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Conductance modulations in spin field-effect transistors under finite bias voltages
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The conductance modulations in spin field-effect transistors under finite bias voltages were studied. It was
shown that when a finite bias voltage is applied between two terminals of a spin field-effect transistor, the spin
precession states of injected spin-polarized electrons in the semiconductor channel of the device will depend
not only on the gate-voltage controlled Rashba spin-orbit coupling but also on the bias voltage and, hence, the
conductance modulation in the device due to Rashba spin-orbit coupling may also depend sensitively on the

bias voltage.
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. INTRODUCTION long been established both theoretickifY and

experimentally®*° that, arising from the structural inversion

In the recent years spin-polarized transport in semiconasymmetry, there is a spin-orbit interaction in two-
ductor microstructures has attracted much attention becausimensional electron gas€é2DEG’s) on narrow-gap semi-
of its important relevance to the emerging field of spintron-conductor(such as InAssurfaces. This underlying spin-orbit
ics, a new branch of electronics where the electron’s 6pin  interaction was known as Rashba spin-orbit coupling in the
addition to its chargeis the active element for information literatures. An important feature of Rashba spin-orbit cou-
storage and processihdin issue of fundamental importance pling is that its strength can by tuned by an external gate
in the emerging field of spintronics is the generation andvoltage, which alters the build-in structural inversion asym-
control of high spin-polarized currents in semiconductors. metry. Due to this fact, spin precession of injected spin-
Recently high efficient injection of spin-polarized currentspolarized electrons in th& channel of a spin FET can be
from magnetic to nonmagnetic semiconductors have beetuned by applying an external gate voltage, and concomi-
achieved at low temperaturBsiowever, efficient injection of tantly, the current flowing through the device can be also
spin-polarized currents from ferromagneti€) metals into  modulated. This mechanism was first proposed in a seminal
semiconductorsS) has not yet been realized experimentally. work by Datta and Ddsand recently, some important factors
But for room temperature spintronic devices, ferromagnetichat will affect the behaviors of a spin FET were investigated
metal sources are indispensable tools. Detailed theoretic#d more details and with more realistic assumptiBhs® in
investigations have revealed that the main obstacle for spithe present paper, we discuss the conductance modulations in
injection from anF metal source into a semiconductor origi- spin FET’s under finite bias voltages. Previous theoretical
nates from the large mismatch between the conductivities dhvestigations have been focussed on the zero-bias conduc-
metals and semiconductor§.it can be shown that in usual tance modulations in spin FET’s, but in practical applications
F S junctions, the spin injection coefficients are proportionala finite bias voltage need to be applied between two termi-
to os/or, Whereos and o are the conductivities of the nals of a spin FET, and the conductance-bias voltage charac-
semiconductors and thE metals, respectively. Sinces  teristics of a device are usually very important for its practi-
<og, the efficiencies of spin injections in usual cal applications. From theoretical viewpoints, when a finite
FS-junctions are very small. At first glance, this problem bias voltage is applied between two terminals of a spin FET,
seems insurmountable, but very recent theoretical investiga longitudinal electric field will be established in the semi-
tions show that this obstacle may be overcome through theonductor channel of the device, and as was well known, in
use of suitable potential barriérs® or through appropriate spin-orbit coupled systems external electric field may play a
epitaxial interfaces that obey certain selection rules andnore subtle role on electron’s transport than in traditional
band-structure symmetry propertiés?and encouraging ex- electronic devices. The reason for this is that in spin-orbit
perimental results have also been obtained following the thezoupled systems the effect of electric field may be sensitively
oretical prediction$®>~° These results suggest that devicesspin dependentExamples of unusual effect of electric field
made of combinations df metals and semiconductors may on electron’s charge and spin transport in spin-orbit coupled
be truly promising for applications in spintronics. Among the systems can be seen from Refs. 26} 28the present paper
most prominent device proposals that involve combinationsve discuss the influence of finite bias voltages on the con-
of F metals and semiconductors is the spin field-effect tranductance modulations in spin FET's due to Rashba spin-orbit
sistor (spin FET (Ref. 4. In a spin FET, two ferromagnetic coupling. We will show that when a finite bias voltage is
metallic electrodes are coupled via a ballistic semiconductoapplied between two terminals of a spin FET, the conduc-
channel. The current modulation in the structure arises frontance modulation in the structure due to Rashba spin-orbit
spin precession of injected spin-polarized electrons in theoupling may depend sensitively on the bias voltage, and in
semiconductor channel due to Rashba spin-orbit couplingorder to describe correctly the spin precession states of in-
while two ferromagnetic metallic electrodes are used to prefjected spin-polarized electrons in the semiconductor channel
erentially inject and detect the spin-polarized currents. It hasf the device, the interplay between the Rashba spin-orbit
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coupling (which can be tuned via the gate voltagend the  conserving interfacial scattering and the off-diagonal ele-
longitudinal electric field induced by the application of a ments U'!,U!") the strength of spin-flip interfacial scatter-
finite bias voltage should be described in a unified way.  ing. For simplicity, we will assume that''=U'!=U, and
U't=U!T=U,. (For magnetically active interface, it is pos-
II. MODEL AND FORMULATION sible thatU'"# U anduTt+U'T)) Finally, the last term in
Eq. (1) denotes the longitudinal electric potential induced by
For simplicity, in this paper we will restrict our discussion the application of a finite bias voltage, and the longitudinal
to a 1D model. In one-dimensional systems the quantum inglectric potential is given by V(x)=—eV,6(x—L)
terference effect due to Rashba spin-orbit coupling will be_— eVy(x/L) 6(X) B(L—x), whereV, is the magnitude of the
maximum since the phase shifts of electrons due to Rashhgyplied bias voltage. Due to the application of the bias volt-
spin-orbit coupling are independent of their paths, so thggev,, a longitudinal electric field=V,/L will be estab-
idealized 1D model will give an upper limit for the achiev- |ished in the semiconductor channel of the structure and the
able spin-transistor effect. In higher dimensions, the phasggrmi energyug in the right electrode will be lowered by
shifts of electrons will depend on their paths and, hence, thg\/0 with respect to the Fermi energy in the left electrode.
spin-transistor effect will become weaker than what is pre- 14 gptain the spin conductance of the device described by
dicted ina 1D model system. This was |Ilustrat<_ad in R_ef. 21the Hamiltonian(1), we start by considering the scattering
Though in the present paper we restrict our discussion to groplem related to the interfaces between Ehand S re-
1D model system, the formulas given below are easy to bgjons. In order to solve the scattering problem, one need to
extended to systems with higher dimensions. This will befing first the eigenstates in each region. In the ferromagnetic

