Journal of Physics: Conference
Series

PAPER « OPEN ACCESS You may also like

. . . . e . - Electromaanetic signatures of far-fie
Rectangular quantum wire with an infinite potential & mdaoninie -5

approach

GaAs/A| GaAs: Qua ntum th eory Of Alvin J K Chua, Priscilla Cafiizares and

Jonathan R Gair

acoustomagnetoelectric effect in the presence of - Tunable Dielectric Properties of Carbon
. Nanotube@Polypyrrole Core-Shell
electrom ag netic wave Hybrids by the Shell Thickness for

Electromagnetic Wave Absorption

De-Ting Wang, , Xian-Chao Wang et al.
To cite this article: Nguyen Thu Huong et al 2021 J. Phys.: Conf. Ser. 1932 012010 - Svnthesis of flowerlike vanadium

=yntnesis ot flowerlike vanadium

diselenide microspheres for efficient
electromagnetic wave absorption

Weigiang Wang, Xuchen Zhang, Weitao
Wang et al.

View the article online for updates and enhancements.

@ N =L DISCOVER
i = how sustainability

The - : intersects with
Electrochemical

Society

Advancing solid state &
electrochemical science & technology

[ & 8l

This content was downloaded from IP address 18.118.210.133 on 18/05/2024 at 21:39



https://doi.org/10.1088/1742-6596/1932/1/012010
https://iopscience.iop.org/article/10.1088/0264-9381/32/1/015011
https://iopscience.iop.org/article/10.1088/0264-9381/32/1/015011
https://iopscience.iop.org/article/10.1088/0264-9381/32/1/015011
https://iopscience.iop.org/article/10.1088/0256-307X/37/4/045201
https://iopscience.iop.org/article/10.1088/0256-307X/37/4/045201
https://iopscience.iop.org/article/10.1088/0256-307X/37/4/045201
https://iopscience.iop.org/article/10.1088/0256-307X/37/4/045201
https://iopscience.iop.org/article/10.1088/1361-6528/ad41ea
https://iopscience.iop.org/article/10.1088/1361-6528/ad41ea
https://iopscience.iop.org/article/10.1088/1361-6528/ad41ea
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsvILSu4C-18XJjpvJutoI1F4of7TnXg2XOTKDStVr6Q9BcUgay7Px2RqFWXbeGRm14ceSIcToY7qVUcJGI9mIRy-a3CFqJQ6S6EE7wq-q1rNAj_NrvtnKC_WCj4AMMIVCYUd0f1wRDzFTxcbvk4nE6nRi0UvXnCGmFqz_nPdtqw1c2g7pyC8PPuhueaT3cdRBsuinFVcFXL25MiPmgfN4lIU6X7GaQ09TnxnXUVC6FmpEYrl599RzjsEI9811-gUS03skRPgoNAGuFan5cdaYRSS7Ibt5Qj4879PQBNYktq0hDxywHNveviNkOBZJaBSOKPbsuGIXFwIhXHBe6omfKKQ_LyD2Iw&sig=Cg0ArKJSzOgIaqeswUlt&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA

45th Vietnam Conference on Theoretical Physics (VCTP-45) IOP Publishing
Journal of Physics: Conference Series 1932(2021) 012010  doi:10.1088/1742-6596/1932/1/012010

Rectangular quantum wire with an infinite potential
GaAs/AlGaAs: Quantum theory of
acoustomagnetoelectric effect in the presence of

electromagnetic wave

Nguyen Thu Huong “, *Nguyen Quyet Thang b, Nguyen Van Nghia °,
Nguyen Quang Bau ’
¢ Department of Nature science, Academy of Air Defense and Air Force, Hanoi, Vietnam

® Department of Theoretical physics, VNU College of Science, Hanoi, Vietnam
¢ Department of Nature science, Thuyloi University, Hanoi, Vietnam

E-mail: *thang.nq@misvn.edu.vn

Abstract. The acoustomagnetoelectric (AME) effect in an GaAs/AlGaAs rectangular
quantum wire with infinite potential (RQWIP) is investigated under the influence of
electromagnetic wave (EMW) by using quantum kinetic equation (QKE) method. We obtain the
electron distribution function in the interaction with internal and external phonon. By solving
the inhomogeneous differential equation, the current density J and the acoustomagnetoelectric
field (EamEe) are obtained in the dependence on the EMW amplitude, external acoustic wave
frequency, the system temperature and the RQWIP length. The results are numerically
evaluated for GaAs/AlGaAs quantum wire. We compares it to the result obtained in case
of the bulk semiconductors and others low-dimension system in order to show the difference
and the novelty of the results. The Fanp depends non-linearly on the wire length L. and
exhibits an oscillatory behavior as the function of wire length, although the stability period
in long wire length condition. Moreover, we survey the impact of EMW on Fanpg with the
dependence on the external acoustic wave frequency wg. The result also indicates that the
current density J amplifies exponentially as the temperature increases.

