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Influence of parallel magnetic fields on a single-layer two-dimensional electron system
with a hopping mechanism of conductivity

I. Shlimak
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom

and Jack and Pearl Resnick Institute of Advanced Technology, Department of Physics, Bar-Ilan University, Ramat-Gan 52900,

S. I. Khondaker, M. Pepper, and D. A. Ritchie
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 29 March 1999; revised manuscript received 15 June 1999!

Large positive~P! magnetoresistance~MR! has been observed in parallel magnetic fields in a single two-
dimensional~2D! layer in ad-doped GaAs/AlxGa1-xAs heterostructure with a variable-range-hopping~VRH!
mechanism of conductivity. Effect of large PMR is accompanied in strong magnetic fields by a substantial
change in the character of the temperature dependence of the conductivity. This implies that spins play an
important role in 2D VRH conductivity because the processes of orbital origin are not relevant to the observed
effect. A possible explanation involves hopping via double occupied states in the upper Hubbard band, where
the intrastate correlation of spins is important.
e
vi

e,
o

at
e
gh

t
d
w
in

y

on
th
f

ve
en
ec
-

ini-

ed
th
age

n-
en
nce
tion
d by
rmi
m-
lel

al-
ys-
is

on-
ling
ents
a
MR
the

vity.
fer

ails
tial

ned
n-

;

Investigation of the two-dimensional~2D! conductivity of
localized electrons in a GaAs/AlxGazAs heterostructure1–3

showed that at low temperatures and in zero magnetic fi
the temperature dependence of the longitudinal resisti
rxx(T) has the variable-range-hopping~VRH! form

r~T!5r0 exp@~T0 /T!x#, ~1!

wherer0 is a prefactor,T0 is a characteristic temperatur
and the exponentx depends on the shape of the density
states~DOS! near the Fermi level. The exponentx51/2 cor-
responds to the existence of a soft~linear! Coulomb gap in
the DOS near the Fermi level.4–7 This is called Efros-
Shklovskii ~ES! VRH conductivity. The exponentx51/3
~Mott VRH conductivity! corresponds to a constant DOS
the Fermi level.8 Mott VRH can be observed if the influenc
of the Coulomb interaction is negligible, for example, at hi
temperatures when the optimal hopping energy exceeds
width of the Coulomb gap9 or at low temperatures in gate
samples when the hopping distance became larger than t
the distance to the metallic gate, which results in screen
of the Coulomb interaction.10

In 3D conductivity, hopping magnetoresistance~MR! has
been studied in a large number of publications. The theor
positive hopping magnetoresistance~PMR! developed by
Shklovskii7 is based on the orbital shrinkage of the electr
wave function in a magnetic field, causing a reduction in
overlap between states and quadratic field dependence o
logarithm of resistivity,

r~B,T!5r~0,T!exp@B2/B0
2~T!#. ~2!

Here B0 is a parameter that depends on temperatureB0
}Tm, m53x, i.e., m53/2 for ES VRH conductivity.

In 2D, measurements of MR in the VRH regime ha
been reported for both magnetic field orientations: perp
dicular and parallel to the 2D plane. In weak fields, the eff
of negative magnetoresistance~NMR! was observed and ex
plained by Nguyenet al.11 and by Sivanet al.12 as due to
PRB 610163-1829/2000/61~11!/7253~4!/$15.00
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quantum interference of different hopping paths between
tial and final states. Yeet al.13 reported PMR in the high-
field limit for both orientations and NMR in the low-field
limit for the perpendicular direction. Their sample contain
20 parallel Si-d layers embedded in GaAs. The PMR in bo
orientations was explained as being due to orbital shrink
of the electron wave function. Raikhet al.14 observed a simi-
lar effect ind-doped GaAs with 18 parallel layers. The no
monotonic NMR in the perpendicular orientation has be
explained as being due to a combination of an interfere
mechanism, which suppresses the effect of weak localiza
in a magnetic field, and an incoherent mechanism, cause
the influence of the magnetic field on the DOS at the Fe
level, which defines the magnitude of the Mott VRH para
eter T0 .15 Similar results were also reported for a paral
magnetic field by Do¨tzer et al.16 for a double layer system.

