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EfFect of a parallel magnetic field on the resonant-tunneling current
through a quantum wire
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The e6'ect of a magnetic field applied parallel to the current through quantum confined
GaAs/AlAs resonant-tunneling diodes with submicrometer lateral dimensions is studied theoret-
ically. A tunneling current peak associated with an intersubband transition is predicted for inter-
mediate magnetic Beld. This results from a difference in the degree of confinement in the emitter
and the well. The results are compared with experiments.

Resonant tunneling through quasibound states gives
rise to strong peaks in the current voltage characteris-
tics I(V) of double barrier GaAs/A1As structures. i Addi-
tional peaks have been observed in the I(V) of resonant-
tunneling diodes (RTD's) with submicrometer lateral
dimensions. The additional peaks may arise from either
a quantum size efFect or incorporation of donors in the
quantum well. '

In a previous study on a RTD in the form of a quan-
tum wire, we have shown that the peaks in I(V) due
to one-dimensional (1D) lateral quantization and donors
may be distinguished by applying a magnetic field B per-
pendicular to the current direction. ' In this paper we
study the eKect of a magnetic field applied parallel to the
current direction in the 1D RTD. Electrons are con6ned
electrostatically for B = 0 in such a device, and magnetic
confinement dominates for sufBciently high parallel mag-
netic Geld. We therefore expect a transition from elec-
trostatic to magnetic confinement as B is increased. For
B = 0, only transitions confined between states with the
same symmetry occur, while in the high magnetic Geld
limit the only transitions allowed are between Landau
levels with the same index in the absence of scattering.
At around the transition when the magnetic and electro-
static con6nement potentials are comparable, the parity
conservation is broken, but inter-Landau-level transitions
are permitted. In this paper we try to clarify the B de-
pendence of I(V) especially for B around this transition.

The schematic diagram of the active region of the de-
vice is shown in Fig. 1(a) together with the coordinate
axes used for the following discussion. The z axis is de-
fined to be the growth direction, and y and z are, re-
spectively, perpendicular and parallel to the long axis of
the quantum wire cavity. The diode is fabricated from
a GaAs/A1As heterostructure grown by molecular beam
epitaxy using optical lithography and undercut etching in
order to achieve submicrometer dimensions. The GaAs
quantum well width is 90k and the A1As barrier width
is 47k. The active area of the device is the region of
overlap of two GaAs bars, one (thickness E&) etched in
the top contact layer and the other (thickness Eb) in the
bottom contact layer. The physical device dimensions
8& x Eq = 0.5 x 1.0 pm but the conduction area is much
smaller because of sidewall depletion and is estimated to
be —0.06 x 0.6 pm~ [the depletion edge is schematically

(o) X„
n+-GaAs

AIA
ba

GaAs
quantum well

n+-GaAs

AIAs GaAs AIAs

EO ~(ilw

I

I

e
I

'L
E,

FIG. 1. (a) Schematic diagrams of active region of the
diode and (b) the conduction-band profile for B = 0. The
active area of the device is the region of overlap of two GaAs
bars, one (thickness Ez) etched in the top contact layer and
the other (thickness lb) in the bottom contact layer.

shown in Fig. 1(a) as a dashed line]. We have shown pre-
viously for this device that the electron motion in the y
direction is quantized and that the confining potential is
parabolic up to energies of —100 meV. Thus a set of
one-dimensional subbands is formed in the emitter and
the well, with kee electron motion assumed for the z di-
rection. For B = 0 the levels in the emitter and the
well (denoted by the indices i and j, respectively) have
an energy separation (h = 1 throughout) of w, and w

which are the confining energy of the parabolic potential
in the emitter and the well, respectively [see Fig. 1(b)].
Because of the asymmetric device structure, the degree
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of confinement is expected to be different in the emitter
and the well. In the following we discuss only the polar-
ity in which electrons flow &om the top contact to the
bottom contact. For this polarity u, & u and only the
lowest (i = 0) state is occupied in the emitter for this
diode.

Figure 2 shows the low temperature I(V) in the pres-
ence of a magnetic field between B = OT and B = 6T.
For B = 0, several peaks are observed in I(V): (i) the
main resonance (V = 0.2S V) due to tunneling between

1.0 —
j

the i = 0 state in the emitter and the j = 0 state in the
well; (ii) an additional shoulder (V = 0.32 V), which, as
will be shown later, is due to tunneling between the i = 0
state and the j = 2 state; and (iii) peaks due to GaAs and
AlAs longitudinal-optical phonon related tunneling, '

which occur at V = 0.49V and V = 0.6V, respectively.
For a lower magnetic Beld the j = 2 shoulder is only
weakly affected by B. For B ) 3 T, however, its voltage
position has a strong, approximately linear, dependence
on B [see Fig. 2(b)]. In this high field regime other peaks
[j = I, 3 in Fig. 2(b)] are observed. These peaks also have
an almost linear dependence on B.

