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Two-dimensional electrical transport in GaAs-Al„Ga1 „As mnltilayers at high magnetic fields
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We have studied the magnetotransport properties of two-dimensional electrons in thin GaAs-
Al„Ga& „As multilayers with fields up to 210 ko from 4.2 to 2.4 K. We observed that p „decreases with
decreasing T in the high-field limit v =—27rnl 0 1, but p„shows no such changes, We show that this result
cannot be explained by models based on independent electrons and suggest as possible explanations the
formation of a highly correlated state, such as a charge-density wave or Wigner solid previously suggested
for the Si inversion layer, and the enhancement of g factor at v & 1.

I. INTRODUCTION

Magnetotransport of quasi-two-dimensional (2-D)
electrons has been investigated most thoroughly
in the case of the electron inversion layer at the
Si-SiO, interface. ' Of particular current interest
is the observation that at low temperatures (T 6
10 K) the magnetoconductivity (o'„„) is thermally
activated in the low-density and high-magnetic-
field limit 2gnl,'~ 1.'-' Here f, =(kc/eB)'~' is the
radius of the lowest-energy Landau orbit, n is the
electron density per unit area, and (2ml,')-' is the
Landau orbital degeneracy per unit area. The
quanti ty 2' l 0, which is the average number of
electrons in each Landau orbit. , is usually denoted
by v. In this limit of v~1 it has also been observed
that the far-infrared cyclotron resonance is shift-
ed to higher frequencies Bnd exhibits anomalously
narrow linewidth. ' ' These observations are in-
compatible with independent-electron models based
on trapping by conventional bound states or localiz-
ation by potential fluctuations at the Si-SiO, inter-
face. On the other hand, in this high-field limit,
electrons in such 2-D systems have no kinetic
energy and the formation of a highly correlated
state may be favored. Although the signer
solid"'-" and the charge-density-wave states" "
have been proposed, it has been difficult to relate
these concepts to the experimental observations
made in that particular system. One major diffi-
culty is that the potential fluctuations at the Si-
SiO, interface are not negligible in the range of n
at which the experiments can be carried out'-4

(e.g. , at & = 200 kG, v & 1 for n 6 5 & 10"/c m').
'This is evident from the fact that thermally acti-
vated conduction was observed even in the absence
of magnetic fields. '

In this paper we report an investigation of the
dc magnetotransport properties of the 2-D elec-
trons in thin multilayers of GaAs-Al„Ga, „As, in
magnetic fields B up to 210 kG, and in the tem-
perature range from 4.2 to 2.4 K. In this case the

electrons are confined to the GaAs layer of the
heterojunction structure, which is made of lattice-
matched single crystals, and its interfacial pro-
perties are known to be excellent. " In contrast
to the inversion layer in Si MOSFET's (metal-
oxide-semiconductor field-effect transistors),
which is capacitively induced by the gate voltage,
the 2-D electrons in GaAs arise from the donor
impurities placed inside the Al, Ga, „As crystal, "
and therefore their density cannot be varied easily.
However, electrons in GaAs have a smaller ef-
fective mass (m*=0.067ng) and a single conduction
valley. " As a result, the density-of-states of the
2-D electrons is low (dn/dE=2. 8 && 10"/cm'meV),
compared to that in the inversion layer on (100)
Si (dn/dE = 1.7 x 10"/cm' meV). This fact has
made it possible to realize the high-field limit,
v~ 1, with conventional magnets at the National
Magnet Laboratory, in samples whose electron
Fermi energy (-13 meV) is much larger than
potential fluctuations (a few meV) in the
system. Consequently, potential fluctuations are
negligible in this 2-D electron system and we
deemed it desirable to further our studies of the
high-field electronic phenomena, previously
carried out only in the Si inversion layer.

