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Impact of optical phonon scattering on magnetotransport in double-barrier heterostructures
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The transport in double-barrier heterostructures of electrons interacting with longitudinal optical phonons in
the presence of parallel electric and magnetic fields is analyzed theoretically with the aid of a three-
dimensional quantum transport simulator. Inter-Landau state transitions induced by LO-phonon scattering-
assisted resonant tunneling is shown to be an important process with a probability comparable to that of
intra-Landau state scattering. Analysis of the current-voltage characteristics reveals also that the current peak is
a periodic function of the inverse of the magnetic field, with a period dependent on the quasiresonant energy
level.
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[. INTRODUCTION electron to different Landau states. All possible transitions,
including intra-Landau state scattering, will be considered in
The magnetotransport phenoména multiple-barrier  our model and numerical analysis.
heterostructures in which the magnetic field is applied paral- The effect of the magnetic field is to quantize the energy
lel to the electric field was reported by Mendez, Esaki, andevels of the electron into Landau levels. This is due to the
Wang? The experimental data acquired in the presence of &act that the projection of the helicoidal trajectory of the
magnetic field exhibited abnormal features such as a shift oflectron on the perpendicular plane corresponds to a har-
the onset voltagé,an increase of the peak-to-valley current monic oscillator. To account for the effect of this quantiza-
ratio, as well as the presence of additional shoulders in th&éon on the longitudinal motion of electrons in the superlat-
valley region of the -V characteristic.However, these ob- tice direction, we will develop a three-dimensional transport
servations have not been fully accounted for on a theoreticahodel. We will then study the abnormal magnetotransport
basis. This is partly due to the fact that a three-dimensionaieatures with the aid of a three-dimensiorfaD) quantum
treatment of the electron motion is required for rigorouslysimulator which numerically accounts for the contribution of
analyzing the impact the quantization in the transverse planthe electron states in the perpendicular plthe.
has upon the longitudinal electron motion. Indeed relatively The heterostructure device considered consists of an un-
few works analyzing heterostructure devices with a magneticloped A}, ;Ga, ;As/GaAs/ Al 5Ga&, ;As double-barrier struc-
field parallel to the electric field have been reported untilture sandwiched by heavily doped -GaAs left and right
recently*® contact layers. Our analysis only considers tunneling from
When the magnetic field and electric field are perpendicuelectrons in thd™ valley. Thel' conduction-band edge in the
lar to the interface plane of the composing heterostructurabsence of an applied voltage for the device studied is shown
materials, the density of statéBOS) of the electrons in the in the inset of Fig. 1. Spin splitting in the magnetic field is
plane perpendicular to the superlattice direction assumes diggnored for simplicity. Finally in this paper we are interested
crete values corresponding to the Landau lefaMhen the in the region of operation for which we have
magnetic field is varied, the DOS of the electrons change&w, (cyclotron frequencyy-kT, and our numerical calcula-
and this strongly impacts the electron motion. The resultingions will be consequently performed at the low temperature
transmission probability and current-voltage characteristicef T=4.2 K and for magnetic fields up to 22 T.
of the heterostructure studied become then quite different In Sec. Il, the 3D magnetotransport model used for elec-
from the case with zero magnetic field. trons interacting with longitudinal optical phonons via polor
The additional shoulders observed in the valley region okcattering is introduced. The electron state is expanded in the
the |-V characteristics in the presence of a magnetictiefd generalized Wannier-Landau basis. Expression for calculat-
have been attributed to the longitudinal optidaD) phonons ing the device transmission coefficient and current-voltage
which is one of the dominant scattering processes of eleccharacteristics in the presence of phonon scattering are de-
trons in the IlI-V semiconductor heterostructure. We presentived. In Sec. lll, the numerical results obtained for the main
here a model of resonant tunneling in the presence of of abnormal magnetotransport features using the above theoret-
magnetic field, which includes the electron-LO phononical model are presented and analyzed. Finally in the last
interaction® so as to account for the transition of the incidentsection, a brief summary of our results is given.
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FIG. 1. The chemical potentials at =1x 10'® cn?® as a func- 52
tion of the magnetic field for various temperatures. The solid, dot- Tl tEcon(n) —eVapp(n) |Onn (7)
ted, dashed, dot-dashed, double dot-dashed lines correspohd to a‘m*(n)

=4.2, 10, 20, 40, and 100 K, respectively. The bold dotted line is _ & .
the Fermi energyE; at T=0, B=0. The inset figure is the andwe(n) =AeB/m*(n), the cyclotron frequency at the lat

conduction-band profile of the resonant-tunneling structure. tice siten. Herg,Econ(n),Vapp(n) are Fhe c_onductlon-band
edge and applied voltage at the lattice siterespectively.
Il. TRANSPORT THEORY The band_ model selecte_d consists of a tlght-blndln_g band
structure in the superlattice direction and a parabolic band
A. Hamiltonian structure in the perpendicular plane.

