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Far infrared spectroscopy and electrical transport measurements on a set of modulation-doped GaAs/
Aly;Gap;,As multiple-quantum-well structures show metallic and insulating behavior that depends on
doping density and magnetic field; impurity band insulator, impurity band metal, and quantum Hall
conductor states are observed. In the latter case a plateau around filling factor 1 shows entrance to an
insulating state at higher fields; this result is compared with the global phase diagram for the quantum
Hall effect. A general phase diagram that encompasses lower doping densities is suggested.

PACS numbers: 71.30.+h, 72.20.My, 73.20.Dx, 78.65.—s

Numerous interesting electronic phenomena occur at
high magnetic fields in high quality quasi-two-dimensional
(Q2D) electron gas systems at low temperature, e.g.,
the integer quantum Hall effect IQHE), the fractional
quantum Hall effect (FQHE), and Wigner crystallization.
Disorder and electron localization are intimately connected
to these phenomena. Recently, Kivelson, Lee, and Zhang
have proposed a global phase diagram (GPD) [1] for the
quantum Hall effect in a plot of disorder versus magnetic
field, including predicted transitions from the quantum
Hall conductor state to different insulating states at high
magnetic fields. The various conducting and insulating
states in Q2D systems and the transitions between such
states and their dependences on magnetic field and other
parameters are of fundamental interest.

Considerable work on the metal-insulator transition
(MIT) has been carried out on doped bulk semiconductors
[2-7] and in certain Q2D systems [8—10]. For such
studies modulation-doped quantum-well (QW) structures
posses a number of advantages compared with either bulk
semiconductors or single heterostructures. In addition to
control of wave function overlap provided by magnetic
field and dopant density (average impurity separation), in
QWs the electron wave function extent in the well(s) can
be controlled by the well-width and the set-off distance
of the shallow donors in the barriers while maintaining
the confining potential essentially unchanged. In such
structures electrons from donor impurities located in the
barriers are transferred to the well(s), and at low doping
densities are weakly bound to their parent donors in the
barriers [with wave functions localized in the well(s)]
in well-defined, discrete energy states that are well un-
derstood [11]. In order to provide adequate absorption
strength to observe the impurity transitions spectroscop-
ically at low doping densities, multiple QW structures
are usually required. At higher densities impurity bands
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are formed [12], and at sufficiently high doping densities
and sufficiently low disorder the IQHE and FQHE occur
at high fields. Systematic studies of the magnetic-field-
induced MITs in this model Q2D system can provide
useful insight into the connections between the quantum
Hall conductor and various insulating states, and also
into the evolution and development of the quantum Hall
conductor itself from the insulating and metallic states
that occur at lower doping densities. These transitions,
particularly in the low-density region, have not been
previously explored.

We report far infrared optical and electrical trans-
port studies of a series of modulation-doped GaAs/
AlGaAs MQW samples over regions of magnetic field
and shallow donor doping densities in the barriers
that encompass various metallic and insulating states.
Far infrared magnetotransmission measurements were
carried out at temperatures between 1.5 and 30 K in
magnetic fields up to 9 T with a Fourier transform
spectrometer, light-pipe-condensing-cone optics, and
both photoconductive (Ge:Ga) and bolometric (doped
Si) detectors. Electrical transport measurements were
made at temperatures between 0.3 and 15 K in mag-
netic fields up to 11 T by conventional dc and low
frequency ac techniques. Results on three molecular
beam epitaxy (MBE) grown, modulation-doped (over the
central 3 of the Aly;Gay;As barriers with Si donors)
MQW structures (24 nm by 24 nm) are described;
barrier doping densities are 3.2 X 109 cm™? (sample
1), 8 X 10'° cm™2 (sample 2), and 1.5 X 10" cm™
(sample 3). These data show transitions from impurity-
band metal to impurity-band insulator at low doping
densities, and, at higher doping densities, a transition to a
quantum Hall conductor state, which enters an insulating
state at magnetic fields above the quantum Hall plateau at
integer filling factor v = 1.

