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Abstract

We show that Hall-like current can be induced by acoustic phonons in a
nondegenerate, semiconductor fluorine-doped single-walled carbon nanotube
(FSWCNT) using a tractable analytical approach in the hypersound regime
gl >1 (qis the modulus of the acoustic wavevector and / is the electron
mean free path). We observed a strong dependence of the Hall-like current

on the magnetic field, /, the acoustic wave frequency, @, , the temperature,

T, the overlapping integral, A, and the acoustic wavenumber, g. Qualitative-
ly, the Hall-like current exists even if the relaxation time 7 does not depend
on the carrier energy but has a strong spatial dispersion, and gives different

results compared to that obtained in bulk semiconductors. For @, = 10" Hz
and H =10°Wb/m’, the Hall-like current is j;* =0.09 A-cm™ in the ab-

sence of an electric field and ijE =0.90 A-cm™ in the presence of an elec-
tric field at 300 K. Similarly, the surface electric field E,,, due to the
Hall-like current is Eg,,, =0.21 V/m in the absence of an external electric
field. In the presence of an external electric field, Egjy,; =+0.74 V/m and

Emr =-0.77V/m for H=15x10°Wb/m® at 300 K. ¢ and A can be
used to tune the Hall-like current and Eg,,,, of the FSWCNT. This offers
the potential for room temperature application as an acoustic switch or tran-

sistor, as well as a material for ultrasound current source density imaging
(UCSDI) and AE hydrophone device in biomedical engineering.
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1. Introduction

Transport of electrons in semiconductor and multi-quantum well structures is
governed by diffusive, drift and tunneling current flow [1]. In some cases, the
materials exhibit ballistic transport provided the size of the system is smaller
than the electron mean-free path, with the length ranging from nanometers to
few microns as in some novel nanostructures [1]. Conceptually different from
these mechanisms are transport phenomena based on energy and momentum
exchange between externally propagating entities such as acoustic phonons and
the electron medium. For most of the conduction electrons, their velocity com-
ponent is much larger in magnitude than the speed of the acoustic wave, such
that these electrons are “out of phase” with respect to the travelling electric field
[2] [3]. Thus, the time average of the electric field over the trajectories of the
electrons is zero, and that, these electrons are unaffected by the presence of the
acoustic wave. However, there are few electrons that have velocity components
that are parallel and comparable to the acoustic phonon wave velocity. These
electrons are capable of being trapped by the moving electric field so that the
time-average of their velocities in the direction of the field is exactly that of the
field. Among these electrons, those having a maximum energy are found to give
rise to a net electric current. In n-type semiconductors, these electrons are in the
conduction band. This process of generating an electric current by the travelling
acoustic wave is known as the acoustoelectric effect (AE) in the case of an open
circuit or a constant electric field [1] [2] [3] [4].

In the presence of a weak magnetic field, (27 <1 (where Q is the cyclo-
tron frequency and ¢ is the relaxation time), an acoustic wave propagating
through a conductor also induces another type of effect called acoustomagne-
toelectric effect (AME) [4]-[9]. AME current occurs when the sample is short
circuited in the Hall direction and an AME field is induced if the sample is
placed in a magnetic field stimulated by an acoustic wave propagating in the di-
rection perpendicular to the magnetic field in an open circuit [5]-[9]. The AME
current is similar to the Hall current generated in Hall effect where the acoustic
wave plays the role of the electric field.

AME was first theorized by Grinberg et al [10] in bipolar semiconductors and
was experimentally observed a few years later in bismuth [11]. Epshtein et al [12]
relentlessly studied the effect in monopolar semiconductors. They observed that,
the AME occurred as a result of the dependence of the electron relaxation time
on the carrier energy, 7(¢), and that when ¢ is constant, the effect ceases to
exist [12]. Subjecting a sample to a sound flux and an electric field along the

z-axis, and orienting the magnetic field parallel to the x-axis and perpendicular

DOI: 10.4236/wjcmp.2020.102005

72 World Journal of Condensed Matter Physics


https://doi.org/10.4236/wjcmp.2020.102005

D. Sakyi-Arthur et al.

to the sample, a non-zero current evolves in the Hall direction in an open circuit
(5]-[9].

