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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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I. INTRODUCTION

The magnetotransport phenomena1 in multiple-barrier
heterostructures in which the magnetic field is applied pa
lel to the electric field was reported by Mendez, Esaki, a
Wang.2 The experimental data acquired in the presence
magnetic field exhibited abnormal features such as a shi
the onset voltage,2 an increase of the peak-to-valley curre
ratio, as well as the presence of additional shoulders in
valley region of theI -V characteristics.3 However, these ob-
servations have not been fully accounted for on a theore
basis. This is partly due to the fact that a three-dimensio
treatment of the electron motion is required for rigorou
analyzing the impact the quantization in the transverse p
has upon the longitudinal electron motion. Indeed relativ
few works analyzing heterostructure devices with a magn
field parallel to the electric field have been reported u
recently.4,5

When the magnetic field and electric field are perpendi
lar to the interface plane of the composing heterostruc
materials, the density of states~DOS! of the electrons in the
plane perpendicular to the superlattice direction assumes
crete values corresponding to the Landau levels.6 When the
magnetic field is varied, the DOS of the electrons chan
and this strongly impacts the electron motion. The result
transmission probability and current-voltage characteris
of the heterostructure studied become then quite diffe
from the case with zero magnetic field.

The additional shoulders observed in the valley region
the I -V characteristics in the presence of a magnetic field3,7,8

have been attributed to the longitudinal optical~LO! phonons
which is one of the dominant scattering processes of e
trons in the III-V semiconductor heterostructure. We pres
here a model of resonant tunneling in the presence of
magnetic field, which includes the electron-LO phon
interaction,9 so as to account for the transition of the incide
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electron to different Landau states. All possible transitio
including intra-Landau state scattering, will be considered
our model and numerical analysis.

The effect of the magnetic field is to quantize the ene
levels of the electron into Landau levels. This is due to
fact that the projection of the helicoidal trajectory of th
electron on the perpendicular plane corresponds to a
monic oscillator. To account for the effect of this quantiz
tion on the longitudinal motion of electrons in the superl
tice direction, we will develop a three-dimensional transp
model. We will then study the abnormal magnetotransp
features with the aid of a three-dimensional~3D! quantum
simulator which numerically accounts for the contribution
the electron states in the perpendicular plane.10

The heterostructure device considered consists of an
doped Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As double-barrier struc-
ture sandwiched by heavily dopedn1-GaAs left and right
contact layers. Our analysis only considers tunneling fr
electrons in theG valley. TheG conduction-band edge in th
absence of an applied voltage for the device studied is sh
in the inset of Fig. 1. Spin splitting in the magnetic field
ignored for simplicity. Finally in this paper we are interest
in the region of operation for which we hav
\wc (cyclotron frequency)@kT, and our numerical calcula
tions will be consequently performed at the low temperat
of T54.2 K and for magnetic fields up to 22 T.

In Sec. II, the 3D magnetotransport model used for el
trons interacting with longitudinal optical phonons via pol
scattering is introduced. The electron state is expanded in
generalized Wannier-Landau basis. Expression for calcu
ing the device transmission coefficient and current-volta
characteristics in the presence of phonon scattering are
rived. In Sec. III, the numerical results obtained for the ma
abnormal magnetotransport features using the above the
ical model are presented and analyzed. Finally in the
section, a brief summary of our results is given.
©2002 The American Physical Society28-1



ith
he

d

he

n
an
d

ra

a-
er

-

and
and

trix
te

is

ion

ion
si-

t

o
t
i

KIM, ROBLIN, SOH, AND KIM PHYSICAL REVIEW B 65 115328
II. TRANSPORT THEORY

A. Hamiltonian

The Hamiltonian of an electron system interacting w
longitudinal optical phonons under a magnetic field in t
double-barrier structure is written as

H5He1He-ph , ~1!

where the free and interaction terms are given by

He5(
l

e~l!cl
†cl ,

He-ph5
i

AV
(

q
aq$aqe

iq•r2aq
†e2 iq•r%, ~2!

wherecl ,cl
† (aq ,aq

†) are, respectively, the destruction an
creation operators for electrons~phonons! and aq is the in-
teraction weight for the phonon wave vectorq. Herel stands
for the longitudinal crystal wave vectorkx and Landau level
L andky in the perpendicular plane, which results from t
choice of Landau gauge6 for the vector potentialA(r ) andq
is the mode of longitudinal optical phonon. The LO phono
will be represented by an Einstein model with the const
phonon frequencyw. The Schro¨dinger equation to be solve
is

HuC&5 i\
d

dt
uC&. ~3!

