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We provide a possible theoretical explanation for the recently observed giant positive magnetoresis-
tance in high mobility low density quasi-two-dimensional electron and hole systems. Our explanation
is based on the strong coupling of the parallel field to the orbital motion arising from the finite layer
thickness and the large Fermi wavelength of the quasi-two-dimensional system at low carrier densities.

PACS numbers: 73.50.J, 71.30.+h, 73.40.Hm, 73.50.Bk

Recently an intriguing set of low temperature transport
properties of low density high mobility two-dimensional
(2D) electron (Si inversion layers) and hole ( p-type GaAs
heterostructures) systems, being collectively referred to as
the 2D metal-insulator-transition (MIT) phenomenon, has
attracted a great deal of experimental and theoretical at-
tention. Among the puzzling and interesting aspects of the
2D MIT observationsisthe strong parallel (to the 2D layer)
magnetic field (B) dependence of the measured low tem-
perature (T) resistivity p of the apparent metallic phase at
electron (we will refer to both electrons and holes by the
generic name “electron” in this paper) densities (n) above
the nominal MIT transition density (n.). The unexpectedly
strong parallel field (B in this paper refers exclusively to a
2D in-plane magnetic field with zero perpendicular field)
dependence of the 2D resistivity is suppressed deep into
the metallic phase (n > n.), and the system behaves more
like a “conventional metal.” The effect of B is dramatic
[1-6]: Modest B fields (5—-10 T) spectacularly increase
the measured resistance by up to 2 orders of magnitude at
low n, independent of whether the system isin the nomi-
na metalic (n = n.) or insulating (n = n.) phase—in Si
inversion layer p(B) eventually seemsto “saturate” at very
high resistances of the order of p ~ 10° € (in the nominal
“metallic” phase) for B ~ 10 T, whereas in p-GaAs sys-
tems no such resistivity saturation has yet been reported.
In addition to this giant magnetoresistance, the temperature
dependence of p(T) is also affected by B—in particular,
increasing B modifiesthe sign of dp /dT which is positive
(metallic behavior) at low B and negative (“insulating” be-
havior) at high B.

In this Letter we develop a possible theoretical explana
tion for the observed parallel magnetic field dependence of
the 2D resitivity at low T and n. Our theoretical expla-
nation for the observed [1-6] giant magnetoresistance and
the associated “suppression” of the metallic phase is com-
pellingly simple conceptualy, and is robust in the sense
that it is independent of whether the conducting state is
atrue T = 0 novel 2D metallic phase or just an effective
“metal” (at finite T) by virtue of the localization length
being exceedingly large. Our calculated B-dependent re-
sigtivity is in good qualitative agreement with the experi-
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mental observations [1-6], particularly in the GaAs-based
2D systems, and can be systematically improved in the fu-
ture. The agreement between our theory and experimental
resultsin Si inversion layers is not particularly good, and
we mostly concentrate on GaAs systems in this paper. In
this Letter we use aminimal model implementing the basic
theoretical ideato obtain the generic trendsin p (B) in order
to demonstrate that we have found a possible explanation,
at least inthe GaAshole systems|[ 3,6], for the giant magne-
toresistance reported in recent experiments[1—6]. We aso
emphasize that the theory presented in this Letter istotally
independent of our B = 0 theory for p(T', n) developed in
Ref. [7], and the parallel field results presented herein are
not an extension and/or application of our B = 0 theory.
The new physics we introduce in this paper is the cou-
pling of the parallel B-field to the orbital motion of the 2D
carriers. It has so far been assumed [8] that the observed
paralld field induced giant magnetoresi stance must neces-
sarily be a spin effect because the orbital motion does not
coupleto a B field pardlel tothe 2D plane. Thiswould cer-
tainly be trueif the systems being studied were strictly 2D
systems with zero thickness (i.e., perfect 6-function con-
finement) in the direction (z) normal to 2D (x-y) plane. In
reality, however, the systems being studied are quasi-2D
with their average thickness in the z direction (z), being
of the order of 30-300 A depending on the system, car-
rier density, and other parameters (e.g., depletion charge
density) which are often not accurately known. Therefore,
a parallel magnetic field in the x-y plane does couple to
the z-orbital degree of freedom of the system, and such
an orbital coupling could, in fact, be strong when I, < (z)
where I, = (lic/eB)'/? is the magnetic length associated
with the parallel field. Since (z) depends on (increases
with decreasing n) the electron density » [9,10] through
the self-consistent confinement potential, and may be quite
large at low electron densities, the condition I. < (z) is
fulfilled in the low density experimental regime where the
phenomenon of giant magnetoresistance is observed. In
addition, the effect of the paralel field is enhanced at low
carrier densities by the fact that the 2D Fermi wavelength
Ar (= 27 /kp) @ B = 0 is substantialy larger than the
magnetic length /. associated with the typical B indicating
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amassive nonperturbative orbital effect associated with the
applied paralld field. For example, for B = 5T and n =
5% 10" em™2, Ar = 1600 A (Si); 1100 A (p-GaAs),
andl, =~ 100 A—thus A = (10-15)l,, asituation which
would be achieved in asimple metal only for astronomical
fields around B = 107 T. One should therefore expect a
strong orbital effect arising from the applied field as re-
flected in the observed giant magnetoresistance in these
systems. Sincewe areinterested in only the orbital motion,
we neglect any Zeeman spin splitting in our consideration
assuming a spin degeneracy of 2 throughout.