© 1995 The American Physical Society



VOLUME 75, NUMBER 5

PHYSICAL REVIEW LETTERS

31 JuLy 1995

Results of the magnetotransmission measurements are
summarized in Fig. 1, in which the frequency of the dom-
inant transmission minimum for each sample at 4.2 K is
plotted versus magnetic field. For sample 1 the experimen-
tal results are in good agreement with variational calcula-
tions for the ground state m = O to the first excited state
with m = +1 (m is the quantum number for projection of
orbital angular momentum along B) for isolated impuri-
ties located at the barrier centers [11]; at higher tempera-
tures a distinct, sharp cyclotron resonance (CR) absorption
line was observed whose amplitude increased with tem-
perature at the expense of the impurity line. For sample
2 the observed transitions are also in good agreement with
the isolated impurity calculations at fields above 5 T, but
the measured values at lower fields deviate to higher fre-
quencies. In the low field region the impurity lines for this
sample are substantially broader than those of sample 1.

The diagonal and Hall resistances (R, and Ry,) of
sample 1 showed activated behavior over the entire range
of fields and temperatures investigated. However, as
shown in Fig. 2(a), sample 2 behaves very differently.
Below 3 T the sheet density N,; obtained from the
Hall voltage is approximately independent of temperature
(metallic behavior) and increases slightly with magnetic
field [13]. Above 3 T the electron density is thermally
activated with a (small) activation energy that increases
with magnetic field.

The two main types of MITs that are observable at
He temperatures in semiconductors are the Mott transition
and the Anderson transition. (We do not consider weak
localization.) In the simplest picture the Mott MIT takes
place in a semiconductor with a periodic impurity sub-
lattice when, due to overlap of the electronic wave func-
tions, the upper Hubbard (UH) band, which evolves from
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FIG. 1. Magnetotransmission minima vs magnetic field at

4.2 K: <, sample 1; O, sample 2; and A, sample 3. Dashed
line: CR; solid line: calculated transition energy for isolated,
barrier-center donors [11]. Inset: Schematic diagrams of the
density of states associated with the lowest Landau level for
samples (1)—(3) at low magnetic fields. The hatched region in
(3) indicates localized states. There are similar, small regions
(not shown) in the UH and LH bands.

the discrete negative donor ion ground state (two elec-
trons on a single impurity site), merges with the lower
Hubbard (LH) band, the one-electron impurity band that
evolves from the discrete neutral donor ground state [14].

-
o

Electron Sheet Density (10'°cm?)

<

%).4 05 06 07

T 20K
I
l 15K

T~ e

7K
———— — ]
5K
L~

20 40 60 80 100
-1
Frequency (cm )

Relative Transmittance

FIG. 2. (a) Semilogarithmic plot of electron sheet density
(o< 1/R,y) of sample 2 as a function of 1/7 at several magnetic
fields: (1,05 T; @, 1.5T; X,25T; A, 40T, and <, 6.0 T.
Data for 2.5 and 1.5 T have been shifted up by 50% and 30%,
respectively, for clarity. Solid lines are exponential fits to the
data at 4 and 6 T with activation energies of 1.6 and 7.8 K,
respectively. The deviation of the data points at 6 T and about
2.5 K is due to the onset of variable range hopping within the
lowest impurity band. (b) Temperature dependence of relative
transmission (transmitted intensity at the indicated temperature
divided by the transmitted intensity at 4.2 K) of sample 2 in the
region of metallic electrical conductivity (2.5 T). Arrows show
the positions of CR and the impurity transition observed at
4.2 K (D).
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The mechanism that gives rise to a MIT in this case is
electron-electron Coulomb repulsion. The Anderson tran-
sition, in contrast, occurs in a disordered one-electron sys-
tem with random potential fluctuations in the absence of
electron-electron interactions; the electronic states are all
localized for sufficiently strong disorder. In experimen-
tally realizable structures, some combinations of the two
mechanisms is responsible for the observed MITs.

