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Observation of valence-band Landau-level mixing by resonant magnetotunneling
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In magnetotunneling I ( V, B~~ ) measurements on strained p-type Si/Si, „Ge double-barrier resonant
tunneling structures we observe heavy-hole satellite peaks that correspond to tunneling with An = 1 and
2 changes in the Landau index n. The relative intensity of the satellite peaks excludes scattering as a
possible mechanism. We ascribe the An =1,2 satellites to elastic tunneling made possible by Landau-
level mixing in the valence band predicted by the Luttinger Hamiltonian in a magnetic field. The satel-
lite peak spacing yields the valence-band Landau-level structure in strained Si& „Ge, quantum wells.

Since the observation of Landau levels in a double-
barrier resonant tunneling structure (DBRTS) by Men-
dez, Esaki, and Wang, ' magnetotunneling has been com-
monly employed to study transport in these devices. If
the tunneling carriers are described by a single parabolic
band, like electrons in GaAs/Al Ga, ,As DBRTS, the
efFect of a magnetic field 8 parallel to the current direc-
tion (B~~I~~z) is well understood. The electronic states in
the plane transverse to the tunneling direction z are con-
strained into evenly spaced Landau levels of energy

E„= ciioi, (n+ —,') with corresponding in-plane harmonic-
oscillator wave functions P„(ri ). In a magnetic field, the
energy E and transverse momentum k~ conservation
rules that govern tunneling from the three-dimensional
(3D) emitter into the 2D well at B~~=0 (Ref. 2) are
transformed into the conservation of E and Landau index
n 'A. s a result, the I ( V, B~~ ) resonant peak can acquire
a weak staircaselike or sawtooth structure, with evenly
spaced features corresponding to the successive align-
ment of Landau levels in the well and the
emitter. Significantly, as long as the Landau index is con-
served (bn =0), the magnetic field cannot produce any
structure in I( V, B~~) at a bias higher than the resonant
peak. A scattering process, like LO-phonon emission,
can lead to the appearance of a phonon replica exhibit-
ing b, nAO tunneling features in a B~~ field, ' but the re-
plica peak due to inelastic tunneling is invariably much
weaker than the main resonant peak.

If the tunneling carriers cannot be described by a para-
bolic band, as in the case of p-type devices in
GaAs/Al„Gai „As (Refs. 7 and 8) and Si/Sii Ge„
(Refs. 9 and 10), the e6'ect of Bi is more complex (for
theoretical treatment of hole DBRTS see Ref. 11). Since
the hole states belong to interacting heavy-hole (HH) and
light-hole (LH) bands with nonparabolic dispersion, there
is no reason to expect evenly spaced Landau levels even
in bulk material. The addition of strain or quantum-well
interfaces complicates the situation further. Calculations
of 2D hole Landau levels' reveal a complicated structure
with strong nonlinearities and level crossings. Experi-
mental measurement of hole Landau levels has relied pri-
marily on magneto-optics and cyclotron resonance tech-
niques in III-V heterostructures recently, cyclotron res-
onance measurements on holes in Si/Si& „Ge quantum
wells were reported. ' Parallel field magnetotunneling in

DBRTS should provide an alternative experimental tech-
nique, especially in indirect semiconductors like the
scientifically an'd technologically interesting strained
Si/Sii „Ge„system, but observation of Landau levels in
I(V, B~~~) of p-type structures has proved elusive. There
have only been reports of weak features in the derivative
of the LHO current peak that were attributed to Landau
index nonconserving (An=1, ) tunneling due to scatter-
ing.

In our experiments we have studied three p-type
Si/Sii Ge DBRTS samples, identical in design except
for the Si, Ge well thickness W. These samples were
grown on Si substrates by atmospheric pressure
chemical-vapor deposition; the details of sample design,
growth, and processing have been published elsewhere. '

The active DBRTS region comprises 50-A Si barriers
cladding a Sii Ge well (Ge content x=0.25) with