discussed elsewhere. In the one-band effective-mass approectrodes <0 andx>L), one obtains from the Hamil-
mation, the 1D model system can be described by the folgnian (1) the eigenstates with enerdy

lowing Hamiltonian:
WE) = BE)L(0la), L) (0

etk (x<0) e
fik,. ’

A W) o= ) g(X)|7), L) r(X)
X 0(x) 6(L—x)+U[8(x)+ 8(x—L)]+V(x). (1) m
=/ ———etikyrx (x>L), ©)
fikyg

1. 1

N R 1. . n
H= prmpx+ ﬁfrz[pxa(x) + a(X)py]

1 . N N
+ EAa.[mLa(—x)+mR¢9(x—L)]+ oE,

Here 0(x) is the usual step function ané(x) the usualé

function, p, is the momentum operatas; is the Pauli matrix,

m(x)=m;+ (ms—m;) 6(x) #(L—x) is the effective mass of where |o)(c==) and |y) (y==) are the spinor eigen-
electron, withm; denoting the effective mass of electron in states in the left and right electrodes, respectively, which are
the ferromagnetic electrodes and, the effective mass of defined by

electron in the semiconductor channel, and EI& inter-

faces are assumed to be locatea&t0 andx=L. The sec- = 1({*1
ond term in Eq. (1) describes the Rashba spin-orbit {|+) ,|—).}= —( ,{|+>R,|—>R}=)\—( )
coupling?-2* where a(x) is defined bya(x)=arf(x) 6(L V211 V2l