The Hamiltonian of an electron system interacting with Note that the transversal mass in the Hamiltonian matrix
longitudinal optical phonons under a magnetic field in thevaries in the longitudinal direction. It is convenient to rewrite
double-barrier structure is written as the Hamiltonian matrix element as

H=He+Hepn, 1) HE (L) =H (L) +(L+1/2)We(0) Sy (8)
where the free and interaction terms are given by ) ) - )
in which the positior(n) dependent transversal component is

HeZE e(Mcle, now absorbed in

Hepn=—= >, a {a,e'd —ale 1M, 2)
e-ph \/5 3 q{ q q }

- (m*(O) )
Hpyo (L) =H o+ (L+1/2) 2w (0) —1| 8.
m*(n)
9

an’ Which depends on the perpendicular stdtegcorpo-
rates the three-dimensional effects in the longitudinal motion

wherec, ,c;[ (aq,ag) are, respectively, the destruction and i
creation operators for electrorighonons and a is the in-
teraction weight for the phonon wave vectprHere\ stands of the electrons.

for the longitudinal crystal wave vectér, and Landau level After some algebra, the matrix element of the interaction

L andk, in the perpendicular plane, which results from the amiltonian which determines the inter-Landau state transi-
choice of Landau gau§éor the vector potentiah(r) andgq tions leads to

is the mode of longitudinal optical phonon. The LO phonons
will be represented by an Einstein model with the constant

B~ . 1 1
phonon frequencyv. The Schrdinger equation to be solved (k! L0 Hepnlky ,L,ny= — > Zsin(gena) Sy,
is JQ 6509

X

d ' )
H|W)=ifi —|W). 3 {a_F2Y(—q,)e®+
dt o L'L
We expand the electron wave function in terms of general- K _
ized Wannier functions in the superlattice direction, +a Fp Y (+q e Moy,
direction!® and Landau states in thg,¢) plane, 10
_ herew is the phonon frequency, is the transversal part
V)= dk,f(ky,L,n)|k,,L,n). gy W . L
¥) nEL f iy Lmlky,Lm) @ of g, and ¢, is the phase of the LO phonon of mogéfor a

) more detailed formalism, see Refl.. The coefficienta.. is
To solve the Schminger equation, we calculate the ma- given by

trix elements of the Hamiltonian in the generalized Wannier-
Landau basis. For the free part of Hamiltonian, we find a_=(2eF/eg) VNph+1 and a,=(2eF/ey) yNpp, (11)
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212 (N=N")/2

phonons, respectively. Here, is the vacuum dielectric con- F
stant, andNy, is the equilibrium number of phononé. is

given ast(ﬁwLoe(Z)/Z) (Legpi— Llestap With phonon en-
ergyfiw o=35.3 meV andeg,/ €,p=1.1664 for GaAs. At XL
liquid-helium temperature, the number of optical phonons

N.ph is very small, so only the emission Qf. phonons is POS-here N=max(,L’) and N’ =min(L,L") are the maximum
sible. In Eq.(10), we introduced the coefficients and the minimum ofL and L', respectively, §=sgn(N

—N')arctang,/q,), I°=#l/eB, andLs,_N,(x) is an associated
Laguerre polynomiat:*?

which corresponds to the emission and absorption of 22 1\ 12
L (qll ) (N !) 22
— —qil“/4
2

NI

N—N’
N’

5 (13

qflz)

’
ky ky

I:L'L

(£q.)=(ky,L e 1|k, L)
= 5(K, ~k,*qy)

. B. Envelope equation

[=iay(K,—ky = qy) 22+ (N—N") (6-+ /)] _ _ _ _

xe o Using the obtained matrix elements, E¢S. and (10), in

X F, 1 (q21212) (12) the above subsection, the Sctlimger equation can be re-
LAy ' duced to the following three-dimensional envelope equation
with for f(ky,L,n),