We note that the new physics arising from the coupling
of the orbital motion to the parallel field in these quasi-2D
inversion layer type systems has no analog in purely 3D
or 2D systems. The zero field z motion in these quasi-2D
systems is quantized into subbands [9,10] due to the con-
fining potential —the coupling of the B field to the orbital
motion thus necessarily involves intersubband dynamics
or scattering, and this intersubband dynamics gets coupled
with the in-plane 2D dynamics in the presence of the par-
allel field, leading to the giant magnetoresistance. The ef-
fect should, in fact, persist to high densities (i.e., deep in
the so-called metallic phase) except the size of the magne-
toresistance should be only a few percent at high electron
densities (I, > (z), Ar), whereas in the nonperturbative
strong field limit the effect can be huge. Another way of
understanding this strong (and unusual) orbital coupling is
to note that the cyclotron energy associated withB = 10 T
isabout 6 meV, which islarger than the zero field subband
splitting and much larger than the 2D Fermi energy of the
system in the low density regime. This interplay of cy-
clotron and subband dynamics is a novel feature of the
quasi-2D system which has no purely 2D or 3D analog.
The physics of orbital coupling introduced in this paper
could be thought of as aparalel field induced effective 2D
to 3D crossover in the low density quasi-2D systems.

We implement the above idea by assuming a smple
harmonic confinement of the z wave function at B = 0.
We adjust the parabolic confinement potential variationally
to obtain the best fit tothe B = 0 wave function and energy
of the actual system at the appropriate density n. The
harmonic confinement allows us to incorporate the effect
of the parallel B field nonperturbatively [10], and in the
highfieldlimit (1. < (z)z—o) our harmonic approximation
(the Fock-Darwin levels) becomes almost exact. Any error
arising from our somewhat inaccurate choice of the z wave
function at B = 0 has only a small effect on the rather
large magnetoresistance we calculate. We take the B-field
direction to be the x axis without any loss of generality,
and denote by p.. (p,,) the 2D resistivity associated with
the electric current flowing along (perpendicular) to the
direction of B. As we describe below in detail, one of
our specific predictionsisthat p,, > p., dueto the large
2D anisotropy introduced by the applied B field, provided
there is no other anisotropy in the system.

For our transport calculation we apply the Boltzmann
theory (in the presence of the parallel field which is treated

nonperturbatively by including it explicitly in our one
electron wave function and energy via the harmonic con-
finement model [10]) assuming scattering by short-range
random impurities distributed uniformly throughout the
quasi-2D layer. Our neglect of screening effects [7] and
the associated assumption of &-function impurity scatter-
ing potentia arising from random impurity centersis done
purely for the purpose of simplicity and in order to keep the
number of free parameters at a minimum. Since the effect
we are considering is arather gross effect (involving avery
large increase in magnetoresistance), any errors associ ated
with our simplified scattering model are not of any qualita-
tive significance in understanding the basic phenomenon.
One will have to improve the model (both for confinement
and for impurity scattering) if one is interested in precise
guantitative agreement with the experimental datain a spe-
cific system—we believe that such improvements may be
computationally extremely demanding. Details of our cal-
culation will be given in a future long publication.