We expand the electron wave function in terms of gene
ized Wannier functions in the superlattice direction,x
direction,10,11 and Landau states in the (y,z) plane,

uC&5(
n,L

E dkyf ~ky ,L,n!uky ,L,n&. ~4!

To solve the Schro¨dinger equation, we calculate the m
trix elements of the Hamiltonian in the generalized Wanni
Landau basis. For the free part of Hamiltonian, we find

FIG. 1. The chemical potentials atn15131018 cm3 as a func-
tion of the magnetic field for various temperatures. The solid, d
ted, dashed, dot-dashed, double dot-dashed lines correspondT
54.2, 10, 20, 40, and 100 K, respectively. The bold dotted line
the Fermi energyEf at T50, B50. The inset figure is the
conduction-band profile of the resonant-tunneling structure.
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^ky ,L,nuHeuky8 ,L8,n8&5Hnn8
e

~L !dL8,Ld~ky82ky!, ~5!

where

Hnn8
e

~L !5Hnn81~L11/2!wc~n!dnn8 , ~6!

with

Hnn852
\2

2a2Am* ~n!m* ~n11!
dn11,n8

2
\2

2a2Am* ~n!m* ~n21!
dn21,n8

1F \2

a2m* ~n!
1Econ~n!2eVapp~n!Gdn,n8 ~7!

andwc(n)5\eB/m* (n), the cyclotron frequency at the lat
tice siten. Here,Econ(n),Vapp(n) are the conduction-band
edge and applied voltage at the lattice siten, respectively.
The band model selected consists of a tight-binding b
structure in the superlattice direction and a parabolic b
structure in the perpendicular plane.

Note that the transversal mass in the Hamiltonian ma
varies in the longitudinal direction. It is convenient to rewri
the Hamiltonian matrix element as

Hnn8
e

~L !5H̃nn8~L !1~L11/2!wc~0!dnn8 , ~8!

in which the position~n! dependent transversal component
now absorbed in

H̃nn8~L !5Hnn81~L11/2!\wc~0!S m* ~0!

m* ~n!
21D dnn8 .

~9!

H̃nn8 which depends on the perpendicular statesL, incorpo-
rates the three-dimensional effects in the longitudinal mot
of the electrons.

After some algebra, the matrix element of the interact
Hamiltonian which determines the inter-Landau state tran
tions leads to

^ky8 ,L8,n8uHe-phuky ,L,n&5
1

AV
(

qx.0

1

q
sin~qxna!dn8n

3(
q'

$a2F
L8L

ky8ky~2q'!ei (wt1fq)

1a1F
L8L

ky8ky~1q'!e2 i (wt1fq)%,

~10!

wherew is the phonon frequency,q' is the transversal par
of q, andfq is the phase of the LO phonon of modeq ~for a
more detailed formalism, see Ref. 9!. The coefficienta6 is
given by

a25~2eF/e0!ANph11 and a15~2eF/e0!ANph, ~11!
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which corresponds to the emission and absorption
phonons, respectively. Here,e0 is the vacuum dielectric con
stant, andNph is the equilibrium number of phonons.F is
given asF5(\wLOe0

2/2) (1/eopt21/estat) with phonon en-
ergy\wLO535.3 meV andestat /eopt51.1664 for GaAs. At
liquid-helium temperature, the number of optical phono
Nph is very small, so only the emission of phonons is po
sible. In Eq.~10!, we introduced the coefficients

F
L8L

ky8ky~6q'!5^ky8 ,L8ue6 iq'r'uky ,L&

5d~ky82ky6qy!

