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We have studied vertical transport of electrons in GaAs/Al Ga~-„As superlattices by applying high

magnetic fields normal to the layers. Strong oscillations of magnetophonon resonance are observed in

the temperature range between 150 and 300 K, reflecting the singularity of density of states in the su-

perlattice miniband under quantizing magnetic fields. The miniband-width dependence of the resonant

spectra is explained by the formation of forbidden gaps between Landau minibands.

Semiconductor superlattices' (SLs) provide novel phys-
ical phenomena that are not achieved in natural solids.
Most of the interesting theoretical features such as Bloch
oscillations and the related negative differential conduc-
tivity lie in the electron transport through "minibands"
obtained by an artificially modulated periodic potential.
These theoretical interests have stimulated experimental
effort " on the study of the vertical transport properties
of SLs.

In this paper, we report longitudinal magnetoresistance
(LMR) in GaAs/AI, Ga~ —,As SLs under high magnetic
fields normal to the interfaces and parallel to the electron-
ic fields. When electronic motion in the SL layer (xy
plane) is quantized by the magnetic field B, the electron
energy is written as

a(k) =esL(k, )+ (n+ & ) hco„, n =0, 1,2, . . . ,

where asL(k, ) is the energy dispersion of the miniband, co,
is the cyclotron frequency (=eB/m*), and all other sym-
bols have their usual meanings. The dispersion relation
and the density of states (DOS) of this system are shown

in Fig. 1 for the specific case where the miniband width is

18 meV and the Landau level spacing hto„ is 36 meV.
When the magnetic field is high enough to make hco„
larger than the miniband width, there appear real forbid-
den gaps where no electronic states are allowed. Note
that this magnetic quantization removes many of the com-
plications associated with the lateral motion and gives rise
to a simple density of states which is determined by the
miniband structure. Hence, the scattering processes are
greatly simplified and the SL miniband structure is ex-
pected to be clearly reAected in transport properties. Here
we studied LMR at high temperatures from 150 to 300 K,
and observed large resonant peaks caused by longitudinal
magnetophonon resonance (LMPR).

The experimental arrangement is illustrated in the inset
in Fig. 2(a). A series of GaAs/Al Ga~ —,As superlattices
was grown by molecular-beam epitaxy (MBE) on n+-
type GaAs substrates. The samples consist of 50 periods
of the well (thickness L ) and the barrier (Ltt) and are
sandwiched by 5000-A-thick Si-doped GaAs layers with a

donor density of about I x10' cm . Since the four-
point probe method can hardly be used in the vertical
transport measurement, the resistance of SL layer must be
set far higher than the Ohmic resistance of n+ electrodes.
Hence, we employed a 8-like doping scheme. Only the
2-4-A-thick layer at the center of the barriers was doped
with Si to about 1 x10' cm . This scheme reduces the
average carrier density N„.„=10' -10' cm, which is
low enough as compared with that in the highly doped
electrode layers. After forming an Ohmic contact with
Au-Ge on the surface, the sample was etched to mesa
structure with diameter of 100 pm. Listed in Table I are
the structures, donor densities IVd, IV „. „, miniband width

cb, and zero magnetic-field resistance Ro at 230 K of five

samples (A-E). The SL periods listed here are deter-
mined from x-ray diffraction, and are close to the sum
LSL=L +La determined from the growth rate. The
miniband width is calculated by the Kronig-Penney mod-
el. ' The electron mobility normal to the layers is about
100 cm /Vs when estimated from the conductivity and
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FIG. 1. Dispersion relation and density of states of a super-
lattice under high magnetic fields and the resonant excitation of
electrons by optical phonons. The number n on each miniband

is the Landau index. The shaded area in the DOS indicates dis-

tributed electrons at high temperatures.
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less than 4 mV, which is small enough to maintain the
Ohmic transport through the ground miniband. The de-
tails of this measurement system are described in Ref. 11.
Figure 2(a) shows the LMR measured on sample A at
various temperatures. The vertical axis of Fig. 2(a)
denotes the increase hR of LMR normalized by Rp whose
temperature dependence is listed in the figure caption. On
top of the increasing background resistance, two large
peaks are observed at 12 and 22 T; they correspond ap-
proximately to the condition for magnetophonon reso-
nance:
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the electron concentration. This indicates that electrons
in these SL layers flow by miniband transport, and not by
hopping.

LMR was measured by applying 5-10-msec pulsed
magnetic fields normal to the surface up to 35 T. The typ-
ical current level was 100 pA and the applied voltage was
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FIG. 2. (a) The longitudinal magnetoresistance hR of a su-

perlattice sample A at three temperatures normalized by zero-
field resistance Ro. Here, R0=25 D (T=240 K), 30 rt (190
K), and 32 0 (175 K). The dashed line indicates a fitting curve

used to subtract the monotonous background from the data at
240 K. The dotted line set on the data at 240 K is calculated for

ei, =20 meV (see the text). Inset: A schematic illustration of
the sample structure and experimental setup to measure the lon-

gitudinal magnetoresistance of a superlattice. (b) The magneto-

phonon resonance spectra of sample A after subtracting the
background resistance. Each spectrum is shifted vertically for
easy comparison. The vertical scale shows the amplitude of h, R
normalized with the zero-field resistance. See the text and

Table I for the details of sample A.

with %=2 and 1, respectively. Here, coLg is the optical
phonon frequency and m* is the in-plane eA'ective mass of
electrons. As shown in Fig. 1, electrons accommodated in

the ground Landau level can be excited to the second
(third) Landau level by optical phonon scattering at N= 1

(2) resonance. Note that the resonant peaks appear at
rather high temperatures above 150 K since the LO pho-
non population increases almost exponentially with tem-

perature.
The background component of magnetoresistance

which increases monotonically with magnetic field is most

likely caused by phonon scattering because the mag-
netoconfinement of electrons strengthens in general the
electron-phonon interactions in the lateral plane. Since
we are concerned here only with peak positions and line

shapes of LMPR, we subtract from the data this monoto-
nous background which can be approximated by second-
order polynomials as shown by the dashed line in Fig.
2(a). The validity of this subtraction will be discussed in

detail later. In Fig. 2(b) LMPR spectra of sample A after
the background subtraction are shown with each spectrum
shifted vertically for comparison. A remarkable point is

that the amplitude of the fundamental peak at N=1 reso-
nance exceeds 20% of the zero-field resistance, while the
modulation in bulk is less than 5 lo. This enhancement of
the peak intensities in SLs can be explained by the follow-

ing argument.
Our experiment corresponds to a case of low carrier

density (10' —10' cm ) and high magnetic fields
(10-25 T). In this condition, since each Landau mini-

band can accommodate about 10' cm electrons, most
of the electrons are distributed in the lowest Landau mini-

band even at high temperatures as shown in the shaded
area in Fig. 1. Then the resistance or the scattering rate

TABLE I. The structural parameters, miniband width eb, and zero field resistance Rp of SL samples
used in the experiment. The period of SL is obtained by the measurement of x-ray diff'raction. Nd and
1V„.„denotes the carrier density of the doping layer and its average including the nondope layer, respec-
tively.

SL AI
Sample L (A)/La (A) period content x (10' cm ) (10' cm ) (meV)

Rp (230 K)
(n)

A

B
C
D
E

60/30
50/48
6o/4o
60/35
64/27

99.3
100.6
95.6
90.7

0.29
0.30
0.31
0.31
0.30

7.4
10
10
10
5.0

1.6
4.0
4.0
4.2
5.9

20.2
8.5
9.3

12.9
21.5

27
12
9.2
3.1

5.6
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FIG. 3. The magnetophonon resonance spectra of four SL
samples (B-F) at around 230 K. Each spectrum is enlarged so
that the A'=1 peak has the same amplitude as the others. The
scale (20%) indicates the magnitude relative to the zero-field
resistance. The dotted lines set to the samples C and E indicate
the calculated results for sl, =10 and 20 meV, respectively.

by optical phonons should be proportional to the product
of densities of the initial and the final states. Since all the
states must be accommodated in the narrow energy range
of the minibands, the DOS of SLs under a high magnetic
field usually gets far larger than that of the bulk, especial-
ly when the miniband width decreases. As a consequence,
the DOS shows distinct peaks at the top and the bottom of
minibands; this leads to the enhancement of optical pho-
non scattering rate when the resonance condition [Eq.
(2)] is satisfied. In contrast, when the resonance condition
breaks, electron transitions by optical phonons may be in-
hibited, since final states are not available as discussed
later. This explains why the magnetophonon resonance
peaks are seen more clearly in SLs than in three-
dimensional (3D) bulk. Note also that in SLs we can
neglect such complications as pseudoresonance' and
acoustic-phonon-scattering assisted processes ' because of
the split of minibands.