) d _ 0x>04; ) K
|ﬁmf(ky,L,n)=(L+1/2)ﬁwcof(ky,L,n)+% Hnmf(ky,L,m)+\/—6 sz, a[a,sm(qxna)f(k’,L’,n)FLyL,V(—qL)
y

x el 49+ o sin(g,na)f(k) L' nF Y(+q, e (4], (14

wherew = eB/m* (0), is thecyclotron frequency at the left -
contact. © g eney Eoxfo(M =2 Hamfo(m+ X {Hnm)

Let us label the quantum state of an incident electron " h=0m
injected at the left contact with the ener@y=Eqy+ (Lo +Hgg(n,m)}fo(m), (16)
+1/2)hiwgg using the quantum number&d,,Lq,kyo). An
electron in the incident ballistic stat&g, ,Lq,k,) which is _ .
scattered by a phonon will transit to&othgr ay((:)cessible states fi(n’Elx’qX)_% Gom( Exsin(@ma)fo(m), (17
(Ex,L,ky) with total energyE=Ey*%w, o following the
emission () or absorption {) of a phonon. Therefore the
solution of the envelope Eq14) is chosen to be of the
following form:

whereHg is the self-energy due to absorption and emission
of phonons. The self-energy is verified to be given by

2 Ux>04;

Heenm=g- 2 2N DSINGME) Gy E)

f(ky,L,n)=e""Fo'fo(n) S(ky—kyo) SLp,+ %e*i(EO*W)t X[F, L (af1?/2)]%, (18)

and G,,(Ey) is the longitudinal Green’s function in the
1 K ) generalized Wannier basis evaluated using the relation
X 2 g fH AR e
S ZI (Eix—H)nGim= dnm- (19
a_, —i(Eg—w)t E kykyo
+ \/ﬁe 0 2 qff(nvqlvqx)FLLo

=04, C. Transmission probability and current density

X(—q,)e'%, (15 For an incident electron stat&, ,L,) the current enter-
ing on the left-hand side and leaving the quantum region on

wherew is the phonon frequencyw=w, o, f, is the coher- the right-hand side are respectively given by

ent solution for the envelope equation, and whiereare the J10(Eox,Lo)=ev (Eqy),

scattered waves due to absorption or emission of a phonon,

respectively. After substituting this expression into the enve-  j(Eoy,Lo) =€|fo(Nr)|?vr(Eoy) +] + ph(Eox,Lo)-
lope equation and taking an ensemble averdge arrive at (20
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Here the phonon-assisted current comporenty, is given Heff

by ltot,Lﬁ(eD/wﬁ)L dEoxTL r(Eox,Lo) —[L<R].
ji,ph(EO)(aLO) . (27)

Therefore the area from 0 ta.¢; of the transmission prob-
2 00, 4 - ability determines the contribution of each occupied subband
—ey 2 Slf=(r,a,GIl[F, 0 (qf1%2))%  tothe total current.
L q
(21 lIl. NUMERICAL RESULTS

In the above equations,; andvy are the electron velocity at
the left and right contact, andi is the lattice-site index of
the right contact. The transmission probability from the left
to right contact is then defined as

As mentioned above the heterostructure device considered
consists of an undoped #Ga, ,As/GaAs/Al Ga /AS,
double barrier structurésee inset of Fig. lsandwiched by
heavily dopedn®-GaAs left and right contact layers. The

T, r(Eox,Lo) barriers and well are both 50 A wide. The donor density in
the contact regions isx10'® cm?. The donors are assumed
[i7o(Eox:Lo) i+ pn(Eox:Lo) +i— pn(Eox.Lo)] to be completely ionized due to the heavy doping density.
= i 10(Eox:Lo) . The value of the electron effective mass used for GaAs and

(22) Al sGa) 7As is m* =0.067n, and 0.092n,, respectively.
The numerical calculation starts with the calculation of