In this experiment, the electrical conductivity
of the 2-D electrons, in the absence of a mag-
netic field, B, is independent of temperature from
4.2 to 1.0 K. In the presence of a perpendicular
B and in the temperature range of this experiment
(4.2 to 2.4 K), the transverse magnetoresistivity
p„decreases with decreasing T in the v & 1 limit,
when the electron is localized by B to a distance
smaller than the average interelectron separation.
'The Hall resistivity p„„shows no such changes in
this range of T, indicating the absence of con-
ventional electron trapping. In the rest of this
paper, we shall describe the experimental details
in Sec. II and present the data in Sec. III. In Sec.
IV we compare the data with Ando's free-electron
theory of high-field magnetotransport of 2-D elec-
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trons and point out that the anomaly, reported in
this paper, cannot be understood by introducing
el.ectron trapping by conventional bound states or
localization by interfacial inhomogeneities. We
suggest as possible explanations the formation of
a highly correlated electronic state, such as
charge-density wave or Wigner solid, previously
suggested for the 2-D electrons at the Si-SiO,
interface, and the enhancement of the electron
effective g factor at v~ 1. Section V gives a
summary.
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II. EXPERIMENTAL DETAILS

The samples are from a film of modulation
doped n-type GaAs-Al„Ga, „As (x = 0.18) super-
lattice, grown by MBE (molecular-beam epi-
taxy). '4'" The superlattice consists of 150 layers
of 200-A- thick GaA s separated by 200-A- thick
Al, Ga, „As layers, with Si donors intentionally
pl.aced only inside the Al„Ga, „As layers, -60 A

from the interfaces, to reduce interfacial scatter-
ing. The multilayer structure was grown on top
of an -2-p, m-thick GaAs buffer layer, which in
turn was grown epitaxially on the Cr-doped, semi-
insulating GaAs substrate.

The energy gap atT. =4.2 K is 1.519 eV in GaAs
and 1.743 eV in Al, »Ga»As. " In going from one
material to the other, approximately 85/q of this
change in energy gap occurs in the conduction band
edge and 15%in the valence band edge. " As a
result, electrons from the donor impurities in the
Al„Ga, „As layer are confined to the undoped GaAs
layer by a one-dimensional potential well, illus-
trated in Fig. 1(a). The electronic motion per-
pendicular to the layer is size quantized and the
electrons constitute a 2-D system. ""We have
studied the 8 orientation dependence of the Shub-
nikov-de Haas (SdH) effect and observed that the
period of the SdH oscillations, &(1/8), depends
strictly on the perpendicular component of B.
This observation confirms the 2-D nature of the
electrons and allows direct determination of the
electron density in each layer through"

n = 2e/hc A(] /8) (1)

where hc/e is the flux quantum, equal to 4.14
&10 ' G cm', and the factor of 2 takes into account
the spin degeneracy. We ha.ve observed only one
set of SdH oscillations, indicative of one subband
of 2-D electrons, and obtained n = 3.4 x10"/cm'.
We made variational calculations" and obtained
the potential profile in GaAs, shown in Fig. 1(a),
and the two lowest quantum levels at 19 and 46
meV, measured from the bottom of the potential
well at the GaAs-Al, Ga, ,As interface. The cal-
culation is not self-consistent and the energy levels

(b)

FIG. 1. (a) Energy diagram of electrons confined to
the GaAe layer (200 A thick) of a GaAs-Alp gpGap ppAS

supperlattice. (b) Geometry of a sample.

are accurate to better than a few meV. We recall
that the density-of-states is dn/dE = 2.8 x 10"/cm'
meV in this system. Thus, in the temperature
range of this experiment, only one subband is oc-
cupied with E~ = 13 meV, the second one being
-14 meV above the Fermi level. Moreover, owing
to the 200-A-thick Al„Ga, „As barriers, there is
no coupling between el.ectrons in neighboring GaAs
layers and the sample is indeed made of 150 2-D
electron layers.

The magnetotransport measurements were made
using conventional Hal. l bridges, as illustrated in
Fig. 1(b). The dimensions of the bridges are so
chosen that corrections due to sample geometry
are negligible. Ohmic contacts to the 2-D elec-
trons were made by alloying In metal into the
GaAs-Al„Ga, „As multilayers in H, atmosphere at
400 C. We have found that contacts prepared by
following this simple procedure are ohmic to 1 K
(which is the lowest temperature we have checked),
but they do not contact the entire 6 pm thickness
of the superlattice. Consequently, we have no
direct confirmation of the number of layers that
were contacted and direct measurement of the
sheet conductance, Ooper 2-D electron layer, was
not possible. Instead, we use o'~= ne p, , where n
is determined f rom the SdH effect, e the electronic
charge, and p, the Hall mobility measured at 4.2
K with 8=287 G. We obtain n=3.4 x10"/cm',
p, = 13, 000 cm'/V sec, and oo = 7.07 x10-'Q '.

