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Band-structure effects on Landau-level mixing in resonant magnetotunneling
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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 thd -V curve. We analyze the resonant-magnetotunneling experiment of Zaslewakyin which
two such peaks were reported, and show that the stronger peak is due to the mixing of Landafwigvels
An=3) 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 scatter{ig0163-1828)07507-9

[. INTRODUCTION there are band structure anisotropy, or coupling between
heavy holegnh) and light holes(lh). We shall use the an-
Resonant tunneling in a double-barrier resonant-tunnelingsotropy as an example. Let us consider a DBRTS in a mag-
structure(DBRTS) was first reported by Chang, Esaki, and netic field applied in the growthz} direction. The orbit of a
Tsu, which occurs through a quasilevel in the wellater, ~ state in a layer obeys, i space, the semiclassical Bohr and
Mendez, Esaki, and Wang observed, in the presence of gommerfeld quantization rule
longitudinal magnetic field, resonant magnetotunneling,
which occurs via Landau levels in the wélBince this work,
resonant magnetotunneling has become an important tool
with which impurity scattering and LO-phonon-assisted
resonant tunnelings have been resol¥&th particular, these 0N a constant energy surface of energywheren is an
experiments reported observation of satellite peaks that cofdteger,S is the area enclosed by the orbit, a@ds in thez
respond to the Landau index-nonconservidgi¢0) tunnel-  direction! States in different layers have to be matched at
ing through a well state with its Landau index different from each interface. In the case of artype structure, where the
that of the emitter stattHowever, since it usually involves parabolic-band model holds, the quantized state in each layer
impurity or phonon scatterings, then+0 tunneling is an is a circular orbit characterized by an indax Since only
order-of-magnitude weaker than tken=0 process, which layer states with the same index have orbits of the same
produces the primary peaks in the current-voltage curve. shape to match, this leads to index-conserving tunneling. The
Recently, Schuberth, Abstreiter, and Gornik also reporte@onservation of index is broken only in the presence of some
ing characteristics, for p-type strained Si/SiGe DBRTSIN  of the energy surface, as is the case pfype structure, and
magnetotunneling measurements on similar Si/'SiGe DBRTS it yaries from layer to layer, it is not possible to match
Zaslavskyet al. further reported two satellite peaks that aregiaieg of the same index because their orbits are different in
induced by the magnetic fiefiThe stronger satellite peak at shapé® In this case, layer orbitals mixing states of different

the high bias increases rapidly with the magnetic field, with 4ndices have to be formed and matched at the interface. This

strength comparable to the main peakBat 30 T, while the . . . .
weak satellite peak at the low bias is much smaller than théeg:tltse:ﬁ]éndex mixing tunneling even in the absence of any

main peak even aB=30T. In view of its strength, the
stronger peak is obviously not induced by impurity scattering
or phonon scattering, but has to do with the complicated IIl. THEORETICAL MODEL
valence-band structure itsélfMoreover, voltages of both
satellite peaks shift quasilinearly with the magnetic field, dis- The envelope-function theory has been developed to treat
playing a Landau-level structure. In this article, we carry outsemiconductor layered structurest has been extended to
ak-p calculation to investigate the effect of band structuresinclude the effect of a magnetic field-® In particular, in
on magnetotunneling. We compare our calculation with theRef. 15, superlattice band structures have been calculated
experiment of Zaslavskgt al, and clarify the origin of the with a multiband envelope-function theory, within the ap-
stronger peak. Our calculation also includes the bandproximation of band-structure isotropy.
structure anisotropy, which we show can induce a weak peak We now include the anisotropy in the multiband theory
in the current-voltage curve. and calculate resonant magnetotunneling in a DBRTS. We
take the magnetic field to be in ttedirection, the growth
Il. BAND-STRUCTURE EFFECTS direction of the DBRTS. The vector potential is chosen to be

We shall first argue that index-nonconserving tunneling
can occur without the assistance of any scattering, when A=(—-By,0,0). (2

S(e,k,) =2m(|e|BIA)n, (1)
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We shall explore the effect of anisotropy on the solution
of the Hamiltonian equation for this system. We write the

Hamiltonian as the sum

H=H;+Hs+H,, ©)

whereHg is the strain interactiont; is the isotropic part,
which, in the absence of magnetic field, results in a cylindri-
cally symmetric band structure, ard, is the anisotropic
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lkx.l>=§ IN;Ky 1), (4)

where

NSk 1) = 2 Cane™ oo (y —ky/eB)[Ug).  (5)

part. Hg has been given by Ref. 15, and, hence, is not rewith h, ) @ harmonic oscillator function of index. Spe-

peated hereH, and H; were also given befor&*"*® but

cifically, we haven(N,1)=N, n(N,2)=N+1, n(N,3)=N

since they will be referred to in the discussion, we shall+1, n(N,4)=N+2, n(N,5)=N+3, and n(N,6)=N+2,

describe them briefly in the Kramé#,M) basis, with|U,)
=hht, |Uy)=IhT, |Ug)=s0l, |Us)=Ih|, |Us)=hh|, and
|Ug)=s0|. We write the wave function in thkth layer of
the DBRTS as the linear combination

with N an integer=— 3. Notice thatH; is N-diagonal, i.e.,
(N; Ky L THGIN Ky 1y~ S, 21718 but couples  different
hole states, and, within th#&= 3/2 subspace containing only
hh and |h states, the upper triangular partgfis®®

hy[hht) hnya/lhT) hnollhl) hy . slhh])
PN+G;, iQ N+1 SY(N+1)(N+2) 0
P,(N+1)+G, 0 SJ(N+2)(N+3)
P2(N+2)+G3 —iQYN+3
PL(N+3)+Gy,.