3e[ 6 iqz(ky82ky6qy) l 2/21 i (N2N8)(u1p/4)]

3F̄L8L~q'
2 l 2/2!, ~12!

with
t
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no
ve
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F̄L8LS q'
2 l 2

2 D 5S N8!

N! D 1/2

e2q'
2 l 2/4S q'

2 l 2

2 D (N2N8)/2

3LN8
N2N8S q'

2 l 2

2 D , ~13!

whereN5max(L,L8) and N85min(L,L8) are the maximum
and the minimum ofL and L8, respectively,u5sgn(N

2N8)arctan(qy /qz), l25\/eB, andLN8
N2N8(x) is an associated

Laguerre polynomial.1,12

B. Envelope equation

Using the obtained matrix elements, Eqs.~5! and~10!, in
the above subsection, the Schro¨dinger equation can be re
duced to the following three-dimensional envelope equat
for f (ky ,L,n),
i\
d

dt
f ~ky ,L,n!5~L11/2!\wc0f ~ky ,L,n!1(

m
H̃nmf ~ky ,L,m!1

1

AV
(
L8ky8

qx.0,q' 1

q
@a2sin~qxna! f ~ky8 ,L8,n!F

LL8

kyky8~2q'!

3ei (wt1fq)1a1sin~qxna! f ~ky8 ,L8,n!F
LL8

kyky8~1q'!e2 i (wt1fq)#, ~14!
ion

e

on
wherewc05eB/m* (0), is thecyclotron frequency at the lef
contact.

Let us label the quantum state of an incident elect
injected at the left contact with the energyE05E0x1(L0
11/2)\wc0 using the quantum numbers (E0x ,L0 ,ky0). An
electron in the incident ballistic state (E0x ,L0 ,ky0) which is
scattered by a phonon will transit to other accessible st
(Ex ,L,ky) with total energyE5E06\wLO following the
emission (2) or absorption (1) of a phonon. Therefore the
solution of the envelope Eq.~14! is chosen to be of the
following form:

f ~ky ,L,n!5e2 iE0t f 0~n!d~ky2ky0!dLL0
1

a1

AV
e2 i (E01w)t

3 (
qx.0,q'

1

q
f 1~n,q' ,qx!FLL0

kyky0~q'!e2 ifq

1
a2

AV
e2 i (E02w)t (

qx.0,q'

1

q
f 2~n,q' ,qx!FLL0

kyky0

3~2q'!eifq, ~15!

wherew is the phonon frequencyw5wLO , f 0 is the coher-
ent solution for the envelope equation, and wheref 6 are the
scattered waves due to absorption or emission of a pho
respectively. After substituting this expression into the en
lope equation and taking an ensemble average,10 we arrive at
n

es

n,
-

E0xf 0~n!5(
m

H̃nmf 0~m!1 (
qx.0,m

$HSE
1 ~n,m!

1HSE
2 ~n,m!% f 0~m!, ~16!

f 6~n,E1x ,qx!5(
m

Gnm~E1x!sin~qxma! f 0~m!, ~17!

whereHSE
6 is the self-energy due to absorption and emiss

of phonons. The self-energy is verified to be given by

HSE
6 ~n,m!5

a6
2

V (
L8

qx.0,q' 1

q2
sin~qxna!sin~qxma!Gnm~E1x!

3@ F̄L0 ,L8~q'
2 l 2/2!#2, ~18!

and Gnm(E1x) is the longitudinal Green’s function in th
generalized Wannier basis evaluated using the relation

(
l

~E1x2H̃ !nlGlm5dnm . ~19!

C. Transmission probability and current density

For an incident electron state (E0x ,L0) the current enter-
ing on the left-hand side and leaving the quantum region
the right-hand side are respectively given by

j I0~E0x ,L0!5evL~E0x!,

j T~E0x ,L0!5eu f 0~nR!u2vR~E0x!1 j 6,ph~E0x ,L0!.
~20!
8-3
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Here the phonon-assisted current componentJ6,ph is given
by

j 6,ph~E0x ,L0!

5e
a6

2

V (
L8

qx.0,q' 1

q2
u f 6~nR ,q' ,qx!u2@ F̄L0 ,L8~q'

2 l 2/2!#2.

~21!

In the above equations,vL andvR are the electron velocity a
the left and right contact, andnR is the lattice-site index of
the right contact. The transmission probability from the l
to right contact is then defined as

TL→R~E0x ,L0!

5
@ j T0~E0x ,L0!1 j 1,ph~E0x ,L0!1 j 2,ph~E0x ,L0!#

j I0~E0x ,L0!
.

~22!

Before calculating the current, the electron chemical
tential m(B) at the left contact corresponding to the dopi
densityn in the presence of the magnetic fieldB should be
determined. As is shown in Fig. 1, the chemical potentia
found to exhibit an oscillatory behavior in 1/B as the mag-
netic field varies. The chemical potentialm(B) in the left
contact is obtained from the carrier density through the
lowing integration relation:

n5ND5~A2m* /p\!D~B!