It should be mentioned that, so far, hopping MR in par
lel magnetic fields has been observed in multilayered s
tems. Moreover, in Ref. 17 it was emphasized that 2D MR
not quite negligible only in the case where the structure c
tains two or more parallel 2D subsystems that are a tunne
distance apart. In this paper, we report on the measurem
of MR in the VRH regime in parallel magnetic fields in
single-layer 2D electron system. We observed a large P
accompanied in strong fields by a substantial change in
character of the temperature dependence of the conducti

The samples investigated were fabricated from the wa
used in our previous study, Refs. 1 and 3, where full det
of the layer compositions and doping are given. An essen
feature of the sample structure is the presence of ad-doped
layer on the AlxGa1-xAs side of the electron gas, 0.6 nm
away from the heterojunction. The samples were patter
into 803720mm Hall bars, and the as-grown 2D carrier de
sity and low-temperature mobility were n54.65
31011cm22 andm54.53104 cm2/V s. The carrier densityn
was varied by the application of a negative gate voltageVg
to a surface gate that isd590 nm above the heterojunction
7253 ©2000 The American Physical Society
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at low temperatures, the electron gas is fully depleted atVg

520.70 V. MR measurements were carried out in both
3He cryostat and in a dilution refrigerator. In the3He cry-
ostat, the sample could be aligned to better than 0.10 with the
parallel magnetic field by using anin situ rotation mecha-
nism. In the dilution refrigerator, the sample was glued to
probe and therefore was susceptible to misalignment. A
temperature stabilization, the resistivity~the resistance pe
square! was measured from the Ohmic part of the four-pro
dc I -V characteristics. At higher carrier densities, a fo
terminal ac technique was also used with 1 nA current a
frequency of 2–4 Hz. The measurements in fields paralle
the 2D plane correspond to the current being parallel to
field. We have also measured the case where the mag
field is parallel to the 2D plane but perpendicular to the c
rent. No anisotropy was observed.

Figure 1~a! shows the resistivityr(B) normalized by the
zero-field resistivityr~0! versus the magnetic field for sev
eral carrier concentrations atT50.3 K. It is seen that
r(B)/r(0) increases with magnetic field. The increase
stronger at lower electron densities. At the carrier densitn
59.1831010cm22, the increase is almost sevenfold at a fie
of 10 T. Figure 1~b! showsr(B)/r(0) at different tempera-
tures for a fixed carrier densityn59.1831010cm22. It is
seen that the increase is stronger at lower temperatures

Thus the effect of PMR is stronger for lower densities a
lower temperatures, which corresponds to ES VRH cond
tivity ( x51/2).3 At higher densities and higher temperature

FIG. 1. Normalized resistancer(B)/r(0) as a function of mag-
netic field B for different electron densitiesn at fixed temperature
T5300 mK ~a! and for different temperatures at fixedn59.18
31010 cm22 ~b!.
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which corresponds to Mott VRH conductivity (x51/3), the
effect of PMR is much weaker. Moreover, a negative eff
~NMR! can be seen in the low-field regime (B,2 T). Mea-
surements of Hall voltage at fixedn and low B show that
there is a misalignment of;10 with the parallel magnetic
field. To check the existence of NMR in parallel fields, w
measured samples in a3He cryostat having anin situ rotation
mechanism. By monitoring the Hall voltage, we could ali
the sample to better than 0.10 with the parallel field. These
measurements showed that there is no NMR in parallel fie
at all temperatures. The3He cryostat was supplied by a su
perconducting magnet with relatively weak magnetic fie
therefore all data in strong fields were obtained in the d
tion refrigerator. Weakness of the PMR and entanglem
with NMR in the case of Mott VRH leads one to stress E
VRH in further discussion, while the influence of a paral
magnetic field on the Mott VRH is qualitatively the same

To determine the functional form ofr(B), we plot in Fig.
2 the values of ln@r(B)/r(0)# versusB on a log-log scale for
carrier densityn59.5231010cm22. It can be seen that, a
higher temperatures, the data follow aB2 law, Eq. ~2! up to
B58 T ~deviations at low fields reflect the interference wi
NMR!, whereas at low temperatures, theB2 law is observed
only at fields up to 2–3 T. ForB.4 T a weaker field depen
dence is valid. Similar behavior has been observed for o
carrier densities. FromB2 dependences, one can determi
the parameterB0 . The inset of Fig. 2 showsB0 vs T on a
log-log scale. The straight line corresponds toB0

2}Tm,
wherem51.2 is a little bit less than the predicted valuem
51.5 for 3D ES VRH.

Let us now discuss the temperature dependence of
resistivity r(T) in fixed magnetic fields and carrier densit
Figure 3~a! shows the resistivity at different magnetic field
versusT21/2 for n59.5231010cm22. At zero field, the low-
temperature part of the curve fits the straight line, wh
shows that the conductivity obeys the ES VRH law, Eq.~1!
with x51/2. It is remarkable that in ourd-doped
GaAs/AlxGa12xAs heterostructure, the hopping prefactorr0
at electron densities in the vicinity of the crossover from
to Mott VRH is temperature independent at zero field a
equal to (h/e2)525.8 kV @Fig. 3~a!, see also Ref. 3#. The
same temperature-independent prefactor for ES VRH at z