(6)

matrix formulation can be used to obtain bound states of a
quantum well. Details of the formulation for the calculation
of tunneling and bound states in a multiband model can be

P/’s, Gi’s, Q, andS are just functions oB and —ia/9z.%°
For the anisotropic part, we have

O3x3 11, found in Ref. 20.
a~ H; O3x3|’ () From the Hamiltonian given in Eq$6)—(8), it is obvious
that index-mixing tunneling can occur in various ways, be-
where cause there are several nonvanishing matrix elements be-
1 0 v tween states of diffgarent harmonic—oscillatpr indices. How-
V3 fieB s ever, for the tunneling to be observable, it must be strong
a= " %5 Tm (y2—7vs)a’?| 0 1 0 |, (8 enough. Since the emitter particles in the case concerning us
0 -iv2 0 are primarily heavy holesee Sec. IV beloyy it will be most
with favorable for the hh to mix in the Ih. There are two ways for

it to happen. One is via the hh-lh coupling containedjrof
(9) Eqg. (6), which we shall term as thkl;-induced hh-lh cou-
pling, and the other is via a similar coupling caused by
(I1,),, contained in H,, which shall be called the
INE4:ky, 1), [NE4;ky,l) with [N£8;k,,l), and so on, H,-induced hh-lh coupling. With the decay of a |h wave
which follows from the forms ofH, and |N;k,,l). In the  function in the barrier being slower than that of a hh, it is
numerical calculation, we shall make the lowest-order apeasier to observe the index-mixing tunneling of an emitter hh
proximation to the anisotropy by retaining only the directthrough barriers via the |h channel than via the hh channel.
coupling betweenN;k,,1) and|N=+4;k,,|). There is only
indirect coupling betweefN;k,,l) and|N=8;k, I}, for ex-
ample, which is induced by their direct coupling bl
*+4;ky,l). Since this is a higher-order effect, we neglectitin  We carry out the calculation for a symmetric
the calculation. Si/Sh.76G& -5 DBRTS system, with the barrier width 50 A,

The coefficientsC!m in Eq. (5) for each layer are deter- and well width 35 A. Si layers are barriers, ang -8Ge, »5

mined by the interface boundary condition that the waveayers form the emitter, quantum well, and collector. The
function and its derivative are continuous at each interfaceFermi energy is 6.1 meV a@=30T, and varies with the
This results in a transfer-matrix equation. We then solve fomagnetic field. The in-plane lattice constant is taken to be
Cld,N and calculate transmission coefficients for electrons inthat of Si, which imposes a biaxial strain in the, 2Ge, »5
cident with various energies. Summing all transmissions ofayers. These structural parameters are chosen so that the
the Fermi sea gives tunneling currents. The same transfelystem resembles one of the structures probed in Ref. 6.

a’=\1/2eBh(p,—eBy+ipy).
The presence ofH, couples the stateN;k,,l) with

IV. RESULTS AND CONCLUSION
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FIG. 1. On the right is energy vs the real part of wave vector, for g1 5 cyrrent-voltage curves. Filled squares are the calculated

Sip.75G&.25 On the left is energy vs the imaginary part of wave yaia The curves fB=25 T andB=230 T have been shifted verti-
vector, for Si. The magnetic field is 30 T. The two band structuresca”yl

are aligned according to the band offset.

) coupling in H, is relatively insensitive to the variation of
However, ours does not include spacer layers as the expefiagnetic field, and is mainly determined by the anisotropy at

mental structure does. For the Luttinger parameters of Si, Wg _ \vhich is small.
take y,=4.22, y,=0.39, y3=1.44, andx=—0.26, and, for In Fig. 2, we present the current-voltage curve. Notice the
Ge, we takey, =13.35, y,=4.25, y3=5.69, andx=3.41: appearance of two index-nonconserving tunneling peaks, de-
For band offset, elastic constants, and deformation potenjgieq ashn=1 andAn=3 respectively, in addition to the
tials, we also use that of Ref. 21. Some adjustment of th‘forimary peak denoted a8n=0. The An=3 peak grows
paramgters, however, has been midde. rapidly with magnetic field, and, =30 T, it is of the same