—X), with ag denoting the Rashba spin-orbit coupling con- )

st.ant n theﬁreg'non,. w[nch can be tuned by.t.he gate Vonajqe'where)\: +1 if the two ferromagnetic electrodes are in par-
Since the Hamiltoniat has to be an Hermitian operator, in 4jg| configuration and = — 1 if the two ferromagnetic elec-
Eq. (1) we have used the symmetrized version of Rashbgqges are in antiparallel configuration. The wave number
spin-orbit interaction. The third term in E¢L) describes the k, . (k) will be given by k. L(R):\/(sz/ﬁz)(E:A)-
exchange interaction in the ferromagnetic electrodes,axh/ith T(rrw'e eiéénfunctions in the regTén cannot be written down
denoting the spin-splitting energy and the unit vealr  directly from the Hamiltoniar{(1) due to the presence of the
(mg) denoting the direction of the magnetization in the leftlast term in Eq.(1). To find the eigenstates in ti&region,

(right) electrode. It will be assumed that, is in the +x = We first note that in th& region the Hamiltoniaril) is spin
diagonal and the eigenstates have the fofy g(x)

direction andrﬁR will be in either +x direction (parallel =
configuration or —x direction (antiparallel configuration = $s.8(X)|8) and¥'s 5(x) = ¢s 5(x)| B), where|B)=(1,0)
The fourth and fifth terms in Eq1) model the conduction- and|B)=(0,1) are the spinor eigenstates in Biegion. The
band mismatch and the interfacial scattering betweerFthe Schralinger equation in th& region will reduce to
andSregions, respectively, withE. denoting the band mis-

match andJ the interfacial scattering potential. In the pres- hZ 92 9 eVyx
ence of both spin-conserving and spin-flip interfacial scatter-  — 35— EQ&,/}(X)— tar -~ ¢sp(X) = ¢s,4(X)
~ S
ing, U will be a 2X2 matrix with the diagonal elements
(U'T, Uty representing the spin-dependent strength of spin- =Edgs p(X), (5)
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h? 9 9 eVpx
T M bsp(X)+iar— s p(X) —T¢S,E(X)
=Eg¢g5(X). (6)

After making a transformation

(f)s,ﬁ(X)HWB(X) = ¢S’B(x)ei“Rmﬂﬁ2
and

B 50 —WH(X) = b x) e rm,

it can be shown that botv;(x) andwg(x) will satisfy the
following equation:

P w0+ 220 w0 =0 @
—W(X X+ €g)W(X)=0,
x> LA?2 0
whereeg is defined by
EL  a2mdl
8

€p=— T+ .
O eVo  2eVyh?
Equation (7) can solved with the help of the Airy func-

tions and the two linearly independent solutions can

be given by Ai[—(2eVoms/LA%) Y3 (x+€)] and Bi[
—(2eVoms/LA2)Y3(x+ €y)]. HereAi[z] andBi[z] are the
usual Airy functions?® Then one can see that in taegion
there are four independent eigenstates with enErgnd the
corresponding  eigenfunctionsl ,(x) and \Pg%(x) (i
=1,2) will be given by ’

W00 = 0,0 B), ps(x)=e T w™H0(x), (9)

W00 =650018), pL500 =€l mm i x),
(10

where  w)(x)=Ai[ — (2eVoms/L%?)Y3(x+€,)]  and
w@(x)=Bi[ — (2e Voms/LA?) Y¥(x+ ) ].
Now we consider the scattering state of an electron wit

energyE and spino incoming from the ferromagnetic lead

(x<0). The total wave function including the reflected and

transmitted waves can be written as
Ve(X)= ¢t ) (0] 0)+1 L) ()] 0)

el L (0)]a), x<0,

(+)
F,oL

(11)

V()= 2 cipbE)(0)8)

+ 3 CipbSX)B), 0<x<L, (12

(+)