1. Introduction

It is well known that the propagation of the acoustic wave in conductors is accompanied by the
transfer of the energy and momentum to conduction electrons which may give rise to a current
usually called the acoustoelectric current, in the case of an open circuit called acoustoelectric
field. The presence of an external magnetic field (B) applied perpendicularly to the direction of
the sound wave propagation in a conductor can induce another field, the so-called AME field.
The study of the AME in bulk materials have received a lot of attentions. In recent years, the
AME field in the low-dimensional structures have been carefully studied by using the Boltzmann
classical kinetic equation|[1, 2, 3, 4, 5, 6, 7] and [8].

In addition, the acoustoelectric (AE) effect has been studied experimentally in a composition
superlattices [9] and in a quantum well, superlattices [10], [11]. The AE effect under the presence
of a strong electromagnetic wave becomes the AME effect due to the appearance of B. That’s
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why the AME field is similar to the Hall field in the bulk semiconductor where the sound flux ©
plays the role of electric current. The essence of the AME effect is due to the existence of partial
current generated by the different energy groups of electrons, when the total acoustoelectric
(longitudinal) current in specimen is equal to zero. When this effect happens, the energy
dependence of the electron momentum relaxation time causes average mobility of the electrons
in the partial current, in general, to differ, if an external magnetic field is perpendicular to the
direction of the sound flux, the Hall currents generated by these groups will not compensate one
another, and a non-zero AME effect will result.

The QKE method has been seen as a powerful tool in the low-dimensional structures
[12, 13, 14, 15] since the Boltzmann kinetic equation temperature limitation condition is bland.
On the other hand, QKE method is unoccupied by temperature condition restrict. Accordingly,
in term of QKE approach, the quantum theory of low dimensional system in both low and high
temperature is unveiled. As a consequence, we have used this method to calculate the AME field
and influence of the EMW in the doped semiconductors superlattices [16] and in two-dimension
systems [17].

Hence, the AME field under the influence of EMW on AME field in one-dimension systems
becomes a fresh topic for researches. In this paper, we investigate the AME effect on
GaAs/AlGaAs RQWIP under the photo-stimulation. The goal of present work is the analytical
presentation of both current density and AME field in the company of numerical calculation for
GaAs/AlGaAs nanowire model. To do this, in Sec.2, we briefly indicatethe electron distribution
by using QKE method due to the advantage mentioned above. The representation is taken place
in Sec.3 in order to graphing and explaining the results. Finally, we showed our conclusion in
Sec.4.

2. Acoustomagnetoelectric effect in a rectangular quantum wire with an infinite
potential in the presence of laser radiation
2.1. Electronic structure in a rectangular quantum wire (RQW)

Consider a perfect RQWIP structure subjected to a crossed electric field E, = (0,0,El),

a magnetic field B = (0, E,O) and a strong laser radiation characterized by electric field
E = (0,0, E,sinQt) with the laser field potential vector A(t) = éﬁocosﬁt = A,cosQt. 1If
the confinement potential is assumed to take the form V' (z,y) of a square well along the x,y
direction (V =0if0<r < Rand V =00 if r <0Ur > R). The electrons are only free on the

z plane. In this RQWIP the motion of carriers are restricted, the electron eigenfunction and
eigenstate are given by:

2 i(pr—2 A1)z
i = et T @y 1)
cliyliz
n o/ e -, \2 . w2h? [ n? 12
ENnlps = Gy <pz — %A(t» — hvgp; + &N + Dy (LZC + L121> (2)

in which

o) =sin ("2 ) sont) = sin (72
e = hur (N + 5

where m* and e are the effective mass and the charge of a conduction electron, respectively;
P> = (0,0, p>) is the total wave vector of electron (along the z axis); L, and L, are the effective
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length of RQW long x-axis and y-axis; n,l = 1,2,... denote the quantization of the energy
spectrum and embody the 2-direction quantization of one-dimensional systems. N = 1,2, ... is
the Landau quantized level, w. = eB/m* is the cyclotron frequency and vy = % is the drift
velocity. The wave function takes the form (1) with 0 <z < L., 0 <y < L, and becomes zero
ifte> L., y>Ly.

