al.[*8! and Kong et
al.,'?! respectively. Very recently, WVF effect!**! and influ-
ence of §-doping!®!! as well as applied bias!*?! were studied in
another such magnetic microstructure, where a FM stripe and a
SM stripe were patterned, in parallel configuration, on the sur-
face of GaAs/Al,Ga;_,As heterostructure. These works not
only revealed general rule of electric field controlled WVF ef-
fect in such magnetic microstructures, but also proposed the
electrically-controllable electron-momentum filter for nano-
electronics device applications. By applying a bias, in the
present work, we explore electric control to WVF effect for
electrons in a magnetic microstructure, aiming at developing a
new electrically-controllable electron-momentum filter for na-

noelectronics device applications.
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2. Model and method

We consider a magnetic microstructure®3 as plot-
ted briefly in Fig. 1(a), where two asymmetric FM; and
FM, stripes are patterned on the top and the bottom of
GaAs/Al,Ga;_,As heterostructure, 34 respectively, and struc-
tural model is presented in Fig. 1(b). When vertical distance
between FM stripes and 2DEG plane is very small as well as
conductivity is identical everywhere within 2DEG, horizon-
tally magnetized FM stripe induced magnetic fields and ap-
plied negative voltage (—V;) produced electric potential can be
viewed as!?>! delta-function magnetic-barrier (MB) and rect-
angular electric-barrier (EB), respectively, i.e.,

{ B;(x) =B16(x) —B28(x—L),

Ux)=Uy, 0<x<L, M)

where 8(x) is Dirac delta-function, Bj » stands for magnetic
strength of two 6-MBs, Uy represents EB height, and L is
structural width or separation between two 6-MBs.

re-v
:
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B,
U(z)
S et -
---------- O»-»---»-»---»L- R

Fig. 1. (a) Magnetic microstructure and (b) its structural model with a bias.

At the presence of a bias (V,), the Hamiltonian describing
an electron in such a magnetic microstructure can be written,
in the framework of single particle, effective mass approxima-

tion, byl36]
2 2 *
Px [py +eAy(x)] ehg* o, eVy
H=2"x B Ux)— =2
2m* 2m* + dmy ¢ () +U(x) L
(2

where p = (py, py), m*(mg), —e and g* are momentum, ef-
fective (free) mass, charge and effective Landé g-factor of an
electron, respectively, and the magnetic vector potential is ex-
pressed, in Landau gauge, by A(x) = [0,4,(x),0] with

0, x<0,
Ay(x) =< Bilg, 0<x<L, 3)
(B] —Bz)f[g, x> L,

where {g = \/h/eBy is magnetic length. The third item in
Eq. (2) is the Zeeman coupling, which is determined by the

quantity m*g*B;/(4my). For GaAs material and B, = 1.5 this
item equals to 0.011,37! therefore, the spin effect can be ig-
nored.

For a magnetic microstructure, electron is free along the
y-direction, solution of its stationary Schrodinger equation,
HY (x,y) = E¥ (x,y), can be therefore written by ¥ (x,y) =
v (x) exp (ikyy), which k, is wave vector in y-direction and x-
component of wave function y/(x) complies with reduced one-
dimensional (1D) Schrodinger equation

2

— 5=V (@) + Ve, Vo) W(x) = Ey(x), @)
with an effective potential felt by an electron in this magnetic
microstructure

ik + ey (O] _ eVa
o 2 X. (&)

Clearly, this U depends not only on wave vector (ky), but also

Uest (xa ky» Va) =

on bias (V). Itis ky-dependence of U that renders an essen-
tially 2D-process for electrons across a magnetic microstruc-
ture, leading to a WVF effect. The V-dependent U, makes
possible control of WVF effect by an applied bias in a mag-
netic microstructure based electron-momentum filter.

The 1D Schrodinger equation (4) can be solved ex-
actly by the transfer matrix method,*® as in struc-
tural region wave function can be written, in the lin-
ear combination of the Hermitian functions.?”) In inci-
dent and transmitted regions, wave functions can be as-
sumed by i, (x) = exp(ikix) + yexp(—ikix),x < 0 and
Wour (x) = Texp(ikx),x > L, respectively, where k; =
N \/2;;;* E +eVy — (ky + B — B,)?] and
v/t is reflected/transmitted wave amplitude. Matching these

wave functions at x = 0 and L, one readily obtains transmission
coefficient of electrons across this magnetic microstructure as

k
T(E,ky, Vo) = kT 7. (6)
Then, WVF efficiency is evaluated by differentiating
T(E,ky,Vy) over ky for given incident energy E,[”! i.e.,
dT (E ky,V,
N(Ek V) = ST E V)| )
dk, £

3. Results and discussion

In numerical calculations, all relevant quantities are writ-
ten in dimensionless form, such as £ — EEp, x — x{p,
B.(x) — B.(x)By and k, — ky{5', where (g = \/h/eBy and
Eo = heBo/m*. For GaAs (m* = 0.067my) and By = 0.27,
¢p = 57.5 nm and Ey = 0.34 meV. In order to highlight the
effect of applied bias, we set B = 1.0, B, = 1.5, L =3.0 and
Up = 4.0 throughout the whole paper.

