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We report the observation of an apparent parallel magnetic-field-induced metal-insulator transition in a
high-mobility two-dimensional electron gas for which spin and localization physics most likely play no
major role. The high-mobility metallic phase at low field is consistent with the established Fermi liquid
transport theory including phonon scattering, whereas the phase at higher field shows a large insulating-

like negative temperature dependence at resistances much smaller than the quantum of resistance h/e?.
We argue that this observation is a direct manifestation of a quantum-classical crossover arising
predominantly from the magneto-orbital coupling between the finite width of the two-dimensional

electron gas and the in-plane magnetic field.
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The description of a system containing many fermions in
terms of a weakly interacting Fermi liquid with one-to-one
correspondence with the noninteracting Fermi gas is ubig-
uitous in physics, applying to such diverse systems as the
core of neutron stars, normal *He, and ordinary metals. The
relevant temperature scale in all of these systems is set by
the Fermi temperature T, which depends on the mass of
the fermion and the density of states. Below the Fermi
temperature, the system is degenerate and quantum effects
due to the Pauli exclusion principle dominate. In most
metals, Ty is usually quite high, on the order of 10° K,
so the electrical conductivity in such materials is always in
the quantum degenerate regime. In semiconducting
materials, where the electronic system can be constrained
by design to two dimensions (2D), the Fermi temperature
can be much lower due to the low density of electrons,
reaching as low as tens of kelvin. Therefore, it should be
possible, at least in principle, to observe both the quantum
degenerate (7' < Tr) and classical (T > Ty) regime in a
two-dimensional electron gas (2DEG), as long as one
could neglect other spurious effects due to the presence
of a lattice and the unavoidable disorder. The subject of
this work is a possible experimental manifestation of a
quantum-classical crossover induced in a high-mobility
2DEG by an external in-plane magnetic field, leading
to an apparent 2D metal-insulator transition. In general, a
quantum metal shows increasing resistivity with increasing
temperature whereas a classical electron gas shows decreas-
ing resistivity with increasing temperature, thus connecting
the quantum-classical crossover with a metal-insulator tran-
sition as discussed below.

Applying a strong magnetic field perpendicular (along z)
to a relatively clean 2D electronic system can have
dramatic consequences on the 2D electronic transport
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properties and may lead to the well-known integer [1]
and fractional [2] quantum Hall effects. On the other
hand, applying a strong magnetic field parallel (along
x or y) to the electron layer has much more subtle effects
(that are not always well-understood). First, the magnetic
field creates an electronic spin polarization whose fraction
is set by the ratio E /Er, where E, = g*upB is the
Zeeman splitting and Er the Fermi energy, leading to an
increase in spin scattering and an increase in resistivity by
no more than a factor of 4 [3]. For an electronic density
n~ 10" ¢cm™2, as in the present study, this electronic spin
polarization in a 2D GaAs-based system is small, less than
10% at 10 T. Second, the parallel magnetic field may
also lead to a mixing of the transverse energy subbands
(along z) due to the nonperturbative magneto-orbital cou-
pling of the finite width of the wave function with the field
[4]. We have previously shown in Ref. [5] that this
magneto-orbital coupling can be strong in a relatively
wide quantum well and leads to a colossal magnetoresis-
tance effect where the resistivity increases by a factor
of ~300 from O to 45 T. Here, we further demonstrate
that a clear change of sign of ag’f , commonly referred to as
a metal-insulator transition, can be induced by a strong
parallel magnetic field. We attribute this apparent metal-
insulator transition (MIT) to a Fermi surface effect where
Ty is suppressed by the magnetic field and the conductivity
changes sign from the classical (T > Tj) to the quantum
(T < Tp) regime. The MIT phenomenology here is essen-
tially a crossover instead of a critical behavior and does not
correspond to a typical phase transition.

Experimentally, parallel field-induced metal-insulator
transition phenomenologies have been observed in a vari-
ety of relatively low density 2D systems [6—15]. Similar
transition phenomenologies have also been reported in
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zero field when the charge carrier density was decreased
below a critical value [16-22]. In these reports, the 2D MIT
was most often attributed to a combination of spin and
localization effects, whereas the magneto-orbital coupling
due to the finite thickness of the two-dimensional electron
was mostly neglected, since the corresponding 2D layers
were often very thin leading to negligible magneto-orbital
coupling. In our work, both spin polarization and localiza-
tion effects are unlikely to play a role since the electronic
spin polarization remains small in our high-mobility ultra-
pure 2D system even for the highest applied magnetic
fields. Likewise, the metallicity parameter kpA >> 1 (A is
the transport mean free path) remains large over the whole
B = 0-30 T applied parallel field range, suggesting that
localization effects are unlikely.