2.2. Quantum kinetic equation for confined electrons in a rectangular quantum wire with an
infinite potential

The Hamiltonian of the electron-phonon system in RQWIP in the second quantization
representation can be written as:

—

e

=Y ~ + o+ 3 bt

= €Nl (Pz - %A(t» ANy ONmLp: T ) Iwpbeby
N:’nﬂl:p; ];:

7 +
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;T L p_:zk‘

+ .
+ : : : : Cq_‘Un’n/ ((jjaN’,n’,l’,p_;Jrq_'annalvp; bq’exp (_qut)
Nn,LN'n'l' poq

where (N, n,1,p,) and (N, 0/, ', p. + k) or (N',n/,l', p, + §) are electron states before and after
scattering; fiw; is the energy of a phonon with the wave vector E; aﬁn,l,p”z and a1 5 (b;f and
bg) are the creation and annihilation operators of electron (phonon), respectively.

In this case, we consider acoustic phonon for the internal scattering. So, the electron - phonon
hE2k
2pvsVo
E, is the deformation potential constant [16]. And also, the RQW form factor can be formulated
as follows:

scattering constant takes the form as: |Cz|* =

with V{ is the normalization volume and
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The electron-external phonon interaction factor is: C’(T = 258 [ 5o T (Ut +2> -

2 2
with o7 = /1 — Z—g and o, = /1 — Z—; Here, v, v, v5 are the velocities of longitudinal, the
l t

transverse bulk acoustic wave and acoustic wave, respectively. p is the mas density and S is
the surface area (S = LyLy). Uy, (q) = 4exp(—N\L;)/L. is the matrix element of the operator

2
U = expliqy — Nz) with N = (/¢* — % is the spatial attenuation factor of the potential
l

part of the displacement field. Jy s (u) = [ dz¢ni(z — r2(p. — k1))e1P=¢n (2 — r2p.) with
u=rcki/2, k5 = k2 + k. and r. = m*c/(eB) is Landau radius.
The QKE of average number of electron fy ;5 = <a;nlp;aN,n,l,p_;>t is:

afN’n)lvﬁZ 1 +
=o' = [ amownirn. H] ), ®
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Using Hamiltonian (3), we evaluate (5) to obtain the equation below:
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where h = ; Nz and Ny is the equilibrium phonon and external phonon distribution function;

0(x) is the Dlrac delta function and & = eEy/(m*Q2). Multiplying both sides of (6) by
(e/m*)pzo(e — enni(p>)) we get the following equation:

X

\D:u

RE’ o o
d ((&?)) +wc[ 5 x Be )} Q) + S(e) (7)
where
- e = 0 n,l,p.
Qle)=—— > B <6E1, fg’ﬁ’l’pz> o(c —enpnlp.) (8)
N, lps N

- 4me 7 -
Se) = N Y i ONGE (Fy i~ i)

N LN/l 5. F

272 22
a“k asq
X 0(e — enmnlp.) { (1 2 ) ’ <€N’,n’,l',ﬁz+l€ - aN’"vlvﬁZ) T
X [5 <6N’,n’,l’,ﬁz+E —ENnlp, — hQ) + 4 (gN’,n’,l/,ﬁz-f-E — ENn,Lp, + hQ)i| } (9)

2 —
- % > D iU (N (far v gta — N

N7n7l7N/ 7nl’ll ﬁz 7(1‘

02

02
X 0 ~enmniz) { < 2 > O (e v ptd = ENmip. = Puog) + =

X [5 (‘SN’,n’,l',ﬁzH}' T ENnlLp. T hsY — hwq) +9 (‘SN’,n’,l’,ﬁz—H; —ENmLp. T h§Y —h J)] }

(7) is the inhomogencous differential equation of R(e) variable. Solving (7), we obtain the

representation of R(e) as

R(e) =

Er o
x [(Q(e) + S(e)) — wer ([E X Q(a)] + [ﬁ X g(e)D + w2r? (Q(a)ﬁ + 5(5)5) E}
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As can be seen from (10), we have to evaluate both Q(¢) and S(¢) from (8) and (7) to obtain
the clarified analytical form of é(s) Besides, ﬁ(e) has the meaning of partial current density
which caused by electrons with € energy level motions in RQW. Thus, we will calculate the
integral of ﬁ(s) in order to find out the current density due to the AME effect in the following
part.