We use the effective mass approximation and the trans-
fer Hamiltonian formalism to calculate the tunneling cur-
rent for the 1D RTD. Electronic states in the emit-
ter and the well are considered separately. For a mag-
netic Beld oriented in the x direction, the single-electron
Hamiltonian for the emitter states 'R and that for the
well states 'R can be written, using the Landau gauge
A = (0, 0, By), as

= p*' P'
H = *+ "+ (p, +eBy)

2m 2m 2m
+V (x) + zmcu y (n = e or ti)),

0.0
0.2 0.4 0.6

where V (x) is the confining potential along the x direc-
tion due to the A1As barriers and w the parameter de-
scribing the approximately parabolic confinement along
the y direction. The eigenenergies and the correspond-
ing eigenfunctions in the emitter and the well are given
by

V(V) k2
&,'k = &o + (t + —.')~- +

2m (2)

6
0

and
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where w [= (w~ + u~)i)'~] is the subband spacing, u
(= eB/m) is the cyclotron energy, m = m(m /w )
I- = (mw ) ~, and P (E;y) is the simple harmonic-
oscillator-like solution (n = 0, I, 2, . . .).i The orbit
center Y is related to the wave vector A:: Y
—[w, /(mw )]k. Eo [y (x)] is the solution of the one-
dimensional Schrodinger equation for x motion:

2

+ &-(*))x-(*) = so x-(*)
2m

FIG. 2. (a) Experimental plots of I(V) at T = 0.3 K for
a device mith g~ X gb —0.5 X 1.0 pm in the presence of a
magnetic field between B = 0 T (lowest curve) and B = 6 T
(top curve) in 0.5T steps. The field is oriented parallel to
the current direction. (b) The fan diagram shows the voltage
position of peaks j = 0, 1, 2, 3.

Note that we consider only the lowest level for this equa-
tion.

In this bias direction, the strong peaks associated with
optical phonons are observed (see Fig. 2(a) and Ref. 6).
This may imply charge build-up in the well. The tun-
neling current is written as
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where the Gnal state in the collector is assumed to be
empty. V* is the effective applied voltage between the
emitter and the well [see Fig. 1(b)], which is considered
to be proportional to the total applied voltage V between
the emitter and the collector. n, y is the electron occupa-
tion number in the emitter, and T,g ~y~ is the tunneling
matrix element between (ik) states in the emitter and
(jk') states in the well. The decay rates of the resonant
level in the well due to elastic coupling to the emitter
and the collector, I'.

A. , and I'.&, , are defined by

I';~ = ~) IT'),~~ I'~(s:i, +«* —&,"), ) (8)
iA;

I';q, ——vr) IT, ), KI b(s ), , + 'e(V —V') —sK), (9)
K

where the electronic states in the collector are assumed
to be three dimensional (3D), and K is the 3D wave vec-
tor and T~y K is the tunneling matrix element between
the well and the collector. For 3D collector states, I'

&,

is a weak function of j and k', and we assume constant
I" =

2 v D for simplicity with v being the attempt
rate for an electron in the well and D, the collector bar-
rier transmission coefBcient. Using the eigenfunctions
given by Eqs. (3) and (5), T;& ~g is written as
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FIG. 3. Calculated results of tunneling currents as a func-

tion of effective applied bias AE in the presence of a magnetic
field between B = 0 T (lowest curve) and B = 6 T (top curve)
in 0.5T steps. The field is oriented parallel to the current
direction. AE = 0 corresponds to an applied voltage, which
aligns the lowest levels of the emitter and the well for D = Q.
Parameters are given in the text.

IT; ), ,i, I

= v, v D,M; (k)b), ), (10)

with

~., () ) = f 4, ((-;w —& )d'(~'w —)')-~u,
where v is the attempt rate in the emitter and D, is the
emitter barrier transmission coeKcient. Replacing the b
function in Eq. (7) by a I orentzian function of charac-
teristic width I' in order to take into account broadening
effects approximately, we have

with

e

p2

where the unit of current is Io ——4ev, v D, /I' and p'
is the dimensionless parameter characterizing the charge
buildup in the well, defined by p' = (I'/I', ) (x D, /D, .
Here I'„= (2v D I'/D, )i) 2 is the resonance width for
charge buildup in the well. I' is considered to have a
contribution &om both the intrinsic width and the inho-
mogeneous broadening in the conduction-band minimum
along the length of the wire.