An approximate criterion for the Mott transition
(insulator to metal) in the present Q2D situation is
(N2p)'?ap = M = 0.3 at zero magnetic field [15],
where ap is the effective Bohr radius. For the present
samples ap for center-barrier impurities is =17 nm [15].
M = 0.3 for sample 1 and 0.48 for sample 2; therefore
ideally at zero magnetic field sample 1 should be on the
borderline, and sample 2 should be metallic. Because
of topological disorder, compensation, and well-width
fluctuations, there will be some localized states near the
edges of the UH and LH bands which will favor
the insulating state. An applied magnetic field normal
to the sample surface shrinks the electron wave function
in the plane; for such a large Bohr radius the magnetic
field can have a substantial effect on the impurity wave
functions and their overlap.

With this preamble it is clear that the results for these
samples qualitatively fit a modified Mott picture. Sample
1 should be insulating due to residual disorder at zero
magnetic field; a magnetic field reduces wave function
overlap, narrows the LH and UH bands, and increases any
energy separation between extended states in these bands.
A schematic density of states (DOS) picture for this
situation is shown as (1) in the inset to Fig. 1. If insulating
at zero field, the sample should remain insulating at all
magnetic fields and should have well-defined neutral donor
impurity ground- and excited-state bands (LH bands), as
observed. With low disorder, sample 2 (M = 0.48) should
show metallic electrical properties at low magnetic fields
[sketch (2) in the inset to Fig. 1]. Above about 3 T the
reduced bandwidth due to wave function shrinkage causes
a gap to open up between extended states in the LH and
UH bands; thus the sample becomes insulating with a small
electrical activation energy that increases with magnetic
field. As discussed below, in the region where metallic
behavior is clearly observed in the transport measurements,
the magnetotransmission spectra show definite impurity-
related lines, not free carrier CR; thus the chemical po-
tential is still located in a well-defined impurity band
having a peak in its DOS below the lowest Landau level,
not in extended states in the Landau level. In this sense
the MIT takes place within the impurity band.

The LH bands for sample 2 are well defined even in
the region of metallic dc conductivity, as demonstrated
in Fig. 2(b), which shows the temperature dependence of
transmission spectra at 2.5 T. The data are ratioed to
show clearly the evolution from impuritylike (LH band)
transitions at low temperature to free carrier CR at higher
temperatures. The ratio of a spectrum with CR dominant
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to a spectrum with impurity-band transition dominant will
give rise to a dip at low frequency and a peak at high
frequency. Above 10 K the ratios show this behavior.
When temperature is raised, the free carrier CR signal (at
33 cm™) gradually increases in strength due to thermal
excitation into extended Landau level states, replacing
the impurity band transition (at ~50 cm™'), which is
dominant at low temperatures. The activation energy
for this process is characteristic of the energy difference
between the top of the LH band and the Landau level.
The observed position of the dip is exactly at the position
of CR at 2.5 T (arrow), and the position of the peak occurs
close to the position of the impurity transition measured
at low temperatures. Thus the magneto-optical transitions
retain strong impurity character, while the transport results
show clear metallic behavior, consistent with a Mott
picture modified to account for the magnetic field.
Sample 3 (N; = 1.5 X 10'' cm™?) shows very differ-
ent electrical transport and magnetotransmission behav-
ior. As shown in Fig. 3, there are clear plateaus in R,,
and minima in R,, at 0.35 K at fields corresponding to
v =1, 2, and 4. At fields higher than v = 1, both R,,
and R,, increase very rapile/ with increasing magnetic
field. At about 10 T (v = 3), R,y = 5 MQ, 20 times
R, at B = 0, and R,, = 10 k{2, which is larger than the
value of R,, corresponding to v = % (7.8 k) —10 layers
of this sample are electrically contacted) at about 15 T.
Both R,, and R,, increase very strongly for » << 1 when
temperature is lowered from 4.2 to 0.35 K, which sug-
gests that both approach infinity as 7 — 0 in this region;
the sample is in some type of insulating state [16], con-
sistent with the global phase diagram for the IQHE [1].
For sufficient disorder the FQHE is suppressed (the mo-
bility of this sample is only about 30000 cm?/Vs), and
the sample becomes an insulator after completion of the
last integer plateau. One possible insulating phase in this
region is the so-called Hall insulator, which has the unique
property that R, goes to infinity, but R,, follows roughly
the classical value B/nec as B is increased beyond the
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FIG. 3. Plot of R,, (dashed line) and R,, (solid line) for