The unprecedented new feature in our experiment is that
the parallel field-driven apparent MIT occurs for a 2D
system with very low disorder and very small spin polar-
ization, in contrast to earlier observations. Our observation
of a parallel field-induced metal-insulator transition has
distinctive differences with those reported earlier in the
literature [8—15]. First, the system we study is ultraclean,
weakly interacting, and hence is well described by the
Fermi liquid theory. This contrasts with previously studied
low density systems in which the strong Coulomb interac-
tion might play a crucial role [23]. Second, the transition
occurs at a much higher temperature ~10 K than in earlier
observations (~ 1 K or below), suggesting that the contri-
bution of phonon scattering must be much stronger in our
case. Third, the resistance in the ““insulatinglike” phase is
less than 1 k() and thus is much smaller than the resistance
quantum h/e? =~ 25 kQ). This suggests that it is unlikely to
be due to localization physics. Finally, the behavior of
the measured magnetoresistance (along with the metal-
insulator transition) is in qualitative agreement with a
theoretical model based on the magneto-orbital coupling
effect and for which the metal-insulator transition can be
well described by a field-induced Fermi surface deforma-
tion and thermal occupation. This leads us to conclude that
we observe a spectacular demonstration of a quantum-
classical crossover effect. The insulatinglike phase here
is therefore not the finite temperature manifestation of
the localized state in the zero-temperature limit but rather
a classical system at a temperature 7" much higher than the
field-suppressed Fermi temperature 7.

The sample studied in this work is a typical high-
mobility AlGaAs/GaAs/AlGaAs 2D quantum well,
chosen with a charge carrier density of n =~ 10'' cm™2
and an ultrahigh mobility of u =~ 107 cm?/V - s. The cor-
responding 7 ~ 40 K and the corresponding localization
parameter k;A ~ 1000 are both extremely large, showing
the completely unexpected nature of the apparent 2D MIT
observed in our experiment in the presence of the applied
magnetic field. The quantum well width of 40 nm is care-
fully chosen so that the magneto-orbital coupling effect

can be highly nonperturbative at an accessible field of
around 9 T, in contrast to that in a 30 nm quantum well
sample [5]. From Shubnikov—de Haas measurements, we
have also confirmed that only the first subband is occupied
at zero field, hence avoiding the complications of second
subband occupancy, which might occur in a wider quantum
well. As shown in Fig. 1(c), the sample has a rectangular
shape with a long-to-short axis ratio ~3:1, and for conve-
nience the x direction is defined as parallel to the long
edge. Unless otherwise stated, a measurement current of
100 nA was applied along a long edge, and the standard
4-wire longitudinal voltage measurement was carried out
with the four corner contacts. The measurement was con-
firmed to be in the linear regime (i.e., dV/dI was indepen-
dent of the measurement current.)

The majority of the data were taken with a dc measure-
ment current in the pulsed magnetic field facility at
Toulouse. During these measurements, we were able to
sweep the magnetic fields from O to up to 60 T at a fixed
temperature 7. The sample was mounted on a stage that
could rotate about the § axis, and the 2DEG plane of the
sample was aligned parallel to the applied magnetic field.
The long edge was aligned so that the condition I || B was
satisfied. The temperature of the sample was controlled and
monitored by using a resistive heater and a Cernox ther-
mometer in its vicinity, by using a helium bath (no more
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FIG. 1 (color). (a) Magnetoresistance R, versus magnetic
field at several temperatures from 1.5 to 10 K. The inset shows
an enlarged view of R, (B) in the vicinity where different curves
meet. (b) Magnetoresistance R,, at multiple temperatures from
17 to 60 K. (c) Sketch of the measurement configuration.
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than 4.2 K) or helium gas (above 4.2 K) for thermal
conduction. Because of the imperfection of aligning the
sample, there could be a small mixing of V,, into V,,, as
well as other systematic errors due to the induced voltage
Vinduced> NOtably from the eddy current arising from the
pulsed field and possible thermoelectric voltage. We mea-
sured the sum of all of these contributions, i.e., Vi, =
Vie T Vi + Vingucea- However, by reversing the measure-
ment current, Vi,quceq €an be extracted and subtracted from
the total signal V. Similarly, by reversing the magnetic
field polarity, V., was calibrated and minimized by using
the rotator. This procedure allowed us to deduce the resist-
ance R, = V,./I from V. Throughout this process, we
estimate the overall (final) systematic error to be less than
~5€) at ~20 T, which is a few percent of the extracted
resistance at this field. Finally, we have verified that the
colossal magnetoresistance effect observed at the pulsed
magnet facility was in agreement (within a few percent)
with the experiment in the same sample but performed at
the dc magnet facility of the National High-Magnetic Field
Laboratory [5].