FIG. 2. Magnetoresistance ln@r(B)/r(0)# for n59.52
31010 cm22 versusB on a log-log scale. The solid and the dash
lines correspond to lnr}B2 and lnr}B1.4, respectively. The inser
showsB0

2 vs T on a log-log scale. The solid line corresponds
B0

2}T1.2.
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field was previously observed in a different material, S
MOSFET~metal-oxide-semiconductor field-effect transisto!
~Ref. 18! in a narrow interval of electron densities near t
metal-insulator transition. This was understood in Refs
and 18 as a hint that the VRH conductivity at zero magne
field at given electron densities is not determined by
conventional phonon-assisted scattering, because in
case, the prefactor must be material and tempera
dependent.7 As a possible alternative, a mechanism of ho
ping conductivity via electron-electron scattering, discus

FIG. 3. Temperature dependence ofrxx ~a! and rxx /T0.8 ~b!
versusT21/2 for n59.5231010 cm22 at B50, 6, and 8 T. The
straight lines are guides to the eye.
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by Fleishmanet al.,19 was suggested in Ref. 10. Comparis
of the low-temperature conductivity data in differe
GaAs/AlxGa12xAs heterostructures2,3 leads to the conclusion
that existence of ad-doped layer in the close vicinity of the
2D conducting plane favors the conductivity mechani
with universal prefactorr05(h/e2). Indeed, the VRH in
GaAs/AlxGa12xAs heterostructures without additiona
d-doped layer is characterized by a temperature-depen
prefactor of the formr05ATm, m50.8 or 1.0~Refs. 2, 20
and 21!, which is peculiar for the conventional phonon
assisted mechanism of VRH conductivity.

For analysis ofr(T) dependences, it is useful to plot th
derivative of the curvesw52]@ ln r(T)#/](ln T)5x(T0 /T)x

versusT on a log-log scale, because the slope of the lines
this scale gives directly the value of indexx in Eq. ~1!. The
result of this analysis is presented in Fig. 4. One can see
at zero field and low temperatures~below 1 K!, the powerx
in Eq. ~1! is indeed equal to 1/2, which corresponds to E
VRH. IncreasingT leads to a crossover to Mott VRH (x
51/3), caused by the increase of the optimal hopping b
over the width of the Coulomb gap.9 Figure 4 shows that in
strong magnetic fields 6 and 8 T, the value ofx at low tem-
peratures increases up tox'0.8. The same value ofx was
obtained forB510 T. There is no theoretical justification fo
VRH conductivity withx50.8. Therefore, one suspects th
a stronger temperature dependence of the resistivity is ca
by the temperature-dependent prefactor. Following Ref
we assume that the prefactor becomes temperature depe
of the formr05AT4/5, and plot ln(rxx/T4/5) versusT21/2 in
Fig. 3~b!. It is seen that on this scale, the low-temperatu
data forB56,8, and 10 T again fit to aT21/2 behavior. This
result could be interpreted as the restoration of the conv
tional phonon-assisted hopping mechanism in strong par
magnetic fields. It would be interesting to continue the

FIG. 4. The derivativew52]@ ln r(T)#/](ln T)5x(T0 /T)x as a
function of T on a log-log scale forB50, 6, and 8 T,n59.52
31010 cm22. The exponentx is given by the slope of the curve. Th
solid lines show different temperature dependences of the resist
ln r}T2x.
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measurements at higher magnetic fields to answer the q
tion of whether or notx saturates at the value of 0.8.

In this experiment, the processes of orbital origin are
relevant to the observed effect, because the magnetic fi
applied parallel to the single 2D conducting layer of ele
trons, couples only to the electron spins. This implies t
spins play an important role in 2D hopping conductivit
Meanwhile, there is no reason for this effect unless
doubly-occupied states of the upper Hubbard band are
involved in the hopping motion. The two electrons at the s
should have opposite spins. Thus, the spin alignment by
magnetic field decreases the occupation numbers for the
per Hubbard band, which leads to PMR. For 3D VRH co
ductivity, the corresponding mechanism was considered
Kurobe and Kamimura.22 Agrinskaya and Kozub,23 analyz-
ing the data on magnetic-field dependence of activation
ergy for 3D nearest-neighbor hopping conductivity, ha
concluded that in many occasions it is related to the up
Hubbard band. Then, they also observed the features
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dicted by Kamimuraet al. in VRH conductivity that evi-
dences an admixture of the upper Hubbard band states a
Fermi level.

One should realize that the localization length in the u
per Hubbard band is much larger than for the lower ba
making the upper band dominant for the hopping proce
Moreover, it can in principle allow delocalization, even if th
states in the lower Hubbard band are strongly localized. N
that with an account of energy dependence of the densit
states in the upper Hubbard band and greater degree o
localization, the temperature dependence of VRH appear
be more complex as predicted by Kamimuraet al. and can
lead to the activationlike law.24
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