F R X>L,

13

Ci g, andc; 5 (i=1,2) are coef-

WE(X) =yt g0 9) U5 0E 2 o(X)]7),

Wherermrv Moo t(r'y’ t(r;’

ficients that need to be determined by the boundary condi-
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tions. The matching conditions at the interfaces between the
F and S regions can be obtained by integratifigV = E¥
fromx=—¢ tox=+¢ and fromx=L—¢ tox=L+¢ in the

limit e—0. This yields

\I’F(X)|X=O‘Z\I,S(X)|x=0+a (14
‘PS(X)|X:L’:\I,F(X)|XZLJW (15)
. . i~
Us‘l's(x)|x:0+:UF‘I’F(X)|x:o*_gU‘I’F(XHx:Oﬂ
(16)
. . i~
US\I,S(X)|X=L’:UF\PF(X)|X=L++%U\PF(X)|X=L+1
(17)

wherev = p,/m; andos=p,/me+ (ar/h) o, are the veloc-

ity operators in thé= and S regions, respectively. From the
matching conditiong14)—(17), the transmission coefficients
t,, and t,; can be obtained. Then in the linear-response
regime and in the low-temperature limit, the spin conduc-
tanceG, and the total conductandg of the device can be
calculated through the Landauer formula, given by

G= 2> G,,G,=

o==x

e? )
T2ty wlt 1y

y==
whereu is the average of the Fermi energjes and g on
the left and right electrodes, respectivélyThe spin injec-
tion coefficient for the device can be defined by (G,
—G_)/(G,+G,). This ratio characterizes the spin polar-
ization of the charge current flowing through the device. The
conductance of the device and the spin injection coefficient
will depend on the magnetization configurations in the two
electrodes. In the following we will denote the conductance
asG(P) and the spin injection coefficient ag” if the mag-
netizations in the two electrodes are parallel and4&"
and »”P) if the magnetizations in the two electrodes are
antiparallel. The change in conductance when the two ferro-
H"nagnetic electrodes switch between parallel and antiparallel
configurations can be measured by a magnetoconductance
ratio ny , defined by

G(P) —G(AP)

Uiy (19

TGP GAP)

IIl. RESULTS AND DISCUSSIONS

Based on the formulas established above, in this section
we will present some numerical examples by considering
some actual experimental parameters. We will solve Egs.
(14)—(17) numerically by transfer-matrix method. In order to
obtain the transfer matrix, it may be more convenient to re-
write the wave function in the electrodes in a more general
form as following:

(+)

Ve()= 2 [0 (0]0)+al el ) (0]o)],

o==

x<0, (20)
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FIG. 1. The changes of the conductai@®’ andG*P), the magnetoconductance ratjg , and the spin injection coefficient" and
7P, with the variations of the bias voltagg, in two distinct cases with different Rashba spin-orbit coupling consf@he strength of
Rashba spin-orbit coupling is characterized by the Rashba wave nlgsenar /%2, In Fig. 1(a), ke=10" cm* for the solid line and the
dotted line, kg=5x10" cm™! for the dashed line and the dash-dotted line.(h—(d), kg=10" cm™! for the solid line andkz=5
X 10" cm™ ! for dashed line. Other parameters were given in theltext.

S
— 2 b{(t) p(+) (X) +b( ) (X) 18
=2 [ y PE LR ly) d’F ¥.R V], W (%) (o }_A Cap
x>L. (21 l;s\l’s(xﬂx:o* Cip |’
L C2]

If the spin of incident electron i$o), one hasa(+)—1,
alfl= -)— ) — (+)_ — - -
a,’=0, al)=r a;'=r,,, b{I=t,,, b =t,, Cig

oo

b( ) (y==) will be set to be zero. From Eql2) and Egs. ¥ B
S(X)|X:L ~ C2,[5
(20) (21), at the interfaces between tite and S regions, N = ",
Pe(x), Wg(x), vF\IfF(x), andvs\lfs(x) can be expressed as vsWs(X)|x-1- Cip
following: | Co5 ]
a‘j) - b(f)
{\I’F(Xﬂxo } | a® [\PF(X)xL+ } | ™ o)
R =S o, - =S s 22
VeV E(X)|x=0- ' a(+ ) VEWE(X) )=+ ’ b(+ )
a) b