0
W =23, 35, or 46 A. On either side of the active struc-
ture are undoped Sii „Ge„(x=0.25) spacer layers that
are graded to heavily doped Si regions. ' Consequently,
the holes tunnel from a Si& Ge emitter into the
Si& Ge well through a Si barrier. The strain in the
Si& Ge„ layers splits the HH and LH valence-band
edges by b.E ~40 meV (Ref. 17) and at low temperatures
only the HH states are occupied in the emitter (we follow
the convention that "heavy-hole" and "light-hole" desig-
nations refer to the eff'ective mass in the tunneling direc-
tion m,* at k =0). The band diagram of the emitter and
2D well subbands under bias together with a schematic of
their in-plane dispersion E(k )fior the W=35 A struc-
ture is shown in Fig. 1(a), while the zero-field I( V, B~~ =0)
characteristics of the three samples are shown in Fig.
1(b). All three samples exhibit resonant peaks corre-
sponding to holes tunneling from the emitter into the
HHO and LHO 2D hole subbands in the well [in the
W=46 A sample the HH& peak also falls in the bias
range of Fig. 1(b)]. The peak-to-valley ratios are very
high for p-type DBRTS, reaching 2:1 for HHo peaks and
4:1 for LHO peaks. A self-consistent calculation of the
potential distribution over the device' was used to con-
vert the applied bias V to the alignment of the occupied
emitter states with the 2D subbands. The energies of the
HH, - and LH; subbands were calculated using the
m,*=(yi+2y2) ' values obtaining from a linear interpo-
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lation of Si and Ge valence-band parameters. Since the
quantum-well confinement adds to the strain-induced
splitting of the HHO and LHo bands, the in-plane disper-
sion of the HHO band is nearly parabolic on the scale of
emitter Fermi energy Ez —10 meV. Hence, in the
envelope-function approximation, the expected bias posi-
tions of the threshold V,h and peak V~ of the HH0 reso-
nance can be easily determined from E and k~ conserva-
tion: V,h occurs when the HHO subband aligns with EF
in the emitter, V occurs when HHo approximately aligns
with the top of the emitter valence band [see Fig. 1(a)].
The agreement between the calculated position of the
HHO peak and the experimental data for all three samples
is shown in Fig. 1(b). The in-plane dispersion of the LH0
subband is strongly nonparabolic and can become elec-
tronlike in the presence of a nearby HH& band. ' Conse-
quently, the comparison of LHO peak positions with ex-
periment in the (E,k~) conservation framework requires
numerical calculation of these subbands, which will be re-
ported separately. Here we focus on the surprising mag-

netotunneling characteristics I ( V, B
ii

) of the HH0 peaks.
The I(V,Bii) characteristics of the HH0 peak in the

8'=35 A DBRTS at 8~~=7.5, 15, 20, and 30 T are
shown in Fig. 2. The low-field B~I =7.5 T trace is nearly
identical to the zero-field data of Fig. 1(b), except for a
weak shoulder appearing -30 mV above the main HHO
peak (V~=140 mV). As Bii increases, the main peak
remains nearly unchanged in position and becomes grad-
ually weaker. The shoulder grows into a satellite peak
that moves to higher bias with 8~|, becomes comparable
in magnitude to the main peak at 8~~

—15 T, and dom-
inates at 8~~=30 T where the splitting between the two
reaches -90 mV. Furthermore, at 8~~ ~20 T another,
weaker satellite feature appears between the main peak
and the satellite. This feature also moves to higher bias
with BI~ and gains in strength, although it never becomes
comparable to the main peak (see Fig. 2).

Samples with 8'= 23 and 46 A, measured up to
8~~=11 T, exhibit analogous behavior to the 8'=35 A
device of Fig. 2: a satellite peak appears at B~~-7 T,
moves to higher bias and becomes stronger with B~~,
while the main peak does not shift appreciably. The
main and satellite peak positions of the HHo line shape in
all three samples is shown in Fig. 3. From the 8~~-
induced shifts in satellite peak positions, we attribute the
stronger satellite to b, n =2 tunneling (from n =0 in the
emitter to n =2 in the well) and the weaker satellite to
b, n = 1 tunneling (n =0 to n =1). In all samples, at low