3 (
L050

` E
0

` f FD@E0x ,me f f~B,L0!#

AE0x

dE0x , ~23!

whereD5eB/h is a degeneracy factor in the plane perpe
dicular to the superlattice direction and where the Fer
Dirac function f FD is given by

f FD@E0x ,me f f~B,L0!#5
1

exp$@E0x2me f f~B,L0!#/kT%11
.

~24!

Here we have found it convenient to introduce the effect
chemical potentialme f f for the Landau subbandL0 which is
related to the actual electron chemical potentialm(B) ac-
cording to

me f f~B,L0!5m~B!2~L011/2!\wc0~B!. ~25!

me f f can be interpreted as the effective chemical potentia
the electrons in the Landau stateL0 in the presence of a
magnetic field. Thus the total current density is

I tot5@eD~B!/p\# (
L050

` E
0

`

TL→R~E0x ,L0!

3 f FD@E0x ,me f f~B,L0!#dE0x2@L↔R#, ~26!

where the second term in the right-hand side is the backw
contribution to the total current. At very low temperatur
such as 4.2 K, the current for an occupied subbandL0 re-
duces to
11532
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I tot,L0
'~eD/p\!E

0

me f f
dE0xTL→R~E0x ,L0!2@L↔R#.

~27!
Therefore the area from 0 tome f f of the transmission prob
ability determines the contribution of each occupied subb
to the total current.

III. NUMERICAL RESULTS

As mentioned above the heterostructure device consid
consists of an undoped Al0.3Ga0.7As/GaAs/Al0.3Ga0.7As,
double barrier structure~see inset of Fig. 1! sandwiched by
heavily dopedn1-GaAs left and right contact layers. Th
barriers and well are both 50 Å wide. The donor density
the contact regions is 131018 cm3. The donors are assume
to be completely ionized due to the heavy doping dens
The value of the electron effective mass used for GaAs
Al0.3Ga0.7As is m* 50.067m0 and 0.092m0, respectively.

The numerical calculation starts with the calculation
the matrix elementF̄L8L(q'

2 l 2/2) which is required to evalu-
ate the self-energyHSE

6 (n,m) associated with the inter
Landau state transitions for all possible values of (E0x ,L0).
This self-energy is then used to solve the envelope equa
and obtain the transmission coefficients. The current den
is finally obtained by integrating the transmission coefficie
obtained over the incident energy. We confined our num
cal analysis to a single-sequential phonon-scattering e
since this is a quite reasonable approximation for the sm
heterostructure device under investigation.

In order to calculate the currents, it is required to calcul
the chemical potentialm as a function of the applied mag
netic field B. Using Eq. ~23! the chemical potentialm(B)
calculated for several temperatures is plotted in Fig. 1 ver
B. The chemical potentialm(B) is found to be a periodic
function in 1/B. This figure clearly indicates that in the re
gion of strong magnetic fields (B.10 T) using the approxi-
mation of a constant Fermi energyEf would introduce a
rather large error in the chemical potential. This would
turn adversely affect the accuracy of the device current
culated as is verified in Fig. 4. However, at the temperat
of 100 K, the oscillating behavior inm disappears com-
pletely due to thermal population of all the Landau sta
near the Fermi energy.

In Fig. 2, the transmission probability in a flat band~no
applied voltage! is plotted for two magnetic fields ofB510
and 20 T atT54.2 K. At this low temperature, the emissio
of phonons dominates since the number of phonons in
system is negligible. The peaks beyond the main peak c
tered at 94 meV are phonon-assisted resonant tunne
peaks which satisfy the following energy conservation re
tion:

E0x2\w5Ex1DL•\wc0 , ~28!

where (E0x ,L0) is the incident electron state and (Ex ,L) is
the scattered state after the emission of one phonon and
DL5(L2L0). The energy of the phonon is chosen to
\w535.3 meV for GaAs contact layers for simplicity.
single-sequential phonon emission has been assumed.
8-4
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was reported to be a valid approximation in a small s
system like the double barrier structure considered.3,7 The
peak indicated byDL50 in Fig. 2 arises when an inciden
electron moves in the structure with the emission of a sin
phonon and the Landau level remains conserved while
peaksDL51 and 2 indicate that phonon-assisted reson
tunneling induced a transition to higher Landau levels.
the magnetic field is increased, the spacing\wc(B) between
DL neighboring peaks increases in proportion to the app
external magnetic field whereas the spacing between
main peak andDL50 peak remains constant as it is set
the phonon energy\w. For an incident state with Landa
levelsL0.0, transitions of the typeDL52n arise~with n
an integer verifyingn<L0), and additional peaks appea
between the main andDL50 peaks.