This experiment was carried out at the Francis
Bitter National Magnet Laboratory, using the
high-field facilities there. All. the data presented
in this paper were obtained by applying the mag-
netic field perpendicular to the plane of the 2-D
electron layers. The samples were immersed in
the liquid helium bath and the sample temperature
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was determined from the vapor pressure of the
bath. The magnetic field calibration is accurate
to better than 5/q.
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III. DATA

Figures 2 and 3 show the transverse magneto-
resistivity (p,„) and the Hall resistivity (p,„),
respectively, of a sample at 4.2 K, normalized
to the resistivity at B=O (p, =1.41 &&10'0/ ). The
SdH oscillations, observable in both p and p„„,
give n=3.4~10"/cm'. v is calculated from
v=n(hc/e)/B and marked in the top frame of
each figure. It should be noted that the effective
g factor of electrons in GaAs is small (g*=0.522)
(Ref. 31) and spin splitting is not resolved. The
dip in p„„atB- VO kG, corresponding to v = 2, re-
flects the complete filling of the lowest Landau
level, which has a twofold spin degeneracy, at
E~=R&u, (&u, is the cyclotron frequency given by
eB/m*c).

When T is reduced from 4.2 to 2.4 K, p„„de-
creases with decreasing T for B~ 120 kG,
corresponding to the high-field limit v 1(Fig. 4).
p„„on the other hand, shows no such change,
indicating that this change in p„„ is not due to
changes in the carrier density. We recall that
o„„and o„, are related to p„„and p„, through

IO
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FIG. 3. p~/po vs B. The dashed line is the classical
value p~=B/neo.

where log(o„) is plotted versus 1/T at fixed values
of v. In this limited temperature ra,nge, e,„shows
no dependence on T for v&1.2. At'v-1. 2, O,„be-
gins to decrease with decreasing T for T ~ 3 K.
This dependence on T becomes stronger and occurs
at higher T as v decreases to -0.9. For v~0.9,
o„„shows one dependence on T and the data for
different v, if plotted in Fig. 5, are indistinguish-
able from one set to another. Our data extend to
v = 0.68.

and (2)

g pxvxy- 2 2 ~

pox+ pry

At high magnetic fields p„„»p„„. Consequently,
o„, is also independent of T and 0„„, just like p „,
decreases with decreasing T for v& 1. This tem-
perature dependence of cr„„ is shown in Fig. 5,

IV. DISCUSSIONS

Magnetic quantization of a 2-D electronic system
splits the subband into discrete Landau levels,
and as a result electrical conduction becomes im-
possible in the absence of level broadening. In
real physical systems scattering, which also
impedes electrical conduction, broadens each
Landau level into a. band and gives rise to mag-
netotransport. Theoretical results on the Landau
level broadening and the magnetoconductivity ten-
sors of 2-D electrons have been obtained by Ando
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FIG. 2. p»/po vs B. p0=1.41 &&10 0/Cl. v =27I.g $&

n(hc/e~/B, with I=3.4 &10 '/cm . FIG. 4. p»/poversus B for T from 4.20 to 2.44 K.
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FIG. 5. 0~ versus 1/T for several values of v

[v —= 2mnl{}=g(k,/e)/B]. The dashed line is drawn for
@=1.25, above which g~ remains independent of T.
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where „E=@u,( N+) and I" is related to the elec-
tron relaxation time 7 through

and Uemura, assuming a short-range scattering
mechanism and using the self-consistent Born
approximation to the independent electron theory
of quantum transport. "-' In order to facilitate
the discussion of our data, we summarize briefly
these results. As shown below, however, this
theory fails to account for all features of the data.