165304-4



CONDUCTANCE MODULATIONS IN SPIN FIELD . .. PHYSICAL REVIEW B 69, 165304 (2004

T T T T T 0'20 T T T T T
0.15 | -
0.10 | .
—_ 0.05 -
< = :
M -
K a . oA
— i : U
0.00 b :
O ] .{
: \
i \
-0.05 L\
\ 1
1 ny
) v
-0.10 | -
1 ] 1 1 1 1 1 1 1 1
0 1 2 3 4 5 8 0 1 2 k 3 4 5 6
Kn R
0'6 T T T T T
(c)
05 -
1 9
]
\
[}
:
T '
— [}
= :

gyl RET P T

FIG. 2. The changes of the conductai@®’ andG*P), the magnetoconductance ratjg, , and the spin injection coefficient”, with
the variations of the Rashba wave numkgrin two distinct cases with different bias voltagés (a), Vo=0.1 V for the solid line and the
dotted line,Vy=0.2 V for the dashed line and the dash-dotted line(bjr-(c), V;=0.1 V for the solid line and/,=0.2 V for the dashed

line. Other parameters were given in the text. The changes of the spin injection coeffi¢iBhwith the variations okg is similar as was
shown in(c) and were not plottedl.

whereS (i=1,2,3,4) are &4 matrices, and the matrix ele- b(M]  [al”] . [s(1,1) S(1,2]°?
ments ofS can be written down directly from Eqél2) and b | ad " T s(2,) S(2,2] (24)
Egs.(20)—(21). From the matching conditiofi4)—(17) and

Eq. (22), one gets that

a(")
at™)
al”)

at)

where $=5,'5,5;!S, are the transfer matrix. Taking

S

b(+)

bt
b(")
b

(23

b([)ZO andb)=0, then from Eq(23) one gets that

whereS;(i,j) are the matrix elements of the transfer matrix

5. sinceal”’=1 andal"=0 if the spin of incident elec-
tron is|o), then the transmission coefficient can be obtained
directly from Eq. (24) as following: t, ,=T(1,1), t, _
=T(2,1),t_,=T(1,2),t__=T(2,2), whereT(i,]) are the
elements of the matriX. After the transmission coefficients
are obtained, the spin conductance of the device can be ob-
tained from Eq(18). In the following we will focus on iron
(Fe) as the ferromagnetic source and drain and InAs as the
semiconductor channel. In the ferromagnetic electrodes the
Fermi energy(in the equilibrium statewill be set to Eg
=2.469 eV and the exchange splitting energy be seA to
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FIG. 3. The changes of the conductai@€’ and the spin injection coefficient™ and AP with the variations of the bias voltagé,
in the presence of interfacial scatterifighe strengths of interfacial scattering are characterized by two dimensionless paramatetz,.
In (a), z;=0 andz,=0 for the solid linez; =10 andz,=0 for the dashedz; =0 andz,= 10 for the dotted line. Itb)—(c), z;=0 andz,=0
1. Other parameters were given in

for the solid line;z;=5 andz,=0 for the dotted linez;=0 andz,=5 for the dashed linég=10" cm~
the text. The changes of the conducta@é@P with the variations of the bias voltagé, is similar as was shown if) and were not plotted!.

=3.46 eV, appropriate for Fe. The effective masses were sé@hagnetoconductance ratio and the spin injection coefficient
to my=m, (for Fe) and mg=0.036m, (for InAs), and the all can be changed significantly by tuning the Rashba spin-

band mismatch between tHe and S regions were set to orbit coupling(which can be realized by changing the gate
SE.=2.0 eV. The length of the semiconductor channel wasroltage, suggesting that the structure described the Hamil-
set to be 1um. The strength of Rashba spin-orbit coupling tonian (1) may exhibit significant spin-transistor effect in a

will be characterized by a Rashba wave numbey large range of the bias voltage. But Figéa)t1(d) show that

=mgag/h?. For simplicity, we first assume that no interfa- the modulations of the conductance and the magnetoconduc-
tance ratio and the spin injection coefficient due to the