The matrix elementF̄L8L(q'
2 l 2/2) between Landau state

in Eq. ~13! determines the strength of the inter-Landau st
transitions in the transmission coefficient. For example
B510 T its argumentq'

2 l 2/2 assume values in the rang
0.025–252 depending on the phonon mode. After the ma
F̄L8L(q'

2 l 2/2) is summed over all possible phonon mod
q' , the inter-Landau state transition probability is obtain
The analysis of the various scattering-assisted reson
tunneling processes induced by LO phonon emission in
cates that the transmission probabilities for scattering ev
involving the transition between two different Landau sta
(DL.0) is of the same order as the transmission probab
for intra-Landau state (DL50) scattering events. Figure
clearly shows this property.

Figures 3–5 show the electron current density calcula
under various conditions. The current density is obtain
from the integration over the incident electron energy of
transmission coefficientT(E0x ,L0) multiplied by the Fermi-
Dirac occupation function which is almost a step function
the low temperature considered. A broadening of the Lan
levels up to 2 meV was considered, but there was no not
able difference in our results for the calculated currents
B.5 T since we have\wc0(B55)58.6@2 meV. We ob-
serve in Figs. 3 and 5 the presence of small additional sh

FIG. 2. Transmission probability for the incident Landau st
L050 with no applied voltage atT54.2 K. The dotted and solid
lines correspond toB510 and 20 T, respectively.
11532
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ders of almost equal width in the valley region of the curre
voltage curve. These shoulders originate from that fact t
the phonon-assisted resonant tunneling peaks in the trans
sion coefficient are spaced by\wc above the main quasireso
nant energy peakEr .

Before discussing the impact of phonon scattering, let
first briefly describe the main effects of the magnetic fie
upon the current of the resonant tunneling diode~RTD! in the
absence of phonon scattering. As can be seen in Figs. 3
5 the magnetic field is found to induce a shift of the on
voltage of the RTD I -V characteristic by the amoun
DVD,on/25@m(0)2m(B)#1\wc0(B)/2, and to enhance the

FIG. 3. RTD current densities versus applied voltage forB
510 T atT54.2 K. The dotted and solid lines correspond to t
RTD currents calculated without and with LO phonon scatteri
respectively, and the dashed line is for the RTD current in the
sence of both an applied magnetic field and phonon scattering
inset a plot showing theI -V characteristic in the absence of both a
applied magnetic field and scattering for a wider diode volta
range is also given as a reference.

FIG. 4. Current density~solid line! plotted versus the magneti
field for an applied voltage of 0.146 V. The dotted line correspon
to the RTD current density calculated in the approximation o
constant Fermi energy@m(B)5m(0)#. The dashed line in the cente
corresponds to the current value in the absence of a magnetic
(B50).
8-5
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value of peak current of the RTD. Figure 4 reveals anot
interesting feature regarding the dependence of the R
current-voltage characteristics upon the magnetic field.
this figure the diode current is measured atVD50.146 V
which is in the current peak region of the RTDI -V curve.
Note that phonon scattering was not included in this cal
lation as coherent~ballistic! tunneling gives the dominan
contribution to the peak current. The RTD current measu
at that fixed diode voltage is seen to exhibit an oscillat
behavior versus 1/B which increases in amplitude as th
magnetic field is increased. The current maxima observe
Fig. 4 for the current versusB are found to occur for value
Bn of the magnetic field satisfying the relationm(Bn)2(n
11/2)\wc0(Bn)5Er(VD) where the quasiresonant lev
Er(VD).Er(0)2VD/2 is varying with the diode voltage
This leads to the interesting result that its periodicity ver
1/B, which is approximately\e/m* (0)@m(0)2Er(VD)#21,
depends on the quasiresonant energy levelEr(VD); for a
smaller value ofEr , one obtains an increased oscillato
behavior in the current-magnetic field curve.