B~~ the main hn =2 satellite shifts nearly linearly with B~~

with the same slope of —3.5 mV/T. At high Bii in the
08'=35 A structure, where the An =2 satellite peak posi-

tion V " ~220 mV, the slope begins to decrease. The
weaker An =1 satellite shifts linearly with B~I up to 30 T,
the highest field measured. The absence of additional
B~~-induced steplike structure in the main peak' is due
to the fact that at 8~~ fields suNcient to resolve adjacent
Landau levels (see Fig. 2) the occupied emitter states are
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FIG. 1. (a) Calculated potential distribution of the double-

barrier resonant tunneling structure with well width 8 =35 A
under bias V=140 mV, together with schematic E(k&) disper-
sion in the emitter HH band and the HHo 2D subband in the
well (occupied emitter states are hatched). (b) Tunneling I( V)

characteristics at T=42 K and B
~~

=0 of structures with
8'=23, 35, and 46 A, together with expanded (50X ) views of
the HHo peaks. Resonant current peaks correspond to tunnel-

ing through the labeled 2D subbands. Arrows show the calcu-
lated threshold and peak bias values for the HH& peaks.
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FIG. 2. I(V,B~~) characteristics of the 8 =35 A structure at
B~~ =7.5, 15, 20, and 30 T. The curves have been displaced by 6
pA for clarity. The positions of satellite peaks corresponding to
Landau index n nonconserving tunneling are indicated by solid
(An =2) and open (An = 1) arrows.
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FICz. 3. Bias positions of the main (hn =0, triangles) and sa-
tellite (An=1, open circles; En=2, filled circles) peaks as a
function of B~~. The scale on the right corresponds to the calcu-

0
lated energy scale of the Landau-level structure in the W =35 A
device; the zero of energy is arbitrarily chosen to coincide with
the main peak position at B~~ =0.

all in the lowest n =0 Landau level.
The strength of the En=2 satellite, which becomes

comparable to the main peak at moderate B~~ and in-

creases with B~~, together with the relative weakness of
the An =1 satellite indicate clearly that these I(V,Bl )

resonances cannot arise via a scattering mechanism. Al-
though interface and impurity scattering can relax k~
conservation or, equivalently, Landau index n conserva-
tion, ' these mechanisms are unlikely to produce satellite
peaks comparable in strength to the main, index-
conserving peak. Moreover, the hn =1 satellite is much
weaker than En=2, although the required change in
transverse momentum in the hn =2 case is much larger if
the satellites are attributed to scattering. Taking the tun-
neling barrier reduction with' applied bias into account
does not alter the discrepancy in the relative strength of
the satellite peaks: as Fig. 2 shows, when 8~~ =30 T the
An =1 peak occurs at V-180 mV and is much weaker
than the En=2 peak that occurs at V) 180 mV when

B~~ =15 T. Thus, instead of attributing the appearance of
satellite peaks to scattering-assisted tunneling, we qualita-
tively interpret our results within the Luttinger analysis
of the valence band in a magnetic field to demon-
strate that valence-band Landau-level mixing allows
index-nonconserving (b,nAO) tunneling that does not re-
quire scattering.

Since we are dealing with magnetotunneling from the
occupied heavy-hole Landau-level states in the emitter
into the Landau levels of the HHO 2D subband, the prob-
lem is described by the effective 4X4 Hamiltonian H, in
the

~

Jm. ) basis: J=—'„ the quantization axis is z~~B~~, and

~,j= 1,2, 3,4 label the states m =
—,', —,', —

—,', ——', in that or-
der. For bulk bands and no strain H; was derived by
Luttinger; uniaxial strain contributes only to diagonal
elements H, , and splits the

~

—', +—,') (HH) and
~

—', +—,')
(LH) bands by b.s. ' ' In a magnetic field, all H;~ ele-
ments can be expressed in terms of harmonic-oscillator

raising and lowering operators a and a+', consequently
the four-component Landau-level eigenfunctions V„can
be written as a superposition of harmonic-oscillator wave
functions P„(r~ ):

+n t. kl, nkn —2t02, nkn —1~03,n( n ~04, ndn +1 j

where g, „(z) are linear combinations of products

c, (z)
~

Jm. ), with c;(z) determined by the boundary condi-
tions on V„[for terms in (1) that would have a negative
oscillator index, c;(z)—=0]. The diagonal H;; terms in the
Luttinger Hamiltonian are of the form (aa++ —,') and

hence would give rise to separate sets of heavy- and
light-hole Landau levels with linear B~~ dependence, while

the oF-diagonal terms cause Landau-level mixing, leading
to nonlinear B

~~

dependence and uneven level spacing.
Given certain approximations, the wave functions 4'„'

of (1) and the corresponding Landau-level energies can be
solved analytically. For example, in a bulk crystal with
cylindrical symmetry (the in-plane anisotropy is neglect-
ed by setting Luttinger parameters y2=y3=y), at k, =0
the only surviving off-diagonal H; elements are H, 3-a,
H3 ] a + . The wave function of the nth HH Landau lev-

el becomes '

