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New Nonlocal Magnetoresistance EH'ect at the Crossover between the Classical
and Quantum Transport Regimes
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A new type of nonlocal oscillatory magnetoresistance effect is observed in heavily doped n+-GaAs
wires over a limited range of temperature (10~ T ~ 50 K) and at magnetic fields su5ciently large to
give rise to Landau quantization. The effect is observed when quantum ballistic transport along the
edges coexist with diffusive and dissipative conduction in the bulk.

PACS numbers: 72. 15.0d, 72. 15.Lh, 72. 15.Rn

The observation of nonlocal eA'ects in the resistance
and magnetoresistance of small, multiterminal metallic
and semiconducting structures has provided new insights
into the physics of electrical conduction [1-7]. Nonlocal
resistance is the term used to describe the appearance of
a potential diA'erence in regions of the structure which
are well separated from the classical current paths. To
date, observations of this eAect fall into three distinct
categories: (I) nonlocal universal conductance Auctua-
tions (UCF) in "dirty" semiconductors [2] and metals [3]
in which the electrical conduction is diAusive; (2) ballistic
transfer resistance in two-dimensional electron gases
(2DEGs) [1,4]; and (3) nonlocal Shubnikov-de Haas
(SdH) oscillations in the quantum Hall eAect regime of
2DEGs [5-7]. In all three categories the nonlocal eAect
is best seen at low temperatures. For nonlocal UCF to be
observed the electron phase-coherence length l&, which
decreases with increasing temperature, must be of the
same order as the distance between the current and volt-
age probes. In the other two cases, high electron mobili-
ties are required.

In this Letter we report the existence of a new type of
nonlocal oscillatory magnetoresistance under conditions
in which diA'usive transport would be expected to occur
but which is not reliant on the phase coherence of the
electrons. The eA'ect has two striking features. First, it is
completely quenched at low temperatures (T & 4 K) and,
second, it corresponds to a 100% modulation of the nonlo-
cal magnetoresistance, even though the local SdH oscilla-
tions are relatively weak. We attribute this eA'ect to the
coexistence of classical bulk conduction and quantum
conduction in edge states [8]. The edge states are able to
carry the current to classically inaccessible regions, but
the voltage appears only when there is coupling between
the edge states and bulk with subsequent dissipation. At
low temperatures the dissipation is reduced and this
causes the quenching of the eAect in sharp contrast to
high-mobility systems ~here the dissipation occurs in the
contact reservoirs.

The structure used in our experiment is shown sche-

matically in Fig. 1(a) (inset). It was fabricated using
electron-beam lithography and dry etching from an n+
GaAs epilayer grown by molecular-beam epitaxy on a
semi-insulating substrate. The electron concentration n is
approximately 1.1 x 10 m . We estimate an effective
conducting channel thickness of —30 nm with four elec-
trically quantized, two-dimensional subbands occupied.
Channel widths w of 150, 250, 350, and 450 nm, all al-
lowing for sidewall depletion, have been investigated.
Adjacent pairs of probes are separated by I =1 pm, al-
though there are additional pairs (not shown in Fig. 1)
beyond e and f with separation 2 and 50 pm. Each volt-
age probe has the same thickness and width as the main
wire and is at least 7 pm long before opening out to a
large contact pad. We refer to this pad as the contact
and the length of wire between it and the main wire as
the probe. The electron mobility p is 0.16 m V 's
giving a bulk elastic mean free path XB of 50 nm and
m, . i —1 at 6 T. The bulk resistivity of the material
p=800 AU . Weak localization and UCF measure-
ments give I&—0.3 pm at 4.2 K, decreasing as T ' at
higher temperatures.

