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Band-structure effects on Landau-level mixing in resonant magnetotunneling

D.-Y. Lin, C.-W. Chen, and G. Y. Wu*
Department of Electrical Engineering, National Tsing-hua University, Hsin-chu, Taiwan, Republic of China

~Received 30 June 1997!

We perform ak•p calculation including both strain and band-structure anisotropy for a Si/SiGe double-
barrier structure, and show in the absence of scattering that a longitudinal magnetic field can induce satellite
peaks in theI -V curve. We analyze the resonant-magnetotunneling experiment of Zaslavskyet al., in which
two such peaks were reported, and show that the stronger peak is due to the mixing of Landau levels~with
Dn53! caused by the coupling between heavy and light holes. On the other hand, our theory shows that the
band-structure anisotropy can induce a weak peak at a low bias, which is consistent with the experiment. Our
calculation demonstrates that the Landau-level mixing produced by band-structure effects can be quite large
compared with that due to phonon or impurity scattering.@S0163-1829~98!07507-9#
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I. INTRODUCTION

Resonant tunneling in a double-barrier resonant-tunne
structure~DBRTS! was first reported by Chang, Esaki, an
Tsu, which occurs through a quasilevel in the well.1 Later,
Mendez, Esaki, and Wang observed, in the presence
longitudinal magnetic field, resonant magnetotunneli
which occurs via Landau levels in the well.2 Since this work,
resonant magnetotunneling has become an important
with which impurity scattering and LO-phonon-assist
resonant tunnelings have been resolved.3,4 In particular, these
experiments reported observation of satellite peaks that
respond to the Landau index-nonconserving (DnÞ0) tunnel-
ing through a well state with its Landau index different fro
that of the emitter state.4 However, since it usually involves
impurity or phonon scatterings, theDnÞ0 tunneling is an
order-of-magnitude weaker than theDn50 process, which
produces the primary peaks in the current-voltage curve

Recently, Schuberth, Abstreiter, and Gornik also repor
observation of Landau levels in the derivatives of the tunn
ing characteristics, for ap-type strained Si/SiGe DBRTS.5 In
magnetotunneling measurements on similar Si/SiGe DBR
Zaslavskyet al. further reported two satellite peaks that a
induced by the magnetic field.6 The stronger satellite peak a
the high bias increases rapidly with the magnetic field, wit
strength comparable to the main peak atB530 T, while the
weak satellite peak at the low bias is much smaller than
main peak even atB530 T. In view of its strength, the
stronger peak is obviously not induced by impurity scatter
or phonon scattering, but has to do with the complica
valence-band structure itself.6 Moreover, voltages of both
satellite peaks shift quasilinearly with the magnetic field, d
playing a Landau-level structure. In this article, we carry o
a k•p calculation to investigate the effect of band structu
on magnetotunneling. We compare our calculation with
experiment of Zaslavskyet al., and clarify the origin of the
stronger peak. Our calculation also includes the ba
structure anisotropy, which we show can induce a weak p
in the current-voltage curve.

II. BAND-STRUCTURE EFFECTS

We shall first argue that index-nonconserving tunnel
can occur without the assistance of any scattering, w
570163-1829/98/57~8!/4599~5!/$15.00
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there are band structure anisotropy, or coupling betw
heavy holes~nh! and light holes~lh!. We shall use the an
isotropy as an example. Let us consider a DBRTS in a m
netic field applied in the growth (z) direction. The orbit of a
state in a layer obeys, ink space, the semiclassical Bohr an
Sommerfeld quantization rule

S~«,kz!52p~ ueuB/\!n, ~1!

on a constant energy surface of energy«, where n is an
integer,S is the area enclosed by the orbit, andB is in thez
direction.7 States in different layers have to be matched
each interface. In the case of ann-type structure, where the
parabolic-band model holds, the quantized state in each l
is a circular orbit characterized by an indexn. Since only
layer states with the same index have orbits of the sa
shape to match, this leads to index-conserving tunneling.
conservation of index is broken only in the presence of so
scatterings. But, if warping is present in thexy cross section
of the energy surface, as is the case of ap-type structure, and
if it varies from layer to layer, it is not possible to matc
states of the same index because their orbits are differen
shape.8 In this case, layer orbitals mixing states of differe
indices have to be formed and matched at the interface. T
leads to index-mixing tunneling even in the absence of a
scattering.

III. THEORETICAL MODEL

The envelope-function theory has been developed to t
semiconductor layered structures.9 It has been extended t
include the effect of a magnetic field.10–16 In particular, in
Ref. 15, superlattice band structures have been calcul
with a multiband envelope-function theory, within the a
proximation of band-structure isotropy.