(2)

where a„+2 is a numerical factor. Therefore, Landau
levels with indices differing by An =2 have oscillator
wave functions P„(rz) in common. In a bulk crystal the
common P„of different Landau levels in (1) are multi-

plied by different orthogonal ~m ) functions, as in Eq.
(2), and n remains a constant of motion, but in the well

and emitter regions of a DBRTS the g; „ functions of Eq.
(1) become linear combinations of ~m ) because of the
boundary conditions at the barrier interfaces and elastic
tunneling between Landau levels with hn =2 is allowed.
Hence the strong An =2 satellite peak in the I(V, B~~~)

shown in Fig. 2: the %'o wave function of the n =0 Lan-
dau level in the emitter (which contains all the occupied
states at high B~~ ) and the 0'2 wave function of the n =2
Landau level of the HHO subband in the well are
nonorthogonal in the plane, leading to elastic tunneling
that need not conserve n.

Analogously, when k, AO another pair of off-diagonal
terms in the Luttinger Hamiltonian H, 2

—k, a,
H2& —k, a+ (Refs. 20 and 22) describe the mixing of oscil-
lator functions P„and P„, in the total wave function 4„
of Eq. (1), allowing b, n =1 elastic tunneling. From the
relative strength of the satellite peaks in Fig. 2, we find
that the mixing of Landau levels with An =1 is about an
order of magnitude weaker than of levels with An =2.
This appears qualitatively consistent with the magnitude
of the relevant H; terms in the Hamiltonian, since the
I( V) resonant peaks occur when the 2D subbands in the
well are nearly aligned with the bottom of the band in the
emitter, where k, of the tunneling holes is small. A
quantitative description of the satellite peak magnitudes
as a function of B~~ requires a numerical calculation of the
functions g; „ in Eq. (1), in principle similar to the calcu-
lation of HH-LH band mixing away from k =0 by An-
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dreani, Pasquarello, and Bassani.
The I(V,B!!) structure does not reAect the absolute

Landau-level energies since the levels move together in
the emitter and well, leaving the index-conserving main
peak at approximately constant bias. On the other hand,
the difference in energy between Landau levels n =0, 1,2
can be determined from the I(V,B!!) characteristics by
converting the bias scale of Fig. 2 into an energy scale,
i.e., by calculating self-consistently the fraction u of the
total bias V that contributes to the alignment hE =a V of
the 2D levels in the well with the occupied emitter
states. ' In our samples the Si electrode layers outside
the Si, Ge spacers are heavily doped and the depletion
does not extend significantly past the Sii Ge spacer of
the collector. As a result, for the bias range of interest in
Fig. 2, a is well approximated by a constant: the energy
scale AE obtained from the self-consistent calculation of

0
the 8'=35 A structure is shown on the right of Fig. 3.
At low and moderate Bii the An =2 peak shifts linearly
with Bii in all samples, indicating that the band is reason-
ably parabolic and hence the energy spacing between
Landau levels can be taken as the measure of in-plane
mass m

ii
. From the self-consistent calculation we obtain

a heavy-hole mass m
~i

=0.29+0.04, considerably heavier

than predicted by interpolating the Luttinger parameters
for Si and Ge, ' but in accord with the recent cyclotron
resonance measurements. '

In conclusion, we have experimentally observed satel-
lite peaks in the I(V,B!!) characteristics of Si/Si, Ge„
DBRTS corresponding to tunneling between Landau
levels that violates index conservation but canriot be at-
tributed to scattering. We explain these index-
nonconserving peaks within the Luttinger description of
2D Landau levels in DBRTS. Our experiments provide
evidence of resonant tunneling processes that do not con-
serve Landau index and yet are allowed by the selection
rules even in the absence of scattering. The data provide
an experimental means of mapping out Landau levels in
the valence band of strained Si& Ge quantum wells and
other indirect-gap semiconductors, where cyclotron reso-
nance and magneto-optics measurements are difBcult.
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