We have measured the nonlocal resistance R'j &/ where
VI, I is the voltage diAerence between contacts k and I due
to a current I;~ between contacts I and j. Standard low-
frequency (12 Hz) lock-in techniques were employed
with currents down to 50 nA to avoid electron heating
[9]. At all temperatures, the measured resistance was
checked to be independent of frequency and driving
current. For voltage probes a distance L from the current
probes, a and b in our devices, the expected classical volt-
age drop is Vtt =pl, t, exp( —trL/w) We present data.
only for w =150 and 250 nm where this voltage is vanish-
ingly small (V/I & 0.01 0). Magnetoresistance R, t, , d

traces are shown in Fig. 1(a) for three temperatures and
w =150 nm. In this configuration L =1 pm. For T & 10
K nonlocal UCF are clearly visible; their rms amplitude,
AR, is well described by &R p(e /h )e—xp( —«Ilt, ),
with a =1.1+.0.2 and a temperature-dependent lt, [2]. In
Iow magnetic fields (8 & 3 T), with co,. r & I, the Lee-
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FIG. I. (a) The nonlocal magnetoresistance traces for I = I

pm w= 150 nrn at different temperatures. The 9-K trace is

offset upwards by 3 0 for clarity. The 30-K trace has threefold
magnification. Inset: The sample geometry (b) Lo.cal magne-

Th 9- and 30-Ktoresistance R„, I„I at three temperatures. The 9- an
traces are offset upwards by 0.2 and 0.4 kA, respectively, for
clarity.

age resistance. Furthermore, peaks in the local magne-
toresistance do not, in general, coincide with peaks in the
nonlocal configuration. This means that the measure
nonlocal resistance cannot be due to an artifact involving
the "leakage" of the local resistance. It also distinguishes
our effect from the nonlocal SdH oscillations investigated
in high-mobility 2DEGs [5-7]. Nonlocal resistance oscil-
lations are seen in all our samples and for many diAerent
probe configurations. The amplitude of the peaks de-
creases with increasing L and no effect is observable when
the probes are separated by 50 pm.

Figure 1(a) shows clearly that the nonlocal oscillations
do not increase in size in cooling from 30 to 9 K, al-
though the eAect is masked by the presence of the UCF
at 9 K. For comparison, the local SdH oscillations in-

crease by a factor of 4 in the same temperature interval
[Fig. 1(b)]. The behavior with temperature is shown
more clearly in Fig. 2 where R,b,,g &t.e., l. =2 pm at
high magnetic field is shown for five diITerent tempera-
tures. I n this configuration the UCF are sufficiently
small, even at helium temperatures, to allow a quantita-
tive study of the new eAect. Figure 3 shows the ampli-
tudes of the peaks at 8.7 and 11 T plotted against temper-
ature. The amplitude is defined as the actual value of the
resistance at the relevant field. Figures 2 and 3 show
clearly that the eAect disappears at both low and high
temperatures. The inset in Fig. 3 shows the temperature
dependence of the relative amplitude of the local SdH os-
cillations for a section of length 1 pm. The solid line in

0.5—

Stone correlation field [10],hB, is

AB =P(h/e)/l, [min (w, I,)],
with P —0.4. For ro, r ) 1, 8B increases, as can be seen
clearly in the raw data of Fig. 1(b). This increase is not
predicted by theory [10] and will be the subject of a fu-
ture paper.

For T & 10 K the UCF are exponentially damped and
we observe a new type of oscillation as shown in Fig. 1(a)
with threefold magnification, for T=30 K. In zero mag-
netic field the nonlocal resistance is zero within experi-
mental uncertainty, the new peaks occurring only with
finite magnetic field. Local SdH oscillations measured in
the configuration R„b,I are shown in Fig. 1(b). Their
amplitude decreases monotonically with increasing tem-
perature. Note also that at T=30 K the amplitude of
the local oscillation around 10 T is only —1% of the aver-
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FIG. 2. The nonlocal high-field magnetoresistance RgI, ,ef
measured at voltage probes with I =2 pm and w =150 nrn.
The dashed lines represent the respective zero-field resistances
at the five temperatures.
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FIG. 3. The temperature dependence of R„/, , f for the two
peaks shown in Fig. 2. Solid lines are the best fits to the tem-
perature dependence using Eq. (I); circles are the experimental
data. Inset: The temperature dependence of the amplitude of
local SdH oscillations (the solid line represents theory).

the inset is the expected temperature dependence [II]
[(kpT/pro, )csch(2rr kttT/hru, )].

The considerations above are generally true for all non-
local configurations. However, individual nonlocal mag-
netoresistance traces may be different from each other.
Peak amplitudes are not generally the same for equal
probe spacing, although generally the amplitude de-
creases as L increases. