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Cyclotron resonance in donor and acceptor b-doped Al„Gal — As/GaAs heterostructures
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Cyclotron resonance experiments have been performed to study the inhuence of donor and ac-
ceptor impurities on the two-dimensional electron gas in Al„Ga~ —«As/GaAs heterostructures.
Two series of samples have been prepared doped with additional Si and Be at well-defined spac-
ings from the interface and at various concentrations. A characteristic behavior of the cyclotron
resonance specific to the doping species is found. Donor-doped samples exhibit a pronounced
filling-factor-correlated oscillation of the linewidth and of the cyclotron effective mass.
Acceptor-doped samples exhibit a second, frequency-shifted resonance over a wide range of mag-
netic fields, whose linewidth becomes extremely narrow at high magnetic fields and tends to an

approximately constant value.

Impurities can strongly inAuence the cyclotron reso-
nance (CR) of a the two-dimensional electron gas (2D
EG). The enhanced scattering yields changes of the CR
linewidth indicating the altered screening behavior in the
2D EG. Furthermore, anomalies in the CR lineposition
are expected to occur due to impurity-mediated electron-
electron interactions. Strong narrowing and a positional
shift of the CR in Si metal-oxide-semiconductor (MOS)
structures in the quantum limit ' and a frequency-
dependent cyclotron mass have been reported ' and inter-
preted by the formation of a highly correlated or even
crystallized ground state. Similar observations have been
made in molecular-beam-epitaxy (MBE) grown hetero-
structures, which are believed to have better interfaces
due to almost perfectly lattice-matched growth. Filling-
factor-dependent oscillations of the linewidth, ' line split-
ting, or strong linewidth narrowing in the quantum lim-

it, as well as oscillations of the cyclotron eff'ective mass
have been observed. Although the explanations of the
above-mentioned features in the CR of 2D EG mostly in-
clude soine influence of impurities, no clear distinction be-
tween the inAuence of different species of impurities on
the 2D EG has yet been made.

Motivated by systematic effects observed in e
irradiated samples' and in the dc transport of impurity-
doped 2D EG, " we started a comparative CR study on
well-defined donor- and acceptor-doped Al„Ga~ —„As/
GaAs heterostructures. In the present work we report on
specific differences in the CR of 2D EG under the
inAuence of ionized donors as well as acceptors, i.e., at-
tractive and repulsive scatterers, and present strong evi-
dence for impurity-induced CR anomalies.

The investigated samples were Al Ga~ —„As/GaAs
modulation-doped heterostructures, in which a 6 layer of
donor (Si) or acceptor (Be) dopant has been built in on
the GaAs side during the MBE growth. ' Except for the
doping, all samples were grown under similar conditions,
i.e., on semi-insulating GaAs substrates at temperatures
of 530-550 C with a background p-type doping level of
about 1 x 10' cm . The dopant concentration was es-
timated by extrapolating values from heavily doped GaAs
to low densities and ranged between 3 X 10 and 4x10'

cm
Due to the low growth temperature to avoid diffusion,

the dopant is believed to be located within a few mono-
layers and thus at a well-defined distance Az from the in-
terface. The investigated range was 2.5 ~Az ~ 30 nm.
Sample mobilities ranged from 3 x 10 cm V ' s ' to
9 x 10 cm V ' s ', depending on the built-in impurity
concentration. The carrier densities were 1.8 & 10" cm
~ n, ~ 5.4x10'' cm, where the higher densities were
achieved by in situ illumination. As a reference, a high-
mobility heterostructure with a mobility of 5 x 10
cm V ' s ' was studied. The samples were usually
4&6 mm in size and, to avoid spurious interference
eft'ects, they were wedged at an angle of 2'. On the top,
six Ohmic contacts in Hall geometry were used for the
determination of the 2D electron density from
Shubnikov-de Haas (SdH) oscillations. CR was per-
formed in magnetic fields up to 14 T with a fast-scan
Fourier-transform spectrometer or a CO2-pumped far-
infrared molecular gas laser. The incident radiation was
guided from the source to the sample via an oversized
waveguide and was focused on the sample with a Winston
cone. The transmitted radiation was detected by a Ge
bolometer placed well below the applied magnetic field.
All measurements presented here were performed at 2.2
K.

Figure 1 shows the CR over the whole range of investi-
gated magnetic fields for two samples of similar carrier
mobilities, but with different types of doping. A strikingly
different CR behavior is observed for the two differently
doped heterostructures: The CR of the Si- (donor) doped
sample shows a remarkable oscillatory behavior I.Fig.
1(a)). At minimum peak values we observed a strongly
asymmetric line profile pointing to an additional reso-
nance on the low-energy side. The Be- (acceptor) doped
sample at low-magnetic fields also shows a broad reso-
nance. However, towards high magnetic fields, a second
resonance appears at higher energies, gains in oscillator
strength, becomes extremely narrow, and 6nally remains
the only observable resonance [Fig. 1(b)]. This resonance
will be referred to as "high-field" CR.

The CR oscillation of the Si-doped sample is correlated

~9 6268 1989 The American Physical Society



CYCLOTRON RESONANCE IN DONOR AND ACCEPTOR 8-DOPED. . . 6269

110 I I

Si-doped hZ=25As - 5 35 x10ll &re-2

p e = 30000 cm I V s
B = 1.3T

100

I-

C)
u)

X
V)

80-
0

6,ld

B=13.8T

(a)
I I I

0 20040 80 120 160

WAVE NUMBER (cm-1)

20

—12—

0 8—
3

I

+ SI —doped
~ Be-doped

6
v ~
~ ~

~ V
0 p+

++ +
~ +

+ +
+ +y++I+ + ++ ++++

+y+
+ ++

+ +++
+

++++

2 +++
V+
+ +

++

+
+

+ +
+

+ ++

++++++e++t~~+
H+

+
+
+

++
+p

(a)

0
I I I I I

3 6 9
MAGNETIC FIELD (T)

2 ~ ~ ~ ~e~ ~ ~ ~ 1
~ ~ ~

~ ~
~ ~ ~ ~ ~ ~ ~ ~

I

15

110

~ 100
B=2.4T 8 =13.5T

C)

90

C)
cn 80—
Vl

1

Be doped h-Z=I00~
70 —

li = 2 6 x ]0ll&~-2e !

pe =-22000crn /Vs (b)
60 I I I I I I I I

20 40 60 80 100 120 140 160 180

WAVE NUMBER (cm ')
FIG. 1. Normalized CR transmission spectra, measured at

T 2.2 K and at various magnetic fields of constant increment
within the indicated ranges for (a) Si-8-doped (with
ns; 4x 10' cm 2) and (b) Be-8-doped Al Ga~ —„As/GaAs
heterostructures (with nee 2x10'0 cm ). he@ is the CR
linewidth calculated from the dc mobility p, .

to the filling factor v n, h/e8 [Fig. 2(a)l. The linewidth
hro, taken from full width at half maximum, is narrow
around odd and broad around even v. The maxima of the
linewidth, however, occur at slightly higher magnetic field
values than the corresponding minima in the SdH oscilla-
tions, which were used to determine v. The linewidth at
v I, 3, and 5 is essentially independent of the magnetic
field but for lower fields, the linewidth gradually decreases
with decreasing field.

The onset of the drastic reduction of the CR linewidth
in the Be-doped case is also v correlated. The CR
linewidth starts to decrease around fields corresponding to
v 2. Close to v I the linewidth approximately reaches
its smallest value of 1.3 cm ' and remains constant for
higher 6elds. This behavior can be observed for all our
acceptor-doped samples and is in contrast to donor-doped
samples where, even in the high-field limit (v ~ 2), such a
drastic narrowing is never observed. At low magnetic
fields v»2, in both Si-doped and Be-doped samples, the
linewidth corresponds to the expected values based on the
self-consistent Born approximation (SCBA) using the
respective dc mobility of the samples:' (hco) -co, (2/
n)(p, 8) . v-dependent linewidth oscillations are also
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FIG. 2. (a) CR linewidth behavior for Si-8-doped (+) and
Be-b'-doped (0) heterostructures. For the Be sample only the
linewidth data of the "high-field" resonance is plotted. The
arrows indicate the filling factors (v), obtained from
Shubnikov-de Haas measurements. (b) Normalized cyclotron
effectiv mass m, /m, for two different b'-doped heterostructures.
Note the increased m, at exactly even v for the Si-doped sample
and the strong reduction of the "high-field" m, branch for the
Be-doped sample. The inset depicts the quadratic plot
co co +07 vs 8

observed in the low-field CR of some high-n, Be-doped
samples, but are most clearly seen in the high-n, Si-doped
samples.

Speci6c diA'erences between the two diN'erently doped
series can also be observed when the resonance position is
studied. In. Si-doped samples slight shifts in the position
of the peak minima of the CR could be detected which,
when expressed in terms of cyclotron mass I, =e8/co„
also lead to a v-correlated m, oscillation with maxima at
exactly even v [Fig. 2(b)]. These maxima are concomi-
tant with the appearance of the low-energy resonance
mentioned above, whose relative position to the CR de-
pends on the magnetic field. Before even v, where the CR
linewidth is largest, the resonances are well apart but at
even v, both resonances merge into one broad, symmetric
resonance. For Be-doped heterostructures, starting from
low fields, the single resonance yields m, values similar to
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the Si-doped case, and interestingly, also shows an oscilla-
tory structure. However, close to v 2, the additional
second absorption line exhibits a considerably reduced
effective mass, which increases with increasing field to-
wards the low-field value of m, =0.07m„The inset of Fig.
2(b) shows the dependence of the high-field-CR position
in a plot of co vs 8, which is well described by ro =co,
+co, with co, -eB/m„and co, describing the additional
shift.

All effects, i.e. , the CR broadening and the amplitude
of the linewidth oscillations and of the m, oscillations in
the Si-doped systems, as well as the amount of CR split-
ting m, in the Be-doped systems, vary monotonically as a
function of dopant concentration. This suggests a collec-
tive influence of the impurities on the CR, in contrast to
the well-known isolated impurity resonance behavior in
the bulk. Note, however, that the linewidth of the high-
field CR at v ~ 1 is only influenced by the ionized donors
and is practically unaff'ected by the acceptor doping level.
A detailed study regarding concentration dependences
will be presented elsewhere.

Additional evidence for the specific influence of ionized
. impurities on the CR of 2D EG is obtained from the com-

parison of our data with previously published results. En-
glert et al. observed oscillations of the CR linewidth in
Al Ga~ „As/GaAs heterostructures with thin spacers to
the Si-doped Al„Ga~ „As We also observe the CR-
linewidth oscillations most clearly in the Si-doped hetero-
structures. Furthermore, a closer look to the same data
reveal that the observed maxima in linewidths do not
occur at exactly even v, but are shifted to smaller values,
in agreement with our observations. A less clear
correspondence is found with the data of Heitmann et al.
on nominally undoped GaSb/InAs quantum wells. The
much stronger linewidth oscillations occur exactly at even
v, but, owing to the band structure, they might be due to
attractive scatterers as well.

The oscillatory behavior of the CR linewidth has been
found to be described qualitatively by theoretical con-
siderations' ' of the density of states (DOS) at the Fer-
mi level EF. As the magnetic field is varied, EF passes
through energy regions of changing DOS. This gives rise
to an oscillatory screening behavior, oscillating scattering
time and therefore oscillating CR linewidth. However,
these models predict an unaltered CR position and
linewidth maxima at exactly even v, and therefore do not
completely describe our observations.

Asymmetry in the CR line profile and changes in the
cyclotron mass have been observed previously by Thiele et
al. and have been attributed to a transfer of oscillator
strength between transitions involving diN'erent Landau
levels (LL). Our data, though, shows clearly a depen-
dence on the impurity concentrations, indicating that im-
purities aA'ect observed cyclotron masses. The proposed
influence of nonparabolicity cannot account for the strong
eff'ects observed in our samples. In fact, the appearance of
the low-energy resonance rather suggests a possible cou-
pling to other modes (e.g. , magnetoplasmons' ) which
influence the CR position and CR linewidth. This cou-
pling might be responsible for the observed disagreement
with SCBA.

On the other hand, the occurrence of a second, narrow
and shifted absorption line in acceptor-doped samples
bears much resemblance to previous data presented by
Wilson, Allen, and Tsui' in Si-MOS systems and by
Schlesinger and co-workers in high-mobility Al„Ga~ —„-
As/GaAs heterostructures. 7 The former study invoked
the formation of an impurity-pinned, highly correlated
electronic ground state. In the latter work, an impurity-
mediated coupling of the CR mode to a softened magneto-
plasmon mode was proposed to cause either broadening or
splitting of the CR, and v=1 was found to be a distinct
state of the system. Our experiments with acceptor-doped
systems, however, suggest that around v=2 the system
starts to undergo some transition, whose final state is
reached around v 1, where the linewidth approximately
reaches its smallest value, remaining roughly constant for
higher fields, very much as described in Ref. 8.

Because such a transition to a narrow CR line has sys-
tematically been observed only in acceptor-doped systems,
i.e., Be-doped and e -beam-irradiated samples, ' ' and
has never been observed in donor-doped samples, an ex-
planation must consider the difFerent nature of the
scattering processes. This difference does not emerge
from the widely used SCBA calculations, since there the
scattering form factor enters quadratically and thus does
not make any distinction between diff'erently charged
scatterers. For the same reasons an impurity-induced
coupling to magnetoplasmons ' cannot account for the
observed differences.

We explain the drastically diff'erent behavior of the CR
for donor- and acceptor-dominated systems by the
different distribution of the density of states in the two
systems. In donor-doped samples the scatterers are posi-
tively ionized and it is most favorable for the electrons to
be close to the scatterers. For the acceptor system the
electrons avoid the repulsive Coulombic centers formed by
the negatively ionized acceptors. As shown by Prange, '

the scatterer-induced states for donor-doped samples cor-
respond to states at the low-energy side of the LL states.
They are thus occupied for all v, leading to pronounced
scattering. For the acceptor-doped samples the scatterer-
induced states are higher in energy than the LL states.
Therefore, we suggest that the narrowing of the CR in the
quantum limit arises from the fact that the electrons pop-
ulate only pure LL states in the lowest spin-split LL and
no scatterer-induced states are occupied. This simple
model explains why the effect occurs at low filling factor
and is mainly observed in systems with predominantly
repulsive scatterers. We believe that the observation of
line shifts and narrowing in high-quality heterostructures
with large spacers has the same origin, since there the re-
sidual p-type doping of the GaAs buffer layer determines
the scattering process. Thus, these reports also support
our observations. An explanation of the observed shift of
the CR frequency is more difticult. In a simple model the
shifted CR points to a changed energy separation between
LL states. This, however, is not expected from Prange's
model where the separation is exactly Am, . Mikeska and
Schmidt have shown that the CR of weakly bound elec-
trons in a harmonic potential is shifted to a value
co =no+ Q, ~here 0 is related to the curvature of the
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confining potential. This is in close agreement with our
experiment [cf. Fig. 2(b)]. The nonoccupation of the
scatterer-induced states means a spatial separation of the
electrons away from the repulsive scatterers. Thus, the
electrons are redistributed in "puddles" between the
scatterers. The shift may, therefore, be determined by the
potential which confines the electrons into the puddles.

In conclusion, we have shown specific diA'erences in the
CR of 2D EG unambiguously related to the dominant
scattering type. We have proposed a mechanism for a
Landau level occupation-dependent scattering, which

leads to a carrier redistribution responsible for the drastic
CR line narrowing and the shift observed in 2D EG's un-
der the inAuence of repulsive scatterers. From our sys-
tematic investigations on well-defined systems, we believe
that some of the effects seen previously bear the "finger-
print'* of impurity-inffuenced 2D EG, even in investiga-
tions performed in high-mobility heterostructures.
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