In addition to the field sweep data taken in the pulsed
magnet facility, we have measured the temperature depen-
dence of R, from 4.2 to 77 K in a superconducting magnet
supplying a stable field of up to 9 T. Good thermal con-
duction was maintained between the sample, the resistive
heater, and multiple thermometers. The R, .(T) at different
fields were measured by using a standard low frequency
(13.5 Hz) ac lock-in technique, and the measurement con-
figuration was kept the same (i.e., I || B). These data are
found to be fully consistent with the data taken in the dc
pulsed field at the same temperature.

Figure 1 shows the magnetic field dependence of R,
from O to 30 T at different temperatures. The lower tem-
perature (< 10 K) data are presented in Fig. 1(a). At the
lowest temperature (~ 1.5 K), the magnetoresistance
shows a change in slope around 11 T as well as 15 T; this
is fully consistent with a 2D to quasi-3D crossover tran-
sition studied in earlier work [5]. No magnetoresistance
saturation was found for a magnetic field up to 60 T (not
shown). At higher temperatures, the magnetoresistance in
the I || B configuration (which we focus on in this work) is
enhanced at low field but reduced at high field, signaling

the existence of a transition from ““metalliclike” (% >0)

to insulatinglike (% < 0) behavior. Although no strong

anisotropy is observed between the two configurations at
1 K, this clear transition is absent in the configuration
I L B in the temperature range 1-30 K (not shown).
Finally, the fields at which different curves cross each other
are found to be around 11 T and do not converge strictly to
a single point but rather are located within a narrow win-
dow [see the inset in Fig. 1(a)]. As the temperature is
further increased above ~10 K, the magnetoresistance
becomes more linear, consistent with acoustic phonon
scattering effects [see Fig. 1(b)].

The most interesting observation is the existence of an
apparent field-induced metal-insulator transition around
~11 T, as shown in Fig. 2. Below 10.5 T, the resistance
increases monotonically with temperature and the slope
increases above 40 K. In fact, the temperature dependence
measured at fixed magnetic fields between 0 and 9 T (see
Fig. 2, inset) suggests a temperature dependence given by
the following empirical equation:

—b,/T

T 5

e

R, =a; +a,T + b, @)
where the linear temperature dependence and the exponen-
tial temperature dependence are the signature of acoustic
phonon scattering and optical phonon scattering, respec-
tively [24].

Below 9 T, all curves of R, versus temperature are
nearly parallel to each other, which implies that phonon
scattering processes are not strongly affected by the paral-
lel magnetic field (as is also indicated by the fitting pa-
rameters given in the caption of Fig. 2). Strikingly, above
10.5 T the temperature dependence is modified; a(f;*
changes sign and becomes negative at low temperature
(<20 K). The appearance of this insulatinglike behavior
(% < 0) is inconsistent with Eq. (1). The negative tem-
perature dependence also becomes stronger at lower tem-
peratures. For all these data, the metallicity parameter kz A
is always large since the resistance remains below ~1 k()
even at the lowest temperature probed in this experiment
(~ 1.5 K). At higher temperatures the resistance gradually
crosses over to a metallic regime (% > 0). In fact, at
temperatures above 25 K, the temperature dependence of
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FIG. 2 (color). Magnetoresistance R,, at several fields from 0
to 28 T. The inset shows the temperature dependence at fixed
magnetic field value of O (black circle) and 9 T (blue circle).
Both data sets in the inset can be fit to Eq. (1) with following
parameters: a; = 0Q), a, = 2.57 Q/K, b, = 3.45 X 10° QK,
and b, =453 K (black line) and a; = 66.82Q, a, =
2.92 O/K, b; = 3.45 X 10° QK, and b, = 453 K (blue line).
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R, mimic that with zero magnetic field. This observation
suggests that it is dominated by the phonon scattering,
seemingly largely unaffected by the applied magnetic
field.