We now include the anisotropy in the multiband theo
and calculate resonant magnetotunneling in a DBRTS.
take the magnetic field to be in thez direction, the growth
direction of the DBRTS. The vector potential is chosen to

A5~2By,0,0!. ~2!
4599 © 1998 The American Physical Society
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We shall explore the effect of anisotropy on the soluti
of the Hamiltonian equation for this system. We write t
Hamiltonian as the sum

H5Hi1Hs1Ha , ~3!

whereHs is the strain interaction,Hi is the isotropic part,
which, in the absence of magnetic field, results in a cylind
cally symmetric band structure, andHa is the anisotropic
part. Hs has been given by Ref. 15, and, hence, is not
peated here.Ha and Hi were also given before,15,17,18 but
since they will be referred to in the discussion, we sh
describe them briefly in the KrameruJ,M & basis, withuU1&
5hh↑, uU2&5 lh↑, uU3&5so↑, uU4&5 lh↓, uU5&5hh↓, and
uU6&5so↓. We write the wave function in thel th layer of
the DBRTS as the linear combination
ap
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ukx ,l &5(
N

uN;kx ,l &, ~4!

where

uN;kx ,l &5(
d

Cd,N
~ l ! eikxxhn~N,d!~y2\kx /eB!uUd&, ~5!

with hn(N,d) a harmonic oscillator function of indexn. Spe-
cifically, we haven(N,1)5N, n(N,2)5N11, n(N,3)5N
11, n(N,4)5N12, n(N,5)5N13, and n(N,6)5N12,
with N an integer>23. Notice thatHi is N-diagonal, i.e.,
^N;kx ,l uHi uN8,kx ,l &;dNN8 ,15,17,18 but couples different
hole states, and, within theJ53/2 subspace containing onl
hh and lh states, the upper triangular part ofHi is19
hNuhh↑& hN11u lh↑& hN12u lh↓& hN13uhh↓&

P1N1G1 iQAN11 SA(N11)(N12) 0
P2(N11)1G2 0 SA(N12)(N13)

P2(N12)1G3 2 iQAN13
P1(N13)1G4 .

~6!
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Pi ’s, Gi ’s, Q, andS are just functions ofB and 2 i ]/]z.20

For the anisotropic part, we have

Ha5F0333

Pa
1

Pa

0333
G , ~7!

where

Pa52
)

2

\eB

m
~g22g3!a12F 1

0
0

0
1

2 i&

2 i&
0
0

G , ~8!

with

a15A1/2eB\~ p̂x2eBy1 i p̂y!. ~9!

The presence ofHa couples the stateuN;kx ,l & with
uN64;kx ,l &, uN64;kx ,l & with uN68;kx ,l &, and so on,
which follows from the forms ofHa and uN;kx ,l &. In the
numerical calculation, we shall make the lowest-order
proximation to the anisotropy by retaining only the dire
coupling betweenuN;kx ,l & and uN64;kx ,l &. There is only
indirect coupling betweenuN;kx ,l & anduN68;kx ,l &, for ex-
ample, which is induced by their direct coupling touN
64;kx ,l &. Since this is a higher-order effect, we neglect it
the calculation.

The coefficientsCd,N
l in Eq. ~5! for each layer are deter

mined by the interface boundary condition that the wa
function and its derivative are continuous at each interfa
This results in a transfer-matrix equation. We then solve
Cd,N

l and calculate transmission coefficients for electrons
cident with various energies. Summing all transmissions
the Fermi sea gives tunneling currents. The same tran
-
t
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r
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matrix formulation can be used to obtain bound states o
quantum well. Details of the formulation for the calculatio
of tunneling and bound states in a multiband model can
found in Ref. 20.

From the Hamiltonian given in Eqs.~6!–~8!, it is obvious
that index-mixing tunneling can occur in various ways, b
cause there are several nonvanishing matrix elements
tween states of different harmonic-oscillator indices. Ho
ever, for the tunneling to be observable, it must be stro
enough. Since the emitter particles in the case concernin
are primarily heavy holes~see Sec. IV below!, it will be most
favorable for the hh to mix in the lh. There are two ways f
it to happen. One is via the hh-lh coupling contained inHi of
Eq. ~6!, which we shall term as theHi-induced hh-lh cou-
pling, and the other is via a similar coupling caused
(Pa)22 contained in Ha , which shall be called the
Ha-induced hh-lh coupling. With the decay of a lh wav
function in the barrier being slower than that of a hh, it
easier to observe the index-mixing tunneling of an emitter
through barriers via the lh channel than via the hh chann

IV. RESULTS AND CONCLUSION

We carry out the calculation for a symmetr
Si/Si0.75Ge0.25 DBRTS system, with the barrier width 50 Å
and well width 35 Å. Si layers are barriers, and Si0.75Ge0.25
layers form the emitter, quantum well, and collector. T
Fermi energy is 6.1 meV atB530 T, and varies with the
magnetic field. The in-plane lattice constant is taken to
that of Si, which imposes a biaxial strain in the Si0.75Ge0.25
layers. These structural parameters are chosen so tha
system resembles one of the structures probed in Re
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However, ours does not include spacer layers as the ex
mental structure does. For the Luttinger parameters of Si
takeg154.22,g250.39,g351.44, andk520.26, and, for
Ge, we takeg1513.35,g254.25,g355.69, andk53.41.21

For band offset, elastic constants, and deformation po
tials, we also use that of Ref. 21. Some adjustment of
parameters, however, has been made.22