We start with transmission coefficient for electrons
traversing our considered magnetic microstructure. Figure 2
shows variation of transmission coefficient (7') with incident

107303-2



Chin. Phys. B Vol. 30, No. 10 (2021) 107303

energy (E) for wave vector k, = —0.5 (solid curve), 0.0
(dashed curve) and +0.5 (dotted curve), where applied bias
is set to be Vy = 3.0. We can see clearly from this figure
that electronic transmission through magnetic microstructure
under a fixed bias as plotted in Fig. 1 is anisotropic with re-
spect to wave vector ky, namely, there is a significant dif-
ference of transmission between non-identical wave vectors.
Such a characteristic originates from an essentially-2D process
for electrons tunneling through magnetic microstructure or ky-
dependent effective potential (Us¢r) experienced by electrons in
magnetic microstructure as indicated in Eq. (5), regardless of
whether or not a bias is applied. Meanwhile, this difference of
electronic transmission between wave vectors also implies that
a considerable WVF effect still appears when our considered
magnetic microstructure is applied by a bias. A controllable
WVF effect is desired for electron-momentum filter. In the
following, we examine detailedly the control of WVF effect
by changing applied bias.

1.0 |

0.5

Transmission 7T’

Incident energy E

Fig. 2. Transmission coefficient changes with incident energy for different
wave vectors and a fixed bias.

In Fig. 3, we present WVF efficiency (1) versus incident
energy (E) for a fixed wave vector ky, = 0.0 (i.e., the normal in-
cidence) and several concrete applied biases: Vi = 1.0 (solid
line), 2.0 (dashed line) and 3.0 (dotted line), respectively. One
can observe from this figure that WVF efficiency 1 will be
greatly altered if applied bias Vi, changes. For considered en-
ergy range, WVF efficiency decreases obviously and its curve
shifts to low-energy direction. Clearly, modulation of applied
bias (V) to WVF effect stems from V,-dependence of effec-
tive potential U, felt by electrons in magnetic microstructure.

In order to observe the modulation of applied bias on
WVF effect more intuitively, in Fig. 4 we directly present
change of WVF efficiency (1) with applied bias, where wave
vector is still set to be k, = 0.0, but incident energy is chosen
as E = 2.0 (solid curve), 5.0 (dashed curve) and 8.0 (dotted
curve), respectively. Indeed, it is true from this figure that an
applied bias impacts on the WVF effect for electrons in the
magnetic microstructure. Both magnitude and sign of WVF

efficiency are dramatically altered with applied bias. Further-
more, the impact of an applied bias on WVF effect is re-
lated closely to incident energy, especially for incident energy
E =5.0 (see green line). Actually, influence of an applied bias
to WVF effect attributes to the dependence of effective po-
tential felt by electrons in the magnetic microstructure on the
applied bias [cf. Eq. (5)], which makes possible the control of
electron-momentum filter (see Fig. 1) by an applied bias and
gives rise to an electrically-tunable electron-momentum filter.

1.5
=
> 0
9]
g
2
g
=)
]
= 15
z -1
—3.0 L 1
2 4 6 8

Incident energy E
Fig. 3. WVF efficiency varies with incident energy under applied bias.
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Applied bias V,

Fig. 4. WVF efficiency varies with incident energy under applied bias.

So far, the results are obtained only for one wave vector
(ky = 0.0). In order to observe the control of an applied bias to
considered electron-momentum filter for different wave vec-
tors, finally, Fig. 5 plots the WVF efficiency (1) as a function
of applied bias (V,), where three wave vectors are taken into
account: ky, = —0.5 (solid line), 0.0 (dashed line) and +0.5
(dotted line), while incident energy is fixed at E = 5.0 for sim-
plicity. From these (1-V,,) curves, we can see evidently that,
an applied bias creates non-identical influence for different
wave vectors on WVF effect for electrons to tunnel through the
magnetic microstructure, especially at the case of k, = +0.5.
Such a difference originates from the dependence of effective
potential (Ugs) experienced by electrons in the magnetic mi-
crostructure on wave vector (ky) [see Eq. (5)]. Thus, an applied
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bias does impact on WVF effect in the magnetic microstruc-
ture for all of wave vectors.

o,
O
=}
ko)
S
&
]
E _25}
E E=5.0
— k,=-05
R k,=+0.5
_5.0 1 1
0 2 4 6

Fig. 5. WVF efficiency changes with applied bias for different wave vectors
and fixed incident energy.

4. Conclusions

To sum up, control of WVF effect via an applied bias
is investigated theoretically for electrons in a magnetic mi-
crostructure, which can be realized experimentally by deposit-
ing two asymmetric FM stripes on the top and the bottom of
GaAs/Al,Ga;_,As heterostructure, respectively. An apprecia-
ble WVF effect is revealed in such a magnetic microstruc-
ture under a bias, which attributes to an essentially-2D pro-
cess for electrons across a magnetic microstructure, regardless
of whether or not a bias is applied. Moreover, both magni-
tude and sign of WVF efficiency can be tuned by changing an
applied bias, which may lead to an electrically-manipulable
electron-momentum filter for nanoelectronics device applica-
tions.
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