Before calculating the current, the electron chemical pothe matrix elemenE, , (q21%/2) which is required to evalu-
tentie}IM(B) at the left contact correspor}dir)g to the doping gte the self-energyHz(n,m) associated with the inter-
densityn in the presence of the magnetic figddshould be | 5ngay state transitions for all possible values B§,(Lo).
determined. As is shown in Fig. 1, the chemical potential isthjs self-energy is then used to solve the envelope equation,
found to exhibit an oscillatory behavior inH/as the mag-  anq optain the transmission coefficients. The current density
netic field varies. The chemical potentia(B) in the left s finally obtained by integrating the transmission coefficient
contact is obtained from the carrier density through the fol-yphtained over the incident energy. We confined our numeri-

lowing integration relation: cal analysis to a single-sequential phonon-scattering event
N e since this is a quite reasonable approximation for the small
n=Np=(v2m*/7#)D(B) heterostructure device under investigation.
f o[ Eoy s et BiLo)] In order to calculate the currents, it is required to calculate
X f PO O e 0 4E,,, (23  the chemical potentigk as a function of the applied mag-
Lo=0 JO VEox netic field B. Using Eq.(23) the chemical potentiak(B)

whereD =eB/h is a degeneracy factor in the plane per en_calculated for several temperatures is plotted in Fig. 1 versus
9 y P perp B. The chemical potential(B) is found to be a periodic

dicular to the superlattice direction and where the Fermi- o o o |
Dirac functionfp is given by function in 1B. This figure clearly indicates that in the re-

gion of strong magnetic fieldB(>10 T) using the approxi-

1 mation of a constant Fermi enerdy; would introduce a
feplEox s sert(B,Lo)]= xR Eor— ftar(B.L) VKTI 1 1° rather large error in the chemical potential. This would in
ox feffl=:"0 (24) turn adversely affect the accuracy of the device current cal-
] ] ) _ culated as is verified in Fig. 4. However, at the temperature

Here we have found it convenient to introduce the effectiveyt 100 K, the oscillating behavior i disappears com-

chemical potentiak. for the Landau subbanid, whichis  petely due to thermal population of all the Landau states
related to the actual electron chemical potenfidB) ac-  near the Fermi energy.

cording to In Fig. 2, the transmission probability in a flat bafb

_ applied voltaggis plotted for two magnetic fields @ =10

tert(B,Lo) = (B) = (Lo+ 1/2)iWeo(B). (25 and 20 Taff=4.2 K. At this low temperature, the emission

Meft CaN be interpreted as the effective chemical potential obf phonons dominates since the number of phonons in the
the electrons in the Landau statg in the presence of a system is negligible. The peaks beyond the main peak cen-
magnetic field. Thus the total current density is tered at 94 meV are phonon-assisted resonant tunneling
peaks which satisfy the following energy conservation rela-
tion:

lo=[eD(B)/7h] 2 | Ti_r(EocLo)
o Eox— AW=E,+AL- W, (28)

X feolBoc tterd B Lo JdBn—[LoR], (26 oo Eox.Lo) is the incident electron state anB,(,L) is
where the second term in the right-hand side is the backwarthe scattered state after the emission of one phonon and with
contribution to the total current. At very low temperaturesAL=(L—L,). The energy of the phonon is chosen to be
such as 4.2 K, the current for an occupied subbhpde- #Aw=235.3 meV for GaAs contact layers for simplicity. A
duces to single-sequential phonon emission has been assumed. This
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FIG. 2. Transmission probability for the incident Landau state
Lo=0 with no applied voltage af=4.2 K. The dotted and solid FIG. 3. RTD current densities versus applied voltage Bor
lines correspond t8=10 and 20 T, respectively. =10 T atT=4.2 K. The dotted and solid lines correspond to the
RTD currents calculated without and with LO phonon scattering,
respectively, and the dashed line is for the RTD current in the ab-

was reported to be a valid approximation in a small S1Z€ence of both an applied magnetic field and phonon scattering. In

system like the double barrier structure considerédhe inset a plot showing the-V characteristic in the absence of both an

peak indicated bAL=0 in Fig. 2 arises when an incident applied magnetic field and scattering for a wider diode voltage
electron moves in the structure with the emission of a singl@ange is also given as a reference.

phonon and the Landau level remains conserved while the

peaksAL=1 and 2 indicate that phonon-assisted resonan(tjl fal ¢ [ width in th I . fh ;-
tunneling induced a transition to higher Landau levels. As ers of aimost equal width In Ih€ vafiey region of the curren
the magnetic field is increased, the spadiva,(B) between voltage curve. These shoulders originate from that fact that