2.3. Analytical expression for the acoustomagnetoeletric field
The current density J is given by
o0
= / R(e)de (11)
0

Ji = 0N i Ei (N, O;

(EAMmE): =

We also have

O(N,n,l)y:c n(N,n,l)xx + U(N,n,l)yyn(N,n,l)yx (12)

e
2 2 z
TNy T OV byy
here e is the Fermi energy level; oy . 1)ik, M(,n,1)ik are electrical and sound conductivity tensors
in one-dimensional systems; i, j, k stand for the unit vectors in Cartesian coordinate system. (12)
is the general expression of the E43/g for one-dimension semiconductor systems.
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here, 7 is the momentum relaxation time, J;; is the Kronecker delta, &;;;, is the asymmetric Levi
- Civita tensor.
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In the above analytical expressions, by replacing n,l with n/,l’, the expression of
Ani,Ar,z,c,d, ... become Ay, Ar,y,C, D, ..., respectively. Then, by replacing the index
number 1 with 2, the expression of (eq); become (eq)2. We using these presentations to
mathematically express the symbols in each SH. The main different point between SHs is
the last term in [...] of Ay in (15). By adding %Q, —2’,’;* Q, %w@, %(Q + wgz) and
2’2* (—Q 4 wg) to be the last term of Ay, we obtain the analytical expression of Ay, Az, Ay, As
and Ag, respectively. Using these relative evaluations for ¢; and di, we also obtain the explicit
expressions of SH3 from SH2 and SH6 from SH5. Take a look at (13) and (14), we could
realize that 6-term in above expression stands for 6-root of the delta function with the argument
of energy level. 6-term is calculated from delta function is the main different point compares to
others low-dimensional system since the difference in expression of eigenfunction and eigenstate.
We use these above tensor expressions and the assumption of El, B and E to calculate the
6-tensor appears in (12). So that, we obtain the physical expressions of AME field E 45;r which
is totally new finding and embodied for the AME effect in RQWIP. Later, we can use this Fay g
expression to compared with other low dimension systems in analytical point of views.

3. Numerical results and discussion

In order to clarify the results obtained, in this section, we numerically calculate the AME field
in a RQWIP subjected to the uniform crossed magnetic field and electric field in the presence
of a strong EMW. For the numerical evaluation, we consider the GaAs/AlGaAs RQWIP with
the parameters [18, 19]: p = 5300kg.m =3, m* = 0.067m,, m. being the mass of free electron,
O = 10*Wm™2, vs = 5370m/s, e = 1.60219.10719, 7y = 107125, L, = L, = 100nm.
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Figure 1: The dependence of the AME field on the external acoustic wave frequency

The Fig.1 shows the dependence of the AME field on external phonon frequency value in
two cases: with and without electromagnetic wave. From the graph, we see that, without the
presence of an EMW, the AME field magnitude is small and almost stables when the phonon
frequency changes. Then, in the appearance of EMW, the AME field value is much bigger
than the former case. It can be seen easily that the stronger EMW is, the bigger AME value.
Moreover, we can also note that the AME field magnitude increases almost linearly in the weak
frequency domain (wq < 3.5 x 10*73) and the EF4pg values is almost the same in both cases
of EMW. On the other hand, in strong frequency domain (w, > 3.5 x 10~7s), the Eapp raises
significantly as an exponential function and we can clearly observe three separate lines. This
can be explained by the analytical contribution of w, in Delta functions in the expression of
Eape. This result bring us to the conclusion that EMW impacts strongly on AME effect.
In particular, the presence of EMW increases the value of Eapp and the Eapg growth rate
specially in strong phonon frequency domain. Compare with our previous research about AE
field on quantum well [17] and in bulk semiconductor [20, 21, 22, 23], the dependence of E4y g
on wy is different. It can be explained that the single wave function and the energy spectrum
are quantization different compared to others low-dimension systems, also the confined potential
which considered now is infinite potential and we also put our system in a strong EMW.
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Figure 2: The dependence of the current density on the Fermi energy level and temperature

Fig.2, indicates the dependence of the current density on the Fermi energy level and
temperature. As can be seen from the graph,the Fermi energy value impacts clearly on J
in low temperature condition (7' < 180K) and in high temperature condition, (7" > 180K)
J remains constant. Moreover, also in consideration of high temperature, the magnitude of
J steadies a stable at a small value (~ 0.2 x 10~8¢V), this is about consistent to our previous
research without the presence of EMW [24]. The influence of temperature in AME effect is quite
delicate since the complication in analysis and the high temperature limitation of Boltzmann
kinetic equation method. We use the QKE method to overcome the limitation so that the result
about temperature is specially new in low-temperature domain. In term of Fermi level, we just
consider low temperature condition as mentioned above, J depends on er as a parabolic curve
and tends to be asymptotic when e reaches high value. This can be explained as the fact that
when ef is big, the impact of EMW and size-reduction effect on Delta term in J expression are
bland. The results now become to the bulk semiconductor cases.