Whereas the earlier metal-insulator transitions are
thought to be universal features in general 2D systems
and might all share the same origin associated with inter-
action and localization physics, the unique features of our
observation suggest an entirely different scenario. In par-
ticular, the resistance in the insulatinglike phase is surpris-
ingly low, implying that the apparent negative temperature
slope is highly unlikely to be due to localization physics.
The quasiparticles are still as mobile as in a metal, in sharp
contrast to the many other observations in which the nega-
tive temperature slope is regarded as the finite temperature
signature of strong localization. Also, the interaction pa-
rameter r; ~ 1.8 in our 2D system is much smaller than
that involved in other 2D MIT experiments, indicating that
interaction effects are not germane to our experiments.

In fact, there is strong evidence that our observed
“metal-insulator transition” might be entirely a Fermi
surface effect, as predicted in Ref. [4]. This minimal model
based on the Boltzmann transport theory of the Drude
model emphasizes the importance of the magneto-orbital
coupling without including the spin degree of freedom [4].
The nonmonotonic colossal magnetoresistance in the low-
temperature limit has already been understood in this
framework as the result of a 2D to quasi-3D crossover
transition, when the magneto-orbital coupling becomes
sufficiently strong [5]. We note that the magnetic length
associated with the applied magnetic field is given by I =
(26 nm)/ /B, which becomes comparable to the transverse
z width of the quasi-2D wave function in our sample
around B =9 T, producing a strong nonperturbative
magneto-orbital coupling effect. The temperature depen-
dence of the apparent metal-insulator transition is likely
the result of thermal population on a deformed Fermi
surface in the presence of a strong parallel field. At low
magnetic field where the deformation is not strong and
T < Tr(B), the system behaves as a textbook example of a
2D electron gas with a metallic temperature dependence
arising from acoustic phonon scattering. At high magnetic
field, the Fermi temperature Tr(B) is suppressed below the
temperature 7. In this case the electronic system should be
viewed more like a low-temperature classical plasma
rather than a conventional Fermi liquid. Although a quan-
titative theory including all possible aspects is currently
lacking, the work by Das Sarma and Hwang [4] predicts, at
least qualitatively, a resistivity increasing with decreasing
temperature as R,, ~ Tr/T in the classical T > Ty high-
field regime. In particular, we stress that the fingerprint
features of R,.(B) at different temperatures [Fig. 1(a)]
share a close qualitative resemblance with the correspond-
ing theoretical results (Fig. 2 in Ref. [4]). In addition, the
experimental fact that different R, (B) curves meet at

different temperatures is a distinct and qualitative feature
predicted by this theoretical simulation, as the Fermi sur-
face effect is a crossover rather than a sharp transition. This
leads us to interpret our observation of the change of sign
of % as the result of the evolution of a quantum metal into
a classical plasma caused by the magnetic-field-induced
suppression of Ty, leading to the measured temperature
dependence exhibiting a competition between the
quantum-classical crossover and the acoustic phonon scat-
tering, with the latter always winning at a high temperature
(> 20 K) independent of whether the system is classical or
quantum.

In conclusion, we have observed an apparent metal-
insulator transition induced by a parallel magnetic field in
a weakly interacting ultraclean 2DEG with the configu-
ration I || B. The low resistivity of our sample with a
large metallicity parameter kzA, far from the Ioffe-Regel
limit, suggests that this transition is unlikely to be the
result of strong localization. Likewise, the relatively low
spin polarization of our system at ~10 T makes it un-
likely for spin to play a dominant role. The metallic phase
shows a positive temperature dependence fully consistent
with the established theory of phonon scattering, while
the transition to an insulatinglike phase is qualitatively
described by theoretical simulation of the strong
magneto-orbital coupling effect. This phenomenon is
not a sharp transition but likely a demonstration of a
quantum-classical crossover, where the effective metallic
state in the quantum regime gradually evolves into a
classical system accompanied by a change of sign of
%. Our most important discovery in this work is the
experimental demonstration that a nominally highly me-
tallic system (with a zero-field low-temperature mean free
path approaching a fraction of a millimeter) could mani-
fest a remarkably strong temperature-dependent magneto-
resistivity with both positive and negative signs of %LT
(and factors of 2-3 increase or decrease of resistivity as a
function of temperature in the 1-10 K range) in the
presence of an external parallel magnetic field even
when the electronic spin degree of freedom plays no
role. The inevitable qualitative conclusion following
from our work is that the positive or negative sign of
the low-temperature resistivity is a poor indicator of an
underlying conductor-to-insulator zero-temperature quan-
tum phase transition since the temperature dependence of
electronic resistivity is controlled by many mechanisms
(e.g., disorder scattering, screening, phonons, magneto-
orbital coupling) which may not be controlled by quan-
tum criticality at all.
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