AL neighboring peaks increases in proportion to the applieéhe phono'n'-asgsted resonant tunneling peak; in the Fransm|s-
2ion coefficient are spaced thyv. above the main quasireso-

external magnetic field whereas the spacing between thnant energy peak
) : ) e .
tmh:m Egr?:nagg; ﬁ(\)/vp?:?)t ;enmi?\g(sj:r?tn:::tnet a/sitrzt fai(ej;gy Before discussing the impact of phonon scattering, let us
IeveIpsL -0 trangitioﬁs of the typd L= —n arise(with n first briefly describe the main effects of the magnetic field
20 M e ypaL - upon the current of the resonant tunneling dig&&D) in the
an integer ver|fy|ngn$Lo), and additional peaks appears absence of phonon scattering. As can be seen in Figs. 3 and
between the main andlL.=0 Zpe;aks. 5 the magnetic field is found to induce a shift of the onset
The matrix elemenE . (q71%/2) between Landau states ygjtage of the RTDI-V characteristic by the amount

in Eq. (13) determines the strength of the inter-Landau statey\/,  /2=[ 4(0)— u(B)]+%w.(B)/2, and to enhance the
transitions in the transmission coefficient. For example, at '

B=10 T its argumeniy?|?/2 assume values in the range
0.025-252 depending on the phonon mode. After the matrix
FL.(g?1%/2) is summed over all possible phonon modes
g, , the inter-Landau state transition probability is obtained. «~ .
The analysis of the various scattering-assisted resonantg*®'% |
tunneling processes induced by LO phonon emission indi-Z
cates that the transmission probabilities for scattering event:g 40x10 -
involving the transition between two different Landau states § i/
(AL>0) is of the same order as the transmission probability 3 s.sx10}
for intra-Landau state XL =0) scattering events. Figure 2
clearly shows this property. .0x107 L
Figures 3-5 show the electron current density calculatec
under various conditions. The current density is obtained . . ‘ . ‘ . . . .
from the integration over the incident electron energy of the >*'® 27 "4 6 s 1 12 14 16 18 20
transmission coefficierf(Ey,Lo) multiplied by the Fermi- Magnetic Field (Telsa)
Dirac occupation function which is almost a step function at g 4. current densitysolid line) plotted versus the magnetic
the low temperature considered. A broadening of the Landage|d for an applied voltage of 0.146 V. The dotted line corresponds
levels up to 2 meV was considered, but there was no noticep the RTD current density calculated in the approximation of a
able difference in our results for the calculated currents fokonstant Fermi enerdy(B) = 1(0)]. The dashed line in the center
B>5 T since we havéw.,(B=5)=8.62 meV. We ob- corresponds to the current value in the absence of a magnetic field
serve in Figs. 3 and 5 the presence of small additional shou(B=0).

5.0x10" | V|, =0.146 Volt
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6.0x107 ' To account for the origin of the shoulder afp
Z =0.187 V, let us consider the inset of Fig. 5. B&20 T,
5.0x107 f gt V,=0.187 Volt *he only the two lowest Landau levels,=0 and 1 contribute to
< ® e the diode current. The effective chemical potentials defined
§ 4.0x107 2 i in Eg. (25 for the Lo=0 and 1 states are, respectively,
z oL S AN Meti=37.3 and 2.8 meV. They are indicated by two arrows
§3.0x107- \\§10’5 | L0=0 | in the inset of Fig. 5. ANp=0.187 V, both peakaL=0
E 7 ““" 0.000 0007 0014 0021 0028 0.03 and _1 Of transmlSSIOn C(.)efﬁCi.entS for t'HeOZO and 1 .
§2-0x10 i ; Longitudinal Energy (eV) incident states are, respectively, _m_cluded into thg integration
, range of the current Eq27), explaining the formation of the
tox1o’p Sof | shoulders.
;| Be20Telsa 1. Currently, it is difficult to compare our theoretical results
00 ' in a quantitative way to the experiments reported in Refs. 2

010 015 Ap;:izg Voltagc;.?\slolt) 080 035 and 3. The reasons are as follows. First, the authors of Ref. 2
concluded that additional experiments are needed to confirm
FIG. 5. RTD current densities versus applied voltageFer20  the weak minima of their preliminary data in the valley cur-
at T=4.2 K. The dotted and solid lines correspond to the RTDrent region for strong magnetic fields. Second, our test de-
currents calculated without and with LO phonon scattering, respecvice does not have a spacer layer in the emitter region, while
tively. The dashed line is for the RTD current in magnetic free casehe device structure of Ref. 3 has a spacer layer where a
without scatterings. The inset shows the transmission probability fotliscrete triangular well state is formed. The shoulders therein
the two lowest Landau states,=0 and 1 at the voltage/,  corresponding t@L +#0 beyond the main peak were reported