sample 3 at 0.35 K vs magnetic field. Inset: Schematic
phase diagram for a modulation-doped MQW system with
weak disorder: AIl, Anderson insulator; HI, Hall insulator;
IBM, impurity-band metal; IBI, impurity-band insulator; QHC,
quantum Hall conductor.
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last plateau. The Hall insulator is favored if the shortest
length scale in the system is the magnetic length /g, rather
than the elastic mean free path [/, [1]. For this sample
Ig = 11.3nm at 5 T and [, is estimated from the low field
mobility and carrier density to be approximately 100 nm;
thus the Hall insulator is favored [17]. From Fig. 3 it is
clear that R, does not follow the classical value. In spite
of the apparent divergent behavior of Ry, it is still possi-
ble that the sample is a Hall insulator but in a region of
parameter space where R,, is weakly diverging [1].

In contrast to sample 2, magnetotransmission measure-
ments on sample 3 show sharp lines with transmission
minima close to the frequencies expected for CR at this
well-width (Fig. 1). At low fields the measured min-
ima fall on the CR line of Fig. 1 within experimental er-
ror; however, above 4—5 T the observed frequencies are
shifted 1-2 cm™' above the CR line. The observed shift
takes place gradually in the vicinity of v = 1. In this
quantum limit the observed transitions at high fields are
shifted up in frequency compared to CR because, as field
is increased beyond v = 1, a larger and larger fraction
of the electrons are localized in the valleys of the long
range lateral potential fluctuations caused primarily by the
smoothed out (due to the fact that the average separation
of the impurities is approximately equal to the separation
between the doping sheet and the electrons in the wells)
and self-consistently screened potential of the positive im-
purity ions in the barriers. The weak lateral confinement
due to the potential fluctuations gives rise to a shifted CR
[18]. At these high densities electrons do not “see” in-
dividual positive ions with identical Coulomb potential,
but rather move in a weak, long range (compared to the
CR orbit size Ip), random potential; the potential fluctu-
ations as “measured” by this shift must clearly be longer
range than the magnetic length. Therefore electrons in
this sample in high magnetic fields no longer see the dis-
crete impurity potentials, nor is there any observable re-
mainder of the well-defined (by the peak in the DOS)
impurity band that provides a good description of the situ-
ation at lower barrier doping densities. The electron sys-
tem is now more appropriately described by the Anderson
model with electron-electron correlations. [The DOS at
low fields is sketched in (3) of the inset to Fig. 1]. The
transition between the impurity band (Mott) picture and
the Anderson model takes place when the average lateral
separation between impurities in the barrier becomes ap-
proximately equal to or less than the distance between the
electrons and the doping sheet in the barrier (~24 nm for
the present samples).

Results are summarized by the schematic phase diagram
in the inset to Fig. 3. At a fixed low magnetic field (verti-
cal cut), as the doping density is increased, there is a transi-
tion at point (a) from an impurity-band insulator (sample 1)
to an impurity-band metal (sample 2), and finally at point
(b) to a quantum Hall conductor (sample 3). At moder-
ate fixed values of barrier doping density, as the magnetic
field is increased (lower horizontal cut), the system is ini-

tially an impurity-band metal and undergoes a transition
at point (a) to an impurity-band insulator (sample 2). At
sufficiently high barrier doping density (upper horizontal
cut) at small values of magnetic field the electrons form
a quantum Hall conductor (the weak localization insulator
at B = 0 [19], which was not observed in our measure-
ments, is not shown), which at high enough magnetic fields
becomes either an Anderson insulator (Al) or a Hall insu-
lator (HI) at point (c) (sample 3). The region covered by
the GPD [1] lies above the (nearly) horizontal solid and
dashed lines in the upper part of the inset.
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