When scattering between Landau levels is ne-
glected, the density-of-states in the broadened
Nth Landau level, in the case of short-range-scat-
tering, is given by

fixed electron density (n = 3.4 x10"/cm') as a
function of B. We used r= 5x10" sec (approxi-
mately equal to that deduced f rom the Hall mobility
of our sample), and restricted the calculation to
fields where there is no overlap between neighbor-
ing Landau levels. Figure 6 shows the 4.2 K mag-
netoresistivity tensors (p,„and p„,) obtained by
inverting a'„„and v„„. These calculated results
(independent of T from 0 to -10 K) are shown in
Fig. 6 as a function of B/B„where B, is the field
at which v= 1 (i.e., B,=nhc/e)

The theory is not expected to account for our
data at low fields, when the density-of-states
(dn/dE) between neighboring Landau levels over-
laps. In particular, Eq. (3) gives unphysical dn/
dE near the band edges, where it vanishes abrupt-
ly. In our calculation, when B=B,/2(N+ 1), Ez is
halfway between the Nth and the (N+ 1)th Landau
levels and the dn/dE at Er vanishes. Consequent-
ly, p„, vanishes at B=B,/2(N+1), and p„„ap-
proaches its classical value, B/nec. In the ex-
perimental data p does not vanish at B=B,/2(N
+ 1), suggesting that dn/dE from neighboring
Landau levels indeed overlaps. Moreover, p„„
does not approach its classical value, which is
the dashed line in Fig. 3, at the p„„minima, and
the SdH oscillations in p „vs B are not 180' out of
phase with those in p„„vs B, as predicted by
theory. In fact, p,„appears as step increases at
magnetic fields where p, reaches maxima. We
also note that a negative magnetoresistivity, &p/
p, -4/~ at 10 kG, was observed at low fields. Such
low-field magnetoresistance, common in degen-
erate semiconductors, "has also been seen in the
inversion layer at the Si-SiO, interface, " and at
present it lacks definite explanation.

At higher fields, when B)B,/2, the theory pre-
dicts a monotonic increase in the magnetoresis-
tivity tensors and predicts no observable depen-

@~c ~

The conductivity tensors are then given by

(3b)
4.0 3.0 2.0 1.0

(4a)

and

-nec
xy ~ xy &

(4b)

with

«r„=e'/w'K(N+ )f dE( )
-'1 —( .)

(4c) .25 .75 I.
B/Bo {Bo = nhc/e)

I.25 l.5

Here f(E) is the Fermi distribution function. We
calculate o„„and r„„atfinite T, for a sample with

FIG. 6. p~ and p~ as calculated from the free-elec-
tron theory of Ando and Uemura (Befs. 32-34).
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dence on T in the temperature range of our ex-
periment. The data, on the other hand, show os-
cillatory effects in p„„and in p,.„up to B-B,. For
B&B, (i.e., v & I), p„„decreases with decreasing
T from 4.2 to 2.4 K, but p„„shows no such changes.
This temperature dependence, shown in Fig. 4 for
p„„and in Fig. 5 for 0' „cannot be explained by
quantum transport of 2-D electrons moving inde-
pendently of each other in the presence of scat-
tering centers. Trapping by conventional bound
states, as well as magnetic freeze out, can be
ruled out by noting that the Hall effect shows no
such temperature dependence. In fact, the data
suggest thermal activation of electron mobility.
The apparent activation energy is -8 K at T-2.5

K, although determination of the detailed func-
tional dependences of the mobil. ity must await
further measurements over wider ranges of
temperature and Landau degeneracy.

Our data are also incompatible with Anderson
localization of band tail states in the N= 0 Landau
level. ' '" They give no evidence for transport by
electrons activated above a mobility edge or for
transport by nearest-neighbor hopping in case the
entire band is localized. On the contrary, the
temperature dependence was not observed for
B/B, =0.5 to 1, when E~ lies in the upper half of
the lV =0 Landau level. These considerations are
consistent with the fact that, in our samples,
E„(=13 meV) is much larger than the potential
fluctuations. It is interesting to note that,
if we regard the T dependence of a„„as indi-
cative of electron localization, this localization
occurs when o' ~2XIO 'Q-', -30% lower than
o -0.1 e'/h, which is the lowest minimum metallic
conductivity in two-dimensional transport. " In

addition, it should be pointed out that, for v~1.2,
o'„„can be lower than 2 &&10-'Q-' and still shows no
localization in our data. For example, no tem-
perature 'dependence was observed at B=94 kG in
Fig. 4. This corresponds to v=1.5 and 0',„=1
&10-'0-', much lower than o' in the absence of
magnetic quantization. Thus, we believe that the
localization phenomenon seen here is not deter-
mined by the sheet conductivity of the system, as
is believed for the case of independent particles
in the absence of magnetic fields. Instead, the
high-field parameter v appears to be crucial to
this localiz ation phenomenon.