In Fig. 1, we present the bulk complex band structures
the constituent materials Si and Si0.75Ge0.25. We show only
the bands involved in the calculation. In the range 20 T,B
,30 T, only the lowestn50 hh Landau levels are occupie
in the emitter, and, hence, they are the states whose tunn
behavior we shall focus on. We note that then50 hh↑ band
couples with both then51 lh↑ and n52 lh↓ bands, a con-
sequence of theHi-induced coupling, and that then
50 hh↓ band couples with then52 lh↑ band, a consequenc
of the Ha-induced coupling. We also see that, in the barri
the lh wave vectors are smaller in magnitude than the
ones, indicating a slower decay of the lh wave. To comp
the magnitude of mixing induced byHi with that byHa , we
list here some majoruCd,nu ’s of the emitter states at th
Fermi level, withB530 T. For then50 hh↑ state, we have

uChh↑n50u50.9387, uClh↑n51u50.2874,

uClh↓n52u50.046.

For then50 hh↓, we have

uChh↑n50u50.9988, uClh↑n52u50.0339.

From above, we see that theHa-induced mixing is much
weaker than theHi-induced mixing. Correspondingly, it im
plies that theHa-induced index-nonconserving tunneling
much weaker than theHi-induced one. The explanation fo
this is the following. The hh-lh coupling inHi increases with
the magnetic field, and, atB530 T, the coupling is so large
that hh and lh strongly mix. On the other hand, the hh

FIG. 1. On the right is energy vs the real part of wave vector,
Si0.75Ge0.25. On the left is energy vs the imaginary part of wa
vector, for Si. The magnetic field is 30 T. The two band structu
are aligned according to the band offset.
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coupling in Ha is relatively insensitive to the variation o
magnetic field, and is mainly determined by the anisotropy
B50, which is small.

In Fig. 2, we present the current-voltage curve. Notice
appearance of two index-nonconserving tunneling peaks,
noted asDn51 andDn53, respectively, in addition to the
primary peak denoted asDn50. The Dn53 peak grows
rapidly with magnetic field, and, atB530 T, it is of the same
order of magnitude as theDn50 peak. The primary peak is
due to the resonant tunneling of the emittern50 hh↑(↓)
state through then50 hh↑(↓) state in the well. We have als
determined the well states that the two index-nonconserv
tunnelings utilize. We list below their energies together w
the major uCd,nu ’s of their wave functions, withB530 T.
One state has

E5261 meV, uChh↑n51u50.9296, uClh↑n52u50.2458,

which is primarily ann51 hh↑ state coupled with ann
52 lh↑ state. The other state has

E5295.5 meV, uChh↓n53u50.8012, uClh↑n51u50.4499,

which is primarily ann53 hh↓ state coupled with ann
51 lh↑ state. In the above, the zero energy is taken to b
the heavy-hole band edge. Combining the foregoing analy
of emitter and well wave functions, we conclude that t
Dn51 tunneling occurs with the following sequence of ste

emitter coupled via barrier coupled via well

n50 hh↓ Ha n52 lh↑ Hi n51 hh↑.

Since the difference between the Landau indices of the e
ter and well states is 1, we identify the index change asDn
51. On the other hand, theDn53 tunneling occurs with the
following sequence of steps

emitter coupled via barrier coupled via well

n50 hh↑ Hi n51 lh↑ Hi n53 hh↓ .

r

s

FIG. 2. Current-voltage curves. Filled squares are the calcula
data. The curves forB525 T andB530 T have been shifted verti
cally.
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Since the difference between the Landau indices of the e
ter and well states is 3, we identify the index change asDn
53. With theDn51 tunneling induced byHa and theDn
53 tunneling induced byHi , the Dn51 peak is much
weaker than theDn53 peak.

Comparing this figure with theI -V curve of Zaslavsky
et al., we identify theDn53 peak with the stronger satellit
peak that they observed. On the other hand, theDn51 peak,
although appearing in our curve, is too weak when compa
with their weaker satellite peak. We therefore do not exclu
the possibility that the experimental peak could be due
scattering-assisted tunneling, or other mechanisms. H
ever, the weakness of the theoreticalDn51 peak is at least
consistent with the experimental result.

In Fig. 3, we present the shift of voltages at current pea
with magnetic field.23 As we can see, it goes almost linear
with the magnetic field. Moreover, the slope,DV/DB, for
theDn53 peak, is about 3 times of that for theDn51 peak,
after subtracting the slope for the main peak~with Dn50!
from them.24

In conclusion, we have performed ak•p calculation that
includes both strain and band-structure anisotropy, fo
Si/SiGe double-barrier structure, and show, in the absenc
scattering, that a longitudinal magnetic field can induce s
ellite peaks in theI -V curve. We have compared the calc
lation with the resonant-magnetotunneling experiment
Zaslavskyet al., and shown that the stronger peak is due
the mixing of Landau levels~with Dn53! caused by the
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Hi-induced coupling between heavy and light holes. O
theory has also shown that the band structure anisotropy
induce a weak peak at low bias, which is consistent with
experiment. Our calculation has demonstrated that
Landau-level mixing produced by band-structure effects c
be quite large compared with that due to phonon or impur
scattering.
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FIG. 3. Center positions of current peaks vs magnetic field
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