Next, we discuss the eff'ect of miniband width sb on the
behavior of MPR around 230 K. We studied four SL
samples (B-E) that cover the miniband width ranging
from 8 to 20 meV. Figure 3 shows the MPR spectra ob-
tained in the same manner as Fig. 2, while each of the
spectra is somewhat enlarged to normalize the N=1 peak
amplitude. We can easily see that the amplitude of the
N=2 resonance peak as compared to the N= 1 peak gets
smaller with increasing miniband width. This can be un-

derstood by considering the scattering rate; when the
miniband is wide (-20 meV) and the Landau energy
hro„ is small (&20 meV at 12 T), the minigap shown in

Fig. 1 disappears. In such a condition the resonant
feature of the scattering rate becomes weak since the
DOS of each miniband broadens and overlaps, resulting in

the reduction of its peaked feature. Hence, the discrete
features of DOS are essential to observe clear resonance
peaks.

Note also that the observed width of N=1 resonant
peaks in Fig. 3 decreases with the miniband width eb.
When sb is smaller than 10 meV, a plateaulike feature ap-
pears clearly between the two MPR peaks. This suggests

that the contribution of the LO phonon is relatively small
in this region. This rniniband-width dependence of the
MPR spectra and the plateau feature can be explained by
considering the availability or the disappearance of the
final states; electrons in the first Landau miniband can ab-
sorb the LO phonon (energy brut o) and reach the energy
range between A coLg and 6 coL~+ cb. This process is pos-
sible only when the energy of such final states falls on the
(n+1)th Landau miniband. This condition can be ex-
pressed as

LO
—

eb & nba, & IICOLO+eb (3)

for the (n+ 1)th miniband, which corresponds to the nth
MPR peak. Therefore, the width of MPR peak should be
mainly determined by the miniband width when the peaks
do not overlap each other.

If a SL with sufficiently narrow rniniband is placed in

high magnetic fields (hru„= heB/m* & cb), the real mini-

gap will be formed between the adjacent minibands. Par-
ticularly when the condition

(6 ro LQ + cb )/2 & 6 ro„& 6 ro Lp
—cb (4)

is satisfied, final states are completely inside the minigap.
I n other words, we are in a novel case where the magnetic
field is too small to cause the N =1 resonance and yet too
large to achieve the N=2 resonance. Hence the optical
phonons cannot excite electrons to higher-lying states.
For example, when cb =8 meV the case defined by Eq. (4)
corresponds to 12.8 & B & 16.3 T. This explains why the
plateau appears between the two peaks. Thus the optical
phonon scattering in this region is eff'ectively inhibited.
This situation is quite similar to the case of coupled quan-
tum box structures which was proposed earlier by
Sakaki' as a novel scheme to suppress the optical phonon
scattering in semiconductors.

To examine the above argument more quantitatively,
we perform a simple calculation using Eqs. (6)-(9) of
Ref. 15 and evaluate the resistivity component p,~t(B)
which is dominated by the optical phonon scattering. '

Here, we use AcoLp=36 meV and m* =0.067. The total
resistivity pt, &(B) can then be expressed as

piot(B) ppoi B()+C!B+Co
The linear term Ct,B represents the scattering process by
acoustic phonons at high magnetic fields since it increases
inversely proportional to the square of the cyclotron ra-
dius. ' By choosing the parameters Co and C], we ob-
tained a theoretical line [a dotted line in Fig. 2(a)] which
reproduces the experimental result fairly well.

The same analysis was carried out for the samples C
and F„and we obtained again good agreements between
experiments and theory. Then, to clarify the detail of the
spectrum, we subtracted the background component from
both theory and data by using the same function. The cal-
culated spectra after this subtraction are shown by the
dotted lines in Fig. 3. They reproduce quite well the
features of experimental data including the plateau region
in spite of their simplicity. Note that the plateau on the
theoretical line completely corresponds to the region de-
scribed by Eq. (4). Therefore, the magnetoresistance in
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this plateau region should be determined mainly by
acoustic-phonon scattering which leads to the monotonous
increase of the resistance. Thus, the appearance of the
ph'teau indicates the existence of the real band gap be-
tween Landau minibands.

Figure 3 shows that the measured peak position at
N = 1 is lower than that calculated by using the bulk pho-
non energy and eff'ective mass. This discrepancy may be
ascribed to the sophistication of phonon energies confined
in the SL layers. ' This point needs further investigation.

In summary, we have investigated the vertical transport
in semiconductor superlattices by applying high magnetic
fields up to 35 T normal to the layers. The magnetopho-

non resonance far larger than that in bulk has been ob-
served. This enhancement of the resonant peaks is found
to result from the formation of narrow minibands and the
real minigaps between them. When the miniband is
sufficiently narrow, a plateau appears between two reso-
nant peaks and is found to correspond to the region where
the optical phonon scattering is inhibited.
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