A more likely explanation of our observations is
the formation of a highly correlated state in the
limit v~1, when the 2-D electron is localized by
B to a region smaller than the average inter-
electron separation, as previously suggested for
the 2-D electrons at the Si-SiO, interface. More
recent model calculations, based on the Hartree-
Fock approximation, have shown that in the v& 1

limit, the ground state of a 2-D e1ectron system is
a Wigner solid at T = 0 and a charge-density-wave
state for T above the Wigner solidification tem-
perature. Electrical transport in such a highly
correlated state is of great current interest.
Kawaji and Wakabayashi' suggested conduction by
thermally activated vacancies and interstitials to
explain their observations in the case of Si inver-
sion layer. ' Here however, such a model cannot
explain the lack of temperature dependence in the
Hall data. By the same token, conduction by
thermally activated depinning of charge-density
waves" does not apply. In any case, the lack of
appreciable temperature dependence in p„„ap-
pears to be crucial to an understanding of elec-
trical transport in this system. In this regard, it
should be noted that in the limit v-0, a classical
2-D electron system is expected to crystallize at
I" = (mn)' 'e'/&AT &137." (Here, I" is the ratio of
the Coulomb potential energy to the kinetic energy
per electron). For 32 si'~ 55, corresponding to
the density and temperature range of our experi-
ment, the electrons can be expected to have highly
correlated motions.

An alternative but related explanation is that the
effective electron g factor is enhanced at v~ 1.
Without enhancement, g* = 0.522 in GaAs and, at
B =140 kG, the spin splitting &E-0.4 meV is
comparable with lifetime broadening of the Landau
levels. An enhancement of g* will resolve the
spin splitting4' of the %=0 Landau level and pro-
duce a density-of-states minimum at v=1. 'The

T dependence of this enhancement gives rise to
the observed T dependence in p„„.

V. SUMMARY

We have presented our data on the electrical
transport of 2-D electrons in a GaAs-A1„Ga, ,As
superlattice at high magnetic field and compared
them with the independent electron theory of
quantum transport of Ando and Uemura. The
data were taken using conventional four-terminal
measurements in magnetic fields up to 210 kG at
temperatures from 4.2 to 2.4 K. In terms of the
Landau occupation parameter v=- 2mnl, ', they cover
the range v~ 0.7. We found that the SdH oscilla-
tions in p„„vs B are not 180' out of phase with
those in p „vs B, as predicted by theory, and
instead they appear as step increases at B where
p„reaches maxima. In the high-field limit v~ 1,
p,„decreases with decreasing T, but p„, shows no
such changes in this range of T. We showed that
this anomaly is not due to magnetic freeze out,
trapping by conventional bound states, or Ander-
son localization of the N= 0 Landau level. Rather,
it suggests that formation of a highly correlated
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state or alternatively, an enhancement of the ef-
fective electron g factor at v«1.

Previously, high-field magnetotransport of 2-D
electrons was studied using the electron inversion
layer in Si MOSFETs. Both dc transport and the
far-infrared cyclotron resonance have been mea-
sured in the v & 1 limit. In the dc transport ex-
periments, standard two-terminal, Corbino geo-
metry samples were employed and, consequently,
O„„was measured directly, but no information on
the Hall effect (i.e., o„, or p„) could be obtained.
Thus thermal activation of mobility, as observed
in our experiment, was not established. However,
normal Hall effect has already been observed at
low ma, gnetic fields~' and in compa, rable density
range, where O„„was thermally activated in the
absence of magnetic fields. More recently, the
far-infrared cyclotron resonance was studied in
great detail, and it was established unequivoca, lly
that the frequency shift and the line narrowing,
observed previously, occur for v =1 and T «10 K.'
All these experiments were carried out at elec-
tron densities where the potential fluctuations at

the Si-SiO, interface have observable effect at
B=0. Our present experiment, on the other hand,
was carried out with a 2-D electron system, which
has no observable potential. fluctuation effect at
8 =0. Clearly, our measurements should be ex-
tended to a wider temperature range and to smaller
values of v, by reducing n or by increasing K In
addition, the electric field dependence of dc trans-
port, as well as the far-infrared cyclotron re-
sonance, should be investigated to further clarify
the nature of the electronic state in this high-field
limit and to elucidate its 2-D electrical transport
properties.
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