As can be seen in Figs. 3 and 4, the effect of phon
scattering on the RTD current density is to shift the curre
voltage characteristic downward compared to the one
tained in the absence of scattering. Another effect is to
crease the current and to introduce additional shoulder
the valley region of the current-voltage characteristic. T
downward shift of onset voltage results from the negat
value of the real part of the self-energy induced by the s
tering of the electron by the phonons. For magnetic fields
B510 and 20 T, the downward shifts obtained in the curre
voltage characteristic are found to be 3.6 and 4.0 mV, resp
tively. The small shoulders atB520 T in the current valley
region of Fig. 5 become larger than for the case ofB
510 T. Thus in stronger magnetic fields, these additio
shoulders in the valley region become higher and their in
vals become wider, which agrees with the repor
experiments.3,7

FIG. 5. RTD current densities versus applied voltage forB520
at T54.2 K. The dotted and solid lines correspond to the R
currents calculated without and with LO phonon scattering, resp
tively. The dashed line is for the RTD current in magnetic free c
without scatterings. The inset shows the transmission probability
the two lowest Landau statesL050 and 1 at the voltageVD

50.187 V.
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To account for the origin of the shoulder atVD
50.187 V, let us consider the inset of Fig. 5. AtB520 T,
only the two lowest Landau levelsL050 and 1 contribute to
the diode current. The effective chemical potentials defin
in Eq. ~25! for the L050 and 1 states are, respective
me f f537.3 and 2.8 meV. They are indicated by two arro
in the inset of Fig. 5. AtVD50.187 V, both peaksDL50
and 21 of transmission coefficients for theL050 and 1
incident states are, respectively, included into the integra
range of the current Eq.~27!, explaining the formation of the
shoulders.

Currently, it is difficult to compare our theoretical resul
in a quantitative way to the experiments reported in Refs
and 3. The reasons are as follows. First, the authors of Re
concluded that additional experiments are needed to con
the weak minima of their preliminary data in the valley cu
rent region for strong magnetic fields. Second, our test
vice does not have a spacer layer in the emitter region, w
the device structure of Ref. 3 has a spacer layer wher
discrete triangular well state is formed. The shoulders the
corresponding todLÞ0 beyond the main peak were reporte
to be as high as almost 2/5 of the main peak for extrem
strong magnetic field, which were clarified to originate fro
the assistance of LO phonons to the electron current.
results together with Refs. 2 and 3 lead to the conclusion
the spacer layer tends to enhance the strength of the sh
ders beyond the main peak. But in order to explain such h
shoulders, other contributions due to scatterings of electr
by interface roughness, acoustic phonon, etc., might also
needed.

IV. SUMMARY

In our paper we have investigated the transport of el
trons interacting with LO phonons in a double-barrier hete
structure with a magnetic field applied parallel to the elec
field. The effect of the magnetic field is to quantize the e
ergy of the electron in the perpendicular plane to the m
netic field. To account for the effects of a magnetic fie
applied in parallel with the superlattice direction, a thre
dimensional transport model was developed which accou
for the variation of the transverse mass and the associ
variation of the cyclotron frequency across the heterostr
ture.

In order to determine the inter-Landau state transitions
the transmission probability, all the matricesF̄L8L(q'

2 l 2/2)
for allowed phonon modes have been calculated numeric
It was established that the inter-Landau state transitions
to LO phonon scattering are as probable as intra-Lan
state scattering.

For a fixed diode voltage in the peak region of the RT
current-voltage curve, the RTD current versus the magn
field was found to be a periodic function of 1/B. The current
maxima have an 1/B period which is approximately given b
\e/m* (0)/@m(0)2Er(VD)#. The dependence of this 1/B
period on the quasiresonant energy levelEr(VD) of our test
double-barrier structure indicates that magnetotransport
be used for the spectroscopic analysis of RTD’s for dio
voltages in the peak current region.
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A theory and associated numerical analysis using scat
ing matrix elements was presented to describe the impac
electron-LO phonon interaction in theI -V curve in the pres-
ence of both parallel electric and magnetic fields. The res
obtained were found to be in qualitative agreement with
experimental results reported by Refs. 2 and 3. However,
further understanding and improved quantitative fit of t
weak shoulders in the valley region of the double-barrierIV,
more theoretical work on magnetotransport including scat
ing processes such as interface roughness and acoustic
es

ev

e

-

.
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non scattering, etc., is required in addition to the LO phon
scattering studied in this paper.
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