Rashba spin-orbit coupling may depend sensitively on the
bias voltage, i.e., the changes of the conductance and the

magnetoconductance ratio and the spin injection coefficient

cial scattering presenté.e., U=0). In Figs. 1a)—1(b) we

have plotted the changes of the total conducta®E8 and

G*P) and the magnetoconductance ratiq with the varia-

tions of the bias voltag¥, in two distinct cases with differ-

ent Rashba spin-orbit coupling constants, and the changes wfith the variations of the Rashba spin-orbit coupling con-

the spin injection coefficieny®) and »*") with the varia- stant may be very different under different bias voltages.
This can be seen more clearly from Fig$a)22(c), where

tions of the bias voltag®, were also plotted in Figs.(&)—
1(d), respectively. From Figs.(4)—1(d) one can see thatina we have plotted the changes of the conducta®¢® and

large range of the bias voltagé,, the conductance and the GP) and the magnetoconductance ratjg and the spin
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injection coefficientsF) with the variations of the Rashba the conductanc&(®) and the spin injection coefficienj”)
spin-orbit coupling constantcharacterized by the Rashba and 7" with the variations of the bias voltagé, in the
wave numbekg=m.ag/%?) in two distinct cases with dif- presence of interfacial scatterings. Figur@)3shows that
ferent bias voltage/,. From Figs. 2a)—2(c) one can see both spin-conserving and spin-flip interfacial scatterings will
clearly that the bias voltage may have significant influencelecrease substantially the conductance of the device, but
on the modulations of the conductance and the magnetocoffrigs. 3b)—3(c) show that the effect of interfacial scatterings
ductance ratio and the spin injection coefficient due toon the spin injection coefficient is very different from its
Rashba spin-orbit coupling. From theoretical viewpoints, theeffect on the conductance. From Figgb)3-3(c) one can see
spin-transistor effect due to Rashba spin-orbit coupling mayhat both spin-conserving and spin-flip interfacial scattering
depend sensitively on the bias voltage because that the apan enhancerather thandecreasethe spin injection effi-
plication of a finite bias voltage will not only change the ciency across th&/S interfaces in the device. This is a little
energies of incident electroitas in usual electronic devides similar as in the corresponding case of spin injections in
but also have influence on the gate-voltage controlled spidliffusive FSF junctions, where one can show that if the
precession of injected spin-polarized electrons inSlthan-  contact between thE and S regions are both resistive and
nel of the device. The reason for this is that when a finite biaspin-selective, the spin injection efficiency across B&F
voltage is applied between two terminals of a spin FET, gunctions can be increased substantially and the problem of
longitudinal electric field will be established in tlxhannel  conductivity mismatch can be remedigédrom theoretical

of the device, and due to the presence of this longitudinatiewpoints, this enhancement arises from the fact that when
electric field, spin precession of injected spin-polarized elecmoving electrons are transmitted between Eheegions and
trons in theS channel will depend not only on the gate- the Sregions in & SF junction, spin-up and spin-down elec-
voltage controlled Rashba spin-orbit coupling but also detrons will experience asymmetric scattering, and this asym-
pend on the bias voltage. This can be seen clearly from thmetry can be enhanced in the presence of spin-dependent
formulas presented in Sec. Il, where we have shown that iinterfacial scatterings.

the presence of a finite bias voltage, the spinor wave function In conclusion, in this paper we have discussed the influ-
in the Sregion will depend not only on the Rashba spin-orbitence of finite bias voltages on the conductance modulations
coupling but also on the bias voltage. So, in order to describén spin FET's due to Rashba spin-orbit coupling. We have
correctly the spin precession states of injected spin-polarizeshown that when a finite bias voltage is applied between two
electrons in the semiconductor channel of a spin FET, théerminals of a spin FET, the conductance modulation in the
interplay of the gate-voltage controlled Rashba spin-orbidevice due to Rashba spin-orbit coupling may depend sensi-
coupling and the longitudinal electric field induced by thetively on the bias voltage, and the spin precession states of
application of a finite bias voltage need to be described in @njected spin-polarized electrons in the semiconductor chan-
unified way, as was shown in Sec. Il. Next, we consider thenel of the device will depend not only on the gate-voltage

effect of interfacial scatteringi.e., U#0). The strength of ~controlled Rashba spin-orbit coupling but also on the bias
interfacial scattering can be characterized by two dimensionvoltage. In the approach presented in this paper, the effect of
less parameters defined km=(U,/%)v2m;/Er and z, the interplay of the Rashba spin-orbit coupling and the bias
=(U,/#%)\2m;/E;, whereU, andU, are the diagonal and Voltage have been described in a unified way.

off-diagonal elements of the interfacial scattering potential

matri>_< U. The p_arameterzl_anql z, represent the str_engths ACKNOWLEDGMENT
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