We show our calculated resultsin Figs. 1 and 2, concen-
trating on the p-GaAs samples of Ref. [6]. InFig. 1(a) we
show our calculated p,, a T = 50 mK for various carrier
densities as afunction of the applied B field. The harmonic
confinement at each density has been variationally adjusted
to give the best wave function for the holes in the GaAs
heterostructure appropriate for that density at B = 0. The
overall qualitative trends of our calculated results agree
well with the experimental data (cf. Fig. 3 of Ref. [6]). In
fact, the specific experimental results of Ref. [6] agree very
well with our calculations as can be seen in our Fig. 1(a)
where we have put some representative experimental data.
At low B (w. < wg), In(p..) shows a B> dependence,
changing to a linear B dependence at high B (w. > wy)
in agreement with experiment [6], where w. = eB/mc is
the cyclotron frequency of the B field and wy is the cur-
vature (or the subband splitting) of the confinement poten-
tial. We note that the overall resistivity scale in our results
is set by the density N, of the §-function impurity scat-
terers which uniquely defines the B = 0 value of p,, in
a particular sample. In Fig. 1(b) we show our calculated
qualitative behavior for the S inversion layer situation
where the impurity scattering centers, instead of being ran-
domly distributed throughout the layer, are located at the
Si-SIO, interface or mostly on the insulating side. In this
situation (when the dominant scattering mechanism is pla-
nar, as dueto the charged impurities at the interface and the
surface roughness scattering at the Si-SiO, interface) ele-
mentary considerations show that the scattering effect must
saturate eventually at high enough B fields as can be seen
in Fig. 1(b) with the approximate saturation field increas-
ing with increasing electron density consistent with experi-
mental observations [1,2,4,5]. The qudlitative difference
between the nonsaturation behavior [Fig. 1(a)] and the sat-
uration behavior [Fig. 1(b)] arises from the &-function
random scattering centers being distributed three dimen-
sionally in Fig. 1(a) and in a 2D plane at the interface in
Fig. 1(b). Theresultsin Fig. 1(a) correspond qualitatively
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FIG. 1. (a) The calculated 2D resistivity p,, aong the field
direction as a function of the paralld field B a T = 50 mK
in GaAs hole systems (appropriate for the samples in Ref. [6])
for n = 0.89, 1.1, 1.63, 2.12, 3.23, 4.11 X 10'° cm™2 (top to
bottom) with the confinement curvature w, = 0.85, 1.0, 1.35,
1.7, 2.3, 2.6 meV (top to bottom). Experimental points from
Ref. [6] are shown as dots for comparison. Random & impurities
are distributed uniformly through the layer. (b) The calculated
pxx-B plot when the random & impurities are at the interface
plane 85 A from the center of the Gaussian ground state wave
function (at B = 0). The top to bottom curves are for n = 1,
2,4,6 X 10 cm™? and w, = 1 meV. The saturation shifts
to higher B values for higher densities. (c) The calculated p,,-
and p,,-B plots showing the strong 2D anisotropy with wy, =
1.5 meV and n = 1.5, 4.0, 10.0 X 10'° cm™2.

to GaAs where the main resistive scattering centers are
the random impurities in GaAs, whereas the results in
Fig. 1(b) correspond more to the Si inversion layer where
the main scattering centers (charged impurities and surface
roughness) are located in a plane near the interface. We
have not adjusted the parameters used for Fig. 1(b) to get
agreement with Si inversion layer data—our only point
here is to demonstrate the qualitative physics underlying
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FIG. 2. The caculated p,.-B plots for various T values as
shown with n = 1.1 X 10'° em™2, wy = 1.0 meV.

the saturation behavior. In principle, we can get semiquan-
titative agreement with any given set of data by adjusting
the confinement parameter wq, but we do not believe such
an exercise to be meaningful particularly for the highly
simplified model used in our theoretical calculations.

In Fig. 1(c) we show our predicted anisotropic magne-
toresistivity with p,, > p,.—notethat the anisotropy can
be very large, and decreases with increasing density. (The
corresponding 2D Fermi surfaces, not shown here due to
lack of space, are strongly anisotropic in shape, being e-
liptic rather than circular with the eccentricity increasing
with increasing field.) The highest density results (the
lowest set of curves) in Fig. 1(c) show another predicted
feature of our theory: At relatively high density, if thefirst
excited subband of the system is occupied by the carriers
at B = 0 (adituation which in principleis achievable), the
calculated resistivity would, in fact, first exhibit a nega-
tive magnetoresistance, asthe excited subband depopul ates
with increasing B, before showing the characteristic gi-
ant magnetoresistance phenomenon. This oscillatory fea
ture in the lowest set of curves in Fig. 1(c) is the analog
of the usual SdH oscillations in this problem. It isim-
portant to mention that the features predicted in Fig. 1(c)
have aready been observed experimentally [11] in para-
bolic n-type GaAs structures at higher densities (where the
overall magnetoresistivity is a factor of 6 for p,, and only
afactor of 2 for p,,), and our calculationsfor this structure
[11] agree well with the experimental findings.