The Fig. 3 shows the dependence of AME field on the length of the QW L, in two cases:
with and without EMW. From graph, we observe that the oscillation appears in short length
L, condition (< 0.1nm). The E4p g fluctuates wildly and reach a peak of L, ~ 0.012nm and
this point seem to be constant when EMW changes. The difference is the E4 g peaks at
diverse value depends on how strong EMW is. In particular, without EMW (E, = 0 Vm~!) the
E sk peak is roughly —0.5 x 1078 and approximately —2.8 x 108 with strong EMW condition
(E, = 4 x 105V'm~1!). This oscillation could be explained as the contribution of RQWIP form
factor and we can use this to discriminate RQWIP from other low-dimension systems. This leads
to the same conclusion from figure 1 that the impact of EMW on AME effect in general and
FE App in particular is value booster and it does not change the analytic influence of other system
parameters on effect. Furthermore, in long length condition, this means the size-reduction effect
might disappear and the magnitude of Eqpp is a straight line and about (0 arb.units) as
obvious. The accuracy of our calculations is verified and we could use the above results to apply
on reality RQW construction processing.
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Figure 3: The dependence of the AME field on the length of the QW
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Figure 4: The dependence of the AME field on the external acoustic wave frequency

The Fig.4 describes the influence of AME field value on the external acoustic wave frequency
wgz in low and high temperature condition (7" = 20 K and 7" = 200 K). Initially, the 200K
temperature RQWIP graph shows that, the AME field is much stronger compared to the 20K
temperature case. Perhaps due to the quantum effect that in high temperature condition, the
phonon which is calculated as Bose-Einstein condensed state distribution function will move as
simple harmonic oscillator. When the acoustic wave frequency changes, the cycle of oscillation
also changes. The energy levels of phonon are separated into Landau levels, with each Landau
level, cyclotron energy and the phonon energy linearly increase with the magnetic field. When
the energy level of Landau levels excesses the value of Fermi level, the phonon can move up
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freely. It also give us the reason why the magnetic field impact a lot on the AME field. Then,
in low temperature condition, as considered above, we can only calculate the AME field in low
temperature case by using QKE. The result is basically similar to the case of high temperature
with the same parabolic curved but much smaller value. The impact of magnetic field on AME
field in this case is tiny and could be considered as no impact since the value of AME field
almost the same in three different magnetic B value. The resonance in low temperature and
strong magnetic field which often appears in other quantum kinetic effects also vanished. This
might due to the different in the physical expression of AME field and acoustomagnetoelectric
effect compared to other specific effects. This is the new finding of our research and affirm the
efficiency and effectiveness of QKE method in solving kinetic quantum effects.

4. Conclusions
In summary, we manipulate the QKE to calculate the current density and the AME field
analytical representation in presence of a strong EMW in GaAs/AlGaAs RQWIP. We have

expressed the dependence of Jand E Am g on the amplitude of a EMW, the frequency of acoustic
wave wy, Fermi energy level er, system temperature 7" and the length of the RQWIP L,. The
result shows that Fsy g and J depends exponentially on wy, e and T' but different value and
tendency. This result obtained due to the complication in analytical expression of F4prp on
these above parameters. Surveying the influence of L, on E /g, we find out that the oscillation
appears wildly in short L, period and a steady level in the remained domain. The impact of
EMW is crucial as the E 45 g value booster, it makes the magnitude of F 47 becomes higher and
does not change the dependence of the AME field on other parameters also the peak positions,
particularly. Also, the effect of low temperature to the AME field is revealed in this paper.
The Fapg in high temperature is much stronger than the case of low temperature even with
different magnetic field values. Our results we obtained from research is new and contribute to
the theoretical quantum AME effect in low-dimensional semiconductor system. We expect it to
become an useful data source for the future experimental observation and fabrication.
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