=0.187 V. to be as high as almost 2/5 of the main peak for extremely

value of peak current of the RTD. Figure 4 reveals anothefrong magnetic field, which were clarified to originate from
interesting feature regarding the dependence of the RTEE assistance of LO phonons to the electron current. Our
current-voltage characteristics upon the magnetic field. Ifésults together with Refs. 2 and 3 lead to the conclusion that
this figure the diode current is measured\a$=0.146 V the spacer layer tends to enhance the strength of the shoul-
which is in the current peak region of the RTEV curve.  ders beyond the main peak. But in order to explain such high
Note that phonon scattering was not included in this calcushoulders, other contributions due to scatterings of electrons
lation as coherentballistic) tunneling gives the dominant by interface roughness, acoustic phonon, etc., might also be
contribution to the peak current. The RTD current measuredeeded.

at that fixed diode voltage is seen to exhibit an oscillatory

behavior versus B which increases in amplitude as the V. SUMMARY
magnetic field is increased. The current maxima observed in ) _
Fig. 4 for the current versuB are found to occur for values [N our paper we have investigated the transport of elec-

B, of the magnetic field satisfying the relatign(B,,) — (n trons interacting with LO phonons in a double-barrier hetero-
+1/2)hw.(B,) =E,(Vp) where the quasiresonant level structure with a magnetic field applied parallel to the electric
E,(Vp)=E,(0)—Vp/2 is varying with the diode voltage. field. The effect of the magnetic field is to quantize the en-
This leads to the interesting result that its periodicity versurdy of the electron in the perpendicular plane to the mag-
1/B, which is approximatelyie/m* (0)[ x(0)—E,(Vp)]~%, ~ nhetic field. To account for the effects of a magnetic field

depends on the quasiresonant energy lddN,); for a  applied in parallel with the superlattice direction, a three-
smaller value ofE,, one obtains an increased oscillatory dimensional transport model was developed which accounts

behavior in the current-magnetic field curve. for the variation of the transverse mass and the associated
As can be seen in Figs. 3 and 4, the effect of phonoﬁ/ariation of the cyclotron frequency across the heterostruc-
scattering on the RTD current density is to shift the currentUre _ _ o
voltage characteristic downward compared to the one ob- In order to determine the inter-Landau state transitions in
tained in the absence of scattering. Another effect is to inthe transmission probability, all the matricEsE/L(quZIZ)
crease the current and to introduce additional shoulders ifor allowed phonon modes have been calculated numerically.
the valley region of the current-voltage characteristic. Thdt was established that the inter-Landau state transitions due
downward shift of onset voltage results from the negativeto LO phonon scattering are as probable as intra-Landau
value of the real part of the self-energy induced by the scatstate scattering.
tering of the electron by the phonons. For magnetic fields of For a fixed diode voltage in the peak region of the RTD
B=10 and 20 T, the downward shifts obtained in the currentcurrent-voltage curve, the RTD current versus the magnetic
voltage characteristic are found to be 3.6 and 4.0 mV, respedield was found to be a periodic function of8l/The current
tively. The small shoulders &=20 T in the current valley maxima have an B period which is approximately given by
region of Fig. 5 become larger than for the caseBof #e/m*(0)/[u(0)—E,(Vp)]. The dependence of this B/
=10 T. Thus in stronger magnetic fields, these additionaperiod on the quasiresonant energy lekg{Vp) of our test
shoulders in the valley region become higher and their interdouble-barrier structure indicates that magnetotransport can
vals become wider, which agrees with the reportedoe used for the spectroscopic analysis of RTD’s for diode
experiments:’ voltages in the peak current region.
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A theory and associated numerical analysis using scatteron scattering, etc., is required in addition to the LO phonon
ing matrix elements was presented to describe the impact afcattering studied in this paper.
electron-LO phonon interaction in theV curve in the pres-
ence of both parallel electric and magnetic fields. The results
obtained were found to be in qualitative agreement with the
experimental results reported by Refs. 2 and 3. However, for
further understanding and improved quantitative fit of the This work was supported in part by the Korea Science and
weak shoulders in the valley region of the double-bartgr  Engineering FoundatiotKOSER. The first author is grate-
more theoretical work on magnetotransport including scatterful to the EE department of the Ohio-State University for
ing processes such as interface roughness and acoustic phmsting him during the course of this research.
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