It is important to emphasize that our predicted
anisotropy [Fig. 1(c)], which has been observed in n-type
GaAssystems|[11], isnot seen[1,12] in Si inversion layers
where p,. ~ p,, evenin the presence of a strong applied
paralel magnetic field. In this context we also point out
that the saturation behavior of Fig. 1(b) caculated in
our theory is not in particularly good agreement with the
observed behavior [1,2,4,5] in Si inversion layers where
the saturation sets in more abruptly than in our theory. On
the other hand, our calculated magnetoresistance for GaAs
systems, as shown in Fig. 1(a), is in excellent qualitative
agreement with the corresponding GaAs results reported
in Ref. [6]. The reason for this difference between the
observed experimental behavior between Si and GaAs
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based systems is currently not known. Our current theory
applies rather well to the GaAs-based 2D systems but
not to Si systems for reasons which are not clear at this
stage. One possibility for the difference between the two
systems could be spin effects neglected in our theory.

Finally, in Fig. 2 we provide the calculated temperature
dependence of p (T, B,n) which shows interesting non-
monotonicity (“the suppression of the metallic phase”)
experimentally [6]. We emphasize that since we neglect
al screening effects (due to our &-function impurity
scattering model) our calculated temperature dependence,
which arises entirely from Fermi surface and thermal
occupancy effects, is necessarily simplistic [compared,
for example, with our B = 0 theory for p(T,n) as given
in Ref. [7]]. Nevertheless, we believe that even this
drastically simplified model catches the basic physics
of the phenomenon, and explains on a qualitative level
why dp/dT changes sign from being positive (metallic)
a low field to negative (insulating) at high fields. This
is essentially a “quantum-classical crossover” type phe-
nomenon [7] where the strong modification of the Fermi
surface leads to nonmonotonic temperature dependence
at various B values. The physics of the negative dp/dT
a high fields is entirely a Fermi surface effect. In Fig. 2
we plot p,.(B) for various fixed values of T, and we note
that we obtain rough qualitative agreement with the experi-
mental observations [3,6] that there is a transition [around
B, ~ 1T in Fig. 2] point B, where dp(B)/dT changes
its sign from being positive (metallic) for B < B, to being
negative (insulating) for B > B.—in our theoretical
results B. is not a sharp transition point, rather a rough
transition regime, whereas in the experiment B, seems to
be a sharp point. We see no particular reason for B, to bea
sharp single transition point since this phenomenon is ob-
viously not a phase transition (both B < B, and B > B,
are effective metalic phases), and the crossover behavior
is only a Fermi surface (which is drasticaly distorted by
high B values) effect. We suggest more precise measure-
ments to check whether B, is redly a single transition
point or more a rough transition regime.

We conclude by summarizing our theory and by
briefly discussing our various approximations and limi-
tations. We have shown that the observed giant positive
magnetoresistance phenomenon in quasi-2D systems
in the presence of a paralel magnetic field can be
qualitatively explained as arising from the coupling of
the field to the carrier orbital motion by virtue of the
finite thickness and the low density of the layer (spin
plays no role in our explanation). We predict a large
anisotropy of resistivity in the 2D plane. Our main
approximations are the following: (1) Boltzmann trans-
port theory; (2) harmonic confinement; (3) -function
random impurity scattering. None of these approxi-
mations is qualitatively significant because we predict a
very large (factors of 10-1000) and robust effect. One
important corollary of our theory is that the same effect
should persist on the insulating side aslong asthe localiza-

tion length is larger than the magnetic length except for
the fact that dp/dT should aways be negative on the
insulating side, which is what is experimentally observed.
Two important approximations of our theory are that
we have neglected all spin-related effects as well as
al crystallographic anisotropy effects, which could, in
principle, be added to our theory if future experiments
demand such an improvement. The main (and an im-
portant) limitation of the theory is that our predicted
anisotropy seems not to be consistent with the existing
datain Si inversion layers [12] where no magnetoresistive
anisotropy has been seen. We do not know the reason for
this disagreement—one possibility being that there is an
additional scattering mechanism, possibly spin related,
which also plays arole in the observed magnetoresi stance
and compensates for the anisotropy arising from orbital
effects. The other possibility is that screening could be
anisotropic in the presence of a strong parallel field (since
the 2D Fermi surface is highly anisotropic), leading to a
cancellation of the transport anisotropy in the Si inversion
layer where screening effects are typically very strong
(our theory neglects screening as we assume short-range
impurity scattering). While more work is clearly needed
to understand the quantitative details of the observed
magnetoresi stance (particularly in Si inversion layers) and
spin-related effects may very well be playing an additional
role in the experimental data, our work compellingly
demonstrates the importance of orbital magnetoresistance
in the presence of a paralel magnetic field in the low
density limit which cannot be neglected in future work on
the subject.
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