Modification of single-walled carbon nanotube (SWCNT) skeletal structure
with fluorine is one of the emerging and efficient processes for chemical activa-
tion and functionalization of carbon nanotubes [13] [14]. Fluorination of mul-
ti-walled carbon nanotubes (FMWCNT) was performed decades ago, which was
followed by SWCNTs in the latter years [15] [16]. Fluorination plays a signifi-
cant role in the functionalization process as it provides a high surface concentra-
tion of functional groups, up to C,F without destroying the tube’s skeletal struc-
ture. The functionalization process is a fast exothermic reaction and the repul-
sive interactions of the fluorine atoms on the surface debundles the nanotube,
thus, enhancing their electron dispersion [16].

Doping a SWCNT with fluorine atoms and thus, creating a double periodic
band forms an FSWCNT, which modifies the metallic nature to semiconducting
nature [17] [18]. Experimental measurements show that absorption of acoustic
waves in FSWCNT is less than that of undoped SWCNT, and theoretical studies
on the absorption of acoustic phonons in FSWCNT in the hypersound regime
was done recently to confirm this [18] [19]. To the best of our knowledge, no
studies of Hall-like current induced by acoustic phonons in FSWCNT with
double periodic band in the hypersound regime have been reported. Therefore,
the aim of this manuscript is to study the Hall-like current in FSWCNT as a
function of the electric field, electron-phonon interaction, electron concentra-
tion, temperature, magnetic field and the acoustic wavenumber by employing a
tractable analytical approach. For increasing the acoustic wavenumber, the elec-
tron concentration and the electron-phonon interaction, the acoustoelectric
current is positive and increases in magnitude, but reverses direction depending
on the external electric field. In the absence of the electric field, the Hall-like
current rises to a resonance maximum and falls off in a manner similar to what
has been observed in negative differential conductivity (NDC). Increasing tem-
perature also decreases the net Hall-like current, however, that also rises and
falls. We believe that the different behaviours due to the different acoustic wave-
lengths are characteristics of the different length scales over which the acoustic
waves dictates the electronic properties of the semiconductor FSWCNT in the

presence and absence of both external electric and magnetic fields.

2. Theory

Consider a fluorine-doped SWCNT, where the fluorine atoms form a one-dim-
ensional chain along the axial direction, the energy band is deduced as [17] [18]:

e(p.)=¢,+E,Acos™ " (ap.) (1)
where a = x/gb/2h y B

energy of the m-electrons within the first Brillouin zone. For N =2, the energy
band for FSWCNT at the edge of the Brillouin zone is expressed as [17] [18]:

is a constant, Nis an integer and &, is the minimum

n
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UaC‘

e(p.)=¢,+A cos(3ap,)+A, cos(ap, ) (2)

where, p, is the quasi-momentum of an electron in the first Brillouin zone Ze.
—nfa< p, <m/a,with A, =2A,and A, =6A.

As we previously described [4], the phenomenon is similar to the thermoelec-
tric effect where the net flow of heat along a temperature gradient is analogous
to the net flow of travelling acoustic waves along the gradient. We calculate the
combined AE-AME current density in FSWCNT using a tractable analytic mod-
el [4] [5]. Assume an array of FSWCNT forms a two-dimensional structure. The
sound wave and the external electric field E(7) propagate along the FSWCNT
axis (z-axis), and the magnetic field is directed parallel to the x-axis. The
Hall-like current is induced in the y-axis. The current density for such an orien-

tation is given as:

" zzf Ur¥, (p H) &, ®
where P, ( D. ) is the solution to the Boltzmann kinetic equation in the absence

of a magnetic field, and is expressed as:

oY,
v—L4+ W (P} =v, (4)

p
p. is the electron momentum along the axial direction of the FSWCNT and
U, in Equation (3) is the electron-phonon interaction transition rate which is

obtained by using the Fermi golden rule as in refs. [4] [5] [7] [9]:

S Go s [ (e (2. =10) = (2, (p.))]0(e, (. 1), (p.) 1)

(5)

#1G, e [ [ (e (. +19)= £ (2, (2.)]6 (e (p. +1g) 2, (p.) =10, )

Here f ( pz): f (gn’n, ( pz)) is the unperturbed electron distribution func-
tion, @ is the sound flux density, &, (p,) is the electron energy band, nand

n’ denote quantization of the electron energy band, and G is the matrix

p-thg,p;
element of the electron-phonon interaction. ¥, is the root of the kinetic equa-
tion given as [4] [7]:
oY,
SvxH) L+, {¥)=v, 6)
c aop
. . -1
where v, is the electron velocity and W, {..}=(df/0¢...) W,(0f /d¢). The
operator W, isa Hermitian operator and it is the collision operator describing
the relaxation of the nonequilibrium distribution of the electron [5]. We assume
7 is constant (the collision operator has the form W, = 1/7) and a solution to

Equation (6) as:
¥, =W+ + P+ (7)
Following the approach in ref. [5], we substitute Equation (7) into Equation (6)

and solve by the method of iteration to obtain the zero approximation in the ab-

sence of the magnetic field (H =0) as:
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‘P? =Vvr (8)

1

Similarly, in the first approximation, we obtain

2

1__Te %
¥, mc(v H)l_ 9)

and i=x,y,z.
Substituting Equation (8) and Equation (9) into Equation (3) and using the

2
principle of detailed balance, ie. |G =|GN,| , we obtain the net current

r.p |

density as:
. 2e 2nd
5= Gt a2 pnan| [F((p)=1 (. (0. +10)) ]
q v n,n
[ W, (p. +hq)=¥,(p.)]6 (s, (p. +hq) =2, (p.)-ho,)d p. o0
2¢ 21D er’
Gy o, me ZJI Gpoasa| [/ (6 ()= 1 (&, (p.+1g))]
[ W, (p. +hq)=¥,(p.)]6 (5, (p. +hq) =2, (p.)-ho,)d p.
The matrix element of the electron-phonon interaction is given as:
|Gp”p|: 4meK an

‘/2pa)qe

where K is the piezoelectric modulus, ¢ is the lattice dielectric constant, and
p is the density of FSWCNT. W, (p,)=1,, is the electron mean free path giv-

en as
I =7v, (12)
where
0
v, = 2(p.) (13)
op.

Substituting Equations (11)-(13) into Equation (10) yields:
2K 106’0 (1-a’ )

I e 2L e (P) 1 o (p 1)

nn'

x[v. (p. +1a)~v.(p.)]6 (&, (p. +hq) =&, (p.)~ha,)dp.

R o) e () e . 0]

Raepa1—a’me ni
><|:(v(pZ +hq)xH)—(v(pZ)><H)}5(8n« (p. +hq)—gn,(pz)—ha)q)d2pz

Under the orientation considered, the axial AE current ( j'* ) is given by the

(14)

first term and its solution if found in [4]. The second term gives the Hall-like

- AME
current ( j;

). The distribution function of the electrons in the presence of the
applied electric field, E (l) is obtained by solving the Boltzmann transport eq-
uation in the r-approximation as
o (r.p.1)
ot

f(r.p,t)~1,(p)

+v(p)~Vrf(r,p,t)+eEfo(r,p,t):— (15)
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which has a solution of the form:
odt’ ,
f(pz):j0 7exp(—t/z')f0(pz—eaEt) (16)
where [ (p.) is the shifted Fermi-Dirac distribution given as:

) 1
folp:)= [exp(—(g(pz)—,u)/kT)+l}

4 is the chemical potential which ensures the conservation of electrons, & is

(17)

the Boltzmann’s constant, 7'is the absolute temperature in energy units. Substi-
tuting Equation (16) and Equation (17) into Equation (14), we obtained the equ-
ations for j* and j;iME which contain the Fermi-Dirac integral 7, of the
order 1/2 as:

2K n0e’ 0 (1-a” )

e S5 (2 e 2. oha)

x[v. (p. +1g)~v.(p.)]6 (e, (p. +hq)=¢, (p.)~he,)dp.

2K e’ 0(1-a?
T o ( 2 )zj[flﬁ(gn’(pz))_}—l/z('gn'(I’z+hq)):|
I wepaNl—a me '

x[(v(pz+hq)xH)—(v(pZ)><H)J5(£n, (pz+hq)—8n,(pz)—ha)q)d2pz

where

(18)

1 = nfdn
J, (19)

Fin (’7./') - L(1/2)% 1+ eXP(U - 77/).

Here, (11—&,)/kT =n, and T(1/2) is the gamma function. For nondege-
nerate electron gas, where the Fermi level is several &7 below the energy of the
conduction band edge ¢, , (kT < &, ), the integral in Equation (19) approaches
x/E/ 2 exp(n‘, ) The unperturbed distribution function from Equation (19) can
be expressed as:

f,(p.)=4" exp(—[g(pz)]/kT) (20)

where A" is the normalization constant to be determined from the normaliza-

tion condition If(p)dp =n, as:

t_ 3n,a° (go—ﬂj
4 210(A]‘)10(A;)6Xp kT @1

n, is the electron concentration, and I, (Az) is the modified bessel func-
tion of zero order, where x =1,2. Assuming the electrons are confined to the
lowest conduction band, that is n=n"=1, then the quasi-velocity of the elec-

trons in the system is also given as:
v.(p.)= —[SaAl sin(3ap, )+ aA, sin(ap. )] (22)

In the absence of an external magnetic field, the axial AE current density in

the first term of Equation (14) is deduced as:
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JAE = A { Al sm( 1——DcosBsin(§th

where

- AE

.]Z

and

Jo =

4A*nq>e31<zz®(1—a2)

+A; cos Asin

s ()
xcoth{AzCOS[f’){[ DcosAcos@ahqj

(23)

+A, cos[ [ ——dD cos B cos hqﬂ

v
* 3
x coth {AX 005(3)( [1 Dsm Asin ( ahq)
+A, cos{ [1——DsmBsm H
(O) =J {sinh {A: sin (%ahqj sin A+ A’ sin (% hqjsin B}

(24)

x sinh {Aj cos (% ahq] cos A+ A’ cos (% hqj cos BH

3 .22 2
" w;e o-aq\/l—a

, x=hoalv,, a=a0,/12haq

Switching off the external electric field, Equation (23) then reduces to Equa-

tion (24). Similarly, the Hall-like current density in the second part of Equation

(14) is obtained after some cumbersome calculations as:

CAME _

Iy

2A*K2nq>e3f2®(1—a2)g j:ex (_d_trj

h3co;epa\/1 -a’

T

x {sinh {AT cos(3eakt")sin Asin (%ahq] +A; cos(eaEt")sin Bsin (% hqﬂ

x sinh {Af cos(3eaEt")cos Acos (% ahqj +A, cos(eaEt")cos B cos (% hqﬂ

-4 (A; sin(eaEt")cos Bsin (% hqj +A, cos Asin(3eaEt')sin (% ahqj

+AA; sin(eaEt")sin (3eaFt")cos A cos Bsin (% hqj sin (% ahqD

x cosh {Al cos(3eaEt")cos Acos [%ahq} +A, cos(eaEt’)cosBcos(%hqﬂ (25)

x cosh {AI cos(3eaEt")sin Asin (% ahqj + A, cos(eaEt")sin Bsin (% hqﬂ}
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where Q= uH/hc, ® isthe Heaviside step function, A, =A,/kT,
A, = A, /kT . Simplifying further, we obtain

JE = (0){1—4{5; sin(;{l—v_"j}cosBsin(%th
vY
" . vill. (3

+A, cosAdsin| 3| 1-—* | [sin| —ahq

v, 2
. v, 3

xcoth| A, cos| 3y| 1-— | [cos Acos Eahq

VS

(26)
+A, cos(;((l —V—dJJcos B cos(ﬁhqﬂ
v, 2
. Vil . . (3
xcoth| A, cos| 3y l_v_ sin 4sin Eahq
+A, cos (;{(l —V—dn sin Bsin (ﬁ hqﬂ}
2 2
Switching off the external electric field from Equation (26) yields:
Jy (0) = Jo {sinh {A: sin (%ahqj sin 4+ A} sin (% hqjsin B}
(27)

. . 3 .
x sinh {AI cos [Eathcos A+ A, cos [% hq] cos BH

. 4eAKnoTe(1-7) g
]()y == -

4 2 2
h a)quepaq\/l—a ¢

where

and

1) 1)
Azésin’l — ,B:lsin’l d
4 12Aaq 4 12Aaq

The dependence of the Hall-like current density on @, , gand T"as expressed

above is highly nonlinear.

3. Results and Discussion

The acoustic wave considered in this study is treated as packets of coherent
phonons (monochromatic phonons) with wavelength A =2n/g, smaller than
the mean free path of the FSWCNT electrons in the hypersound region g¢/>1
(g is the modulus of the acoustic wavevector and / is the electron mean free
path).

Equations (23) and (26) and Equations (24) and (27) can be written in terms
of the axial AE current as:

M= i Qr. (28)

The Hall-like current is proportional to the axial acoustoelectric current but
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depends on the dimensionless quantity Q7 which is a measure of the magnetic
strength ze. j** / Jj* =Qr. It is therefore empirical that the existence of the
Hall-like current in FSWCNT is due to the electron quantization and the non-par-
abolicity of the energy band, and not on the dependence of 7 on &(p,) [3].
Equations (23), (26), (27), (29) and (30) are analyzed numerically using the fol-
lowing parameters: @, =10%s™", v =2.5x10°m/s, ®=10°Wb/m’,
/=10"cm and ¢= 10°cm™. From Equations (23) and (26), we plot the axial
AE and the Hall-like current against (1-v, /v, ) for various ¢ values and also
against g for various temperatures 7'values as shown in Figures 1(a)-(d).

It can be inferred from Figure 1(a) and Figure 1(b) that, when the electric
field is positive the current rises, reaches a maximum then falls off as in negative
differential conductivity. On the other hand, when the electric field is negative
the current decreases, reaches a minimum then increases until it saturates. This
can be attributed to the Bragg’s reflection at the band edges. Furthermore, the
ratio of the height of the absorption peak to that of amplification peak for suc-
cessive g values differs by one. Increasing the g tends to increase the axial cur-
rent density ( jZAE ) as shown in Figure 1(a), but the Hall-like current density
ijME decreases in the y-direction due to the increase in scattering along that
direction (see Figure 1(b)). Though Bragg’s reflection controls the transport

process, increasing the temperature in the presence of the external electric field,

100 |
q=4x10%m ——q=4x10%m"'
80 4=5x10%nr” 038 q=5%10%cm’
60 q=6x10%m! 0.6 q=6x10%m!
40 04
-
&E‘ 20 T2
o
o 3
a0 20 b= -0.2
N i
40 04
60 0.6
-80 0.8
-100 -l
05 06 07 08 09 1 LI 12 13 14 15 05 06 07 08 09 | 11 12 13 14 15
IR 1-V/V
s d Vs
(a) (b)
25 . 0.025
B —
T=250K — :’iﬂgi
o =25
2 T=300K 0.02 v
T s €
: £ 0015
p 3
= <
<N 1 g
AN Z . 001
=
05 0005
% 05 1 15 2 25 0
" o 10° 0 05 1 L 2 25
q(em™) q(em™) x10°

(c) (d)

Figure 1. Dependence of (a) axial current ( j;* ), (b) Hall-like current ( ;) on
1-v,/v, for different ¢ values at T=300K and Qr=0.01 (c) axial current density
Jj2* (d) Hall-like current density j** on gfor different 7'valuesat (1—-v,/v,)=0.5.
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increases the conductivity as shown in Figure 1(c) and Figure 1(d), with the
higher magnitude observed at room temperature 7 =300 K. This is because at
near room temperatures, the band gap of the FSWCNT decreases, creating new
conducting pathways where the majority of the electrons undergoes intraminiband
transition. Consequently, a generation of high intraminiband current interacts
strongly with the phonons to create a high AE and Hall-like current densities. In
Figure 1(c), the AE current j'* is about two orders of magnitude greater than
that of the Hall-like ( j; ME'y current (Figure 1(d)). This is due to the scattering of
the induced Hall-like electrons.

Similarly, we display in Figure 2(a) and Figure 2(b), jZAE and ijME , when
the electric field is switched off. In the absence of the external electric field, there
exists an inherent dc field due to the phonons transferring their energy and
momentum to the electrons so that the electrons move with a drift velocity, v,,
through the FSWCNT. The peak of ;** and j;‘ME in Figure 2(a) and Figure
2(b) decreases with increasing temperature, in contrast to what was observed in
the presence of the external electric field. The electrons in this case have only a
single path for conduction. Increasing the temperature, increases the kinetic
energy of the electrons and the majority of these electrons undergo intermini-
band transition. Thus, only a handful of electrons undergo this intraminiband
transition leading to the low conductivity as observed. Owing to the conserva-
tion laws of energy and momentum, it follows that only electrons with momen-
tum p. >hq/2 interact with the acoustic phonons. Passing a high frequency
sound flux through the sample, the absorption coefficient F(q) as well as j**
and j; M approach zero. Moreover, the nonlinear behaviour attributed to the
external magnetic field, directs few electrons in the Hall direction which leads to
weak interaction with the acoustic phonons.

In Figure 3, we show the dependence of ;¥ and j;‘ME on T'in the absence
of the electric field. The j** and ijME rise linearly to a maximum and then
begins to drop and shifts toward higher temperatures, and exhibit linear depen-
dence on 7'in the region of ohmic conductivity when E = 0. This suggests that,

increasing g leads to a strong electron-phonon interaction where more phonons

8 0.03
T=150K
T=200K

T=150K
T=200K

0.025 = 1=250K
1=300K

(A/em?)

JAE,
1z

0 5 10 15
q(em™) %106 q(em™) x10°

(@ (b)

Figure 2. Dependence of (a) axial current (j**) (b) Hall-like current ( ijE ) on g for

different 7'values at Q7 =0.01.
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x10
0.09 9
——q=4x10%m’! ——q=4x10°%em?
0.08 q=5%10°%m* 8 ———q=5x10°%cm?
q=6%10%cm™* q=6x10°cm?
0.07 q=7x10%m’ 7 q=7x10c’
006 s
g 005 g
< o0 2 4
3 Py
=N 2
0.03 i,
0.02 5
0.01 1
n0 100 200 300 400 500 600 700 800 0
> 0 100 200 300 400 500 600 700 800
T(K) TK)

(@) (b)

Figure 3. Dependence of (a) axial current ( j* ) (b) Hall-like ( j;‘ME ) on T for different ¢
valuesat Q7 =0.01.

transfer their energy and momentum to the electrons to increase j* and
j; M However, this is not the case at high temperatures because the energy of
the electron-phonon interactions increases due to increase in their kinetic ener-
gies and collisions with other excitations. This leads to a handful of electrons
undergoing intraminiband transition, leading to a decrease in both ;' and
ij ME Therefore, there is a threshold temperature for which the J2¥ and j;‘ME
turn on, suggesting that FSWCNT can be used as an acoustic switch or acoustic
transistor. These occursat 7=35K for ¢=4x10°cm™', T=56K for
g=5x10°cm™, T=84K for ¢=6x10°cm™ and T=112K for
g=7x10°cm™". As shown in Figure 3(a) and Figure 3(b), j/* > j;‘ME since
the scattering is high along the Hall direction (y-axis).

In Figure 4, we display the dependence of ;/* and ijME on temperature
for different values of electron-phonon interaction parameter, A. As the tem-
perature increases, the net j** and j;ME remain zero, then rises to a maxi-
mum and decreases. The peak temperature shift towards higher temperatures
with increasing A. This suggests that higher currents are obtained at lower A
values and low temperatures for both j** and ijME. Therefore, A can be
used to tune the current to high temperatures for room temperature applications
as an acoustic switch or transistor. The shift towards higher temperatures in the
current densities is attributed to the non-parabolicity of the dispersion relation
which is very strong in FSWCNT. This accounts for the intersections of the
curves for different values of A in j/* and j™* (Figure 4(a) and Figure
4(b)). At these temperatures, different values of A have the same g values and

that, the same j** and j;ME. In Figure 4(b), as the eletron-phonon interac-

tion increases to A =0.10 €V, the peak of j;,iME falls drastically due to increase
in scattering along the Hall direction.
The relation between the attenuation coefficient, and the surface electric field

due to the Hall-like current was proposed by Yamada [11] [20] as:

n ek
r,o= o T SAME. (29)
uH [hc
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Figure 4. Dependence of (a) axial current ( j/* ) on 7'(b) Hall-like current ( ijE Yon T

for different A valuesat Q7 =0.01.

The absorption coefficient I',  for FSWCNT is given in ref. [18] as:
24"’ K0 (1-a”)
1—‘abs =
31’ w, pv,Aeag1-a’

X {sinh {AT sin (%ahqj sin 4+ A; sin (% hqj sin B} (30)

x cosh {Ar cos (%ahq}cos A+ A: cos (% hqj cos BH

Thus, the surface electric field due to the Hall-like current Eg,,,. is expressed

as:

Egne =

2A+nCD2K2®(1 - az) (ﬂyj

3h2a);vaAeaq\/1 —a’ne\ hc

x{sinh{Afsin(%ahqjsinA+ A sin(%hq)sinB} (31)
. 3 . a
X cosh{A1 cos(Eahq]cos A+ A, cos(thjcosBH
The drift velocity of the electrons is given as:

2ATTC(DZK2®(1—(ZZ) W H
e

A% :ﬂE =
‘ e 3h2a);vaAeaq\/1 -a’ne

X {Sinh {A;‘ sin (%ahq]sin A+A) sin(%hqj sin B} (32)
. 3 x a
X cosh{A1 cos[zahqjcos A+ A, cos(thjcosBH

Thus, we display the dependence of the Hall-like field, E|,,, ,on ¢in the ab-
sence of an electric field in Figure 5 for different values of temperature (Figure
5(a)) and magnetic field (Figure 5(b)). Like Yamada [11], the calculated
Hall-like field is highly nonlinearly dependent on ¢ (Figure 5) and linearly de-
pendent on H (Equation (31). As the temperature increases, the peak of the
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Figure 5. Dependence of Hall-like field Ej,, on wavenumber (¢) for varying (a) tem-

perature (b) magnetic field H .

Hall-like field decreases but shifts toward higher ¢ values (see Figure 5(a)).
Note, the intensity of Eg,,, decreases with increasing temperature. In Figure
5(b), the Hall-like field increases with increasing ¢ to a maximum and then
falls off as ¢ increases. The intensity also increases with increasing magnetic
field H.

We display the dependence of the Eg,, on 1-v,/v. when the external
electric field is switched on as calculated in Equation (31) (see Figure 6). It can
be inferred that the orientation of the H-field produces a Hall-like field in the
Hall direction which opposes the electron motion and thus, produces an absorp-
tion when 1<, /v, . However, as H-field orientation reverses in the Hall di-
rection and moves along with the electron motion with little opposition, thus,
produces an amplification when 1> v, /v, . As the temperature increases, the
peak of the Hall-like field decreases in both directions but shifts towards higher
1-v, /v, values (see Figure 6(a)). This is very interesting because, at 7' =300 K
increasing the magnitude of the H-field produces a high Hall-like field which
will drive the electrons for a higher Hall-like current (see Figure 6(b)). In the
presence of a magnetic field, the threshold electric field for amplification is in-
creased due to the dc magnetoresistance. Furthermore, the magnetic field de-
creases the dielectric relaxation frequency and increases the diffusion frequency.
The presence of a transverse magnetic field greatly reduces the electron drift ve-
locity necessary to form the acoustoelectric domains [21] [22] [23] [24].

To put the results in perspective, we show in Figure 7(a) and Figure 7(b) a
3-D plot of j/* and ij ME against gand (7). The j* isabout two orders of
magnitude higher than the j;‘ME, This is due to the weak field conditions
Qr<l.

4. Conclusion

We have shown that Hall-like current and field can be induced by acoustic pho-
nons in a nondegerate, semiconductor FSWCNT using a tractable analytical ap-
proach in the hypersound regime ¢¢>1. A strong nonlinear dependence of

Hall-like current j;’ME and the field E,,, on H, g Tand A are observed.
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This is due to the attenuation of acoustic phonons by electric field driven elec-
trons experiencing intraminiband transition. Qualitatively, Hall-like current and
field exist even if 7 does not depend on the carrier energy but has a strong spa-
tial dispersion. This result is different from that obtained in bulk semiconductors.
In the case when 7 is constant, the effect is only present in non-degenerate elec-
tron gas but absent in degenerate electron gas. These results suggest that FSWCNT
could offer a huge potential for room temperature applications, however, novel
techniques are needed in reducing its high electrical resistance. The acoustic
wavenumber and the overlapping integral can be used to tune the Hall-like cur-
rent and field of the FSWCNT for room temperature applications such as
acoustic switch or transistor and also as a material for ultrasound current source
density imaging (UCSDI) and AE hydrophone devices in biomedical engineer-

ing.
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Nomenclature
Lattice type Discrete lattice velocities
q acoustic wavenumber
Vi electron mean free path
g acoustoelectric effect current density
AV acoustomagnetoelectric effect current density/Hall-like current density
H magnetic field
E,. surface acoustomagnetoelectric field/Hall-like field
o, acoustic wave frequency
E constant electric field
Q cyclotron frequency
T relaxation time approximation
e(p.) energy band relation
p. axial quasi-momentum
N,n integer
A overlapping integral
p, quasi-momentum in the first brillouin zone
h reduced Planck constant
e electronic charge
c speed of light
\2 speed of sound
v, drift velocity
Y7 electron mobility
k Boltzmann constant
s electron-phonon interaction term
[} acoustic phonon flux density
he, phonon energy
f ( p_,) electron distribution function
Fin Fermi-Dirac integral
A normalization term
I Bessel function of order zero
G,, matrix element of the electron-phonon interaction
el density o FSWCNT
piezoelectric modulus
€ lattice dielectric constant
® (x) step function
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