In Fig. .1’ we preser_1t the .bUIk co_mplex band structures fororder of magnitude as then=0 peak. The primary peak is
the constituent matgrlals Si ando-%GQ)-ZE’ We show only g6 {5 the resonant tunneling of the emitter0 hht(])
the bands l'nvﬁlvfd n thf cﬁ;}:ulaﬂgn. Iln thle range 2081 d state through the=0 hht () state in the well. We have also
<30T, only the lowesh=0 hh Landau levels are occupied yetermined the well states that the two index-nonconserving

in the emitter, and, hence, they are the states whose tunneling, ne|ings utilize. We list below their energies together with
behavior we shall focus on. We note that the 0 hhf band the major|Cq ,|'s of their wave functions, witlB=30T.

couples with both them=11hT andn=2 |h| bands, a con- One state has

sequence of theH;-induced coupling, and that the

=0 hh| band couples with the=2 |h{ band, a consequence

of the H,-induced coupling. We also see that, in the barrier, E=—61 meV, |Cppin-1/=0.9296, |Cjpin—p|=0.2458,
the |h wave vectors are smaller in magnitude than the hh

ones, indicating a slower decay of the |h wave. To comparavhich is primarily ann=1hhf state coupled with am
the magnitude of mixing induced By; with that byH,, we =2 1nhT state. The other state has

list here some majotCq ,|'s of the emitter states at the

Fermi level, withB=30 T. For then=0 hh] state, we have E= —955meV. |Chh¢n=3| —0.8012, |C|mn=1| —0.4499.

|Chitn=ol =0.9387, |Cjy;n=1|=0.2874, which is primarily ann=3 hh| state coupled with am
=1 |h7 state. In the above, the zero energy is taken to be at
the heavy-hole band edge. Combining the foregoing analyses
|Cihyn=2|=0.046. of emitter and well wave functions, we conclude that the
An=1 tunneling occurs with the following sequence of steps

For then=0 hh|, we have
emitter coupled via barrier coupled via well

|Chth:0|:0.9988, |C|th:2| =0.0339. n=0 hhl Ha n=2 |hT Hi n=1 hhT

From above, we see that thé,-induced mixing is much Since the difference between the Landau indices of the emit-
weaker than théd;-induced mixing. Correspondingly, it im- ter and well states is 1, we identify the index change\as
plies that theH ,-induced index-nonconserving tunneling is = 1. On the other hand, then= 3 tunneling occurs with the
much weaker than thel;-induced one. The explanation for following sequence of steps

this is the fqlloyving. The hh-lh coupling iH; incre_ases with  amitter coupled via barrier  coupled via well

the magnetic field, and, &=30 T, the coupling is so large
that hh and |h strongly mix. On the other hand, the hh-lhn=0 hh] H; n=1lht H;, n=3hh| .
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Since the difference between the Landau indices of the emit-
ter and well states is 3, we identify the index change\as
=3. With the An=1 tunneling induced b\, and theAn
=3 tunneling induced byH;, the An=1 peak is much
weaker than thn=3 peak.

Comparing this figure with thé-V curve of Zaslavsky
et al,, we identify theAn= 3 peak with the stronger satellite
peak that they observed. On the other hand Ahe-1 peak,
although appearing in our curve, is too weak when compared
with their weaker satellite peak. We therefore do not exclude
the possibility that the experimental peak could be due to
scattering-assisted tunneling, or other mechanisms. How-
ever, the weakness of the theoretidal=1 peak is at least
consistent with the experimental result.

In Fig. 3, we present the shift of voltages at current peaks
with magnetic field?® As we can see, it goes almost linearly

D.-Y. LIN, C.-W. CHEN,

AND G. Y. WU

020

—0— An=3 o
—A— An=1

016 F —m— An=0 /

O

014 /
e

O

0.12 | /

O

V (Volts)

0.10 |-

-
A

A

——

\

n—" "

0.06 ! ! ! 1

—

A/A

o
008F A
[
1
5

B(T)

30

FIG. 3. Center positions of current peaks vs magnetic field.

with the magnetic field. Moreover, the sloptV/AB, for
the An=3 peak, is about 3 times of that for then=1 peak,
after subtracting the slope for the main pgakth An=0)

H;-induced coupling between heavy and light holes. Our

theory has also shown that the band structure anisotropy can

induce a weak peak at low bias, which is consistent with the

from them?* experiment. Our calculation has demonstrated that the
In conclusion, we have performedkap calculation that Landau-level mixing produced by band-structure effects can

includes both strain and band-structure anisotropy, for &e quite large compared with that due to phonon or impurity

Si/SiGe double-barrier structure, and show, in the absence cattering.

scattering, that a longitudinal magnetic field can induce sat-

ellite peaks in thd-V curve. We have compared the calcu- ACKNOWLEDGMENT
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by only a factor of the emitter's density of states, which is a  because the calculation @{(V) is much faster.

smooth function, the two functions resemble each other. We&*Although Zaslavskyet al. identified their stronger peak asn
therefore take the transmission peak position to be the center of =2, its slope AV/AB at low B, according to their data, is more
the corresponding current peak. This saves a lot of CPU time than 2.5 times that for thAn=1 peak.