Figure 3 shows the calculated currents as a function of

&E [= eV' —{Eo + zen~ —E() —
zan, )] in the presence of

a magnetic field between B = 0 and 6 T. At LE = 0 the
lowest level in the emitter is aligned to that in the well
for B = 0. The following parameters were used for the
calculation: ~ = 6meV, u = 3.5meV, I' = 0.5meV,
and I', = 2.5 meV. The electron density in the emitter is
assumed to be independent of B, and the Fermi energy
at B = 0 is set to 6meV.

Since k is conserved in the tunneling process, resonant
tunneling occurs between states (ik) and (jk) when the
voltage across the device is adjusted so that eV* = c &-
a,'&, and the current is proportional to M, (k). For B =
0, electrons are confined electrostatically and the orbit
center is located at the middle of the wire regardless of
k (Y,

' = Y = 0). For this reason M,~ (k) = 0 when
(j —i) is an odd integer, and tunneling between states
with different parity is not permitted. We can therefore
associate peaks in I{V) for B = 0 with transitions from
i = 0 to j = 0, 2, 4, . . . . The ratio of square matrix
elements Mo2 and Mo2o is given by il~ = Mo /Moo
2 (2n)!(n!) 2((w —w, )/(tu +w, ))2 for even integerj = 2n (n = 1, 2, 3, . . .). For the parameters used for
Fig. 3 ((u, = 6meV and (u = 3.5meV), this ratio forj = 2 g2 0.035, while the ratio of current peak height
I2/Io 0.5 (see Fig. 3). This difFerence is because of the
fact that weak structure appears relatively enhanced in
the presence of the charge buildup.

For lower magnetic field such that ~, ( ~ (or B ( 2 T
for parameters used for Fig. 3) electrostatic confinement
dominates, and the energy levels are almost independent
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of B. The j = 2 resonance is therefore only weakly af-
fected by B for this magnetic field region.

We can understand how the magnetic field violates par-
ity conservation by considering its eKect on the electron
trajectories. At zero field the electrostatically confined
motion in the emitter and the well are both symmet-
rically positioned with respect to the center of the wire.
For B & 0 the initial and final orbit centers are displaced,
i,.e., Y, g Y . The j = 1, 3, . . . resonances are therefore
observed only for B & 0. These peaks have maxima
for intermediate magnetic field around ~
(2T & B & 3.5T).

For a further increase in field u ) ~, u
and the voltage separation of the jth resonance from the
main resonance is linearly dependent on B as jw /e. In
the high magnetic field limit such that u )) u, mag-
netic confinement dominates and M,~(k) = h;z. I(V)
therefore has no peaks other than the main resonance.
In the calculated I(V) additional peaks become weaker
for high magnetic field as expected. This is, however,
not observed in the experimental I(V) for example
the j = 1 peak becomes progressively stronger at high
field [see Fig. 2(a)j. This behavior is similar to that ob-
served for a large area diode in which the additional
peaks are attributed to scattering.

To summarize in this paper we have studied the tunnel-
ing current through a quantum wire cavity under a mag-
netic Beld applied parallel to the current direction. The
current has been calculated within the transfer Hamil-
tonian formalism. We consider only the case that the
lateral confining potential in the emitter, u„ is stronger
than that in the well, u, and electrons occupy only the
lowest level in the emitter.

For B = 0 only parity conserving transitions are al-
lowed and resonant peaks have a voltage separation of
2w /e in V*. In the weak magnetic field for w, & cu (or

B & 2 T for parameters used for the present work), the
voltage position of jth resonance is only weakly afFected
by B because the electrostatic confinement dominates
in this magnetic field region.

For finite magnetic Beld, parity conservation is broken
and the j = 1, 3, . . . resonances are observed because of
the combined efFect of the magnetic field and the difFer-
ence in the confining potentials in the emitter and the
well. For high magnetic field u & u, (B & 3.5 T) mag-
netic confinement dominates in the emitter and the well
and the voltage separation of the jth peak from the main
resonance is linearly dependent on B as jw, /e. This is
accompanied by vanishing amplitude for j & 1 resonance.

The magnetic field dependence of the voltage posi-
tion of jth resonance is in good agreement with the
experimental results, while the dependence of the am-
plitude is diferent from that observed at higher mag-
netic field. This may be due to our ignoring scattering
in the present study. The characteristics magnetic Beld
scale for interface roughness assisted tunneling is much
higher than the magnetic Beld scale considered in the
present study ( a few T). For example, if the inter-
face roughness of the lateral decay length A & 100k is
taken into account, the j = 1 peaks will have a maxi-
rnum at B = 2h/(eA ) & 13T. Therefore, we have to
take into account interface roughness (or another scatter-
ing mechanism), which is not considered in the present
work, in order to obtain a quantitative agreement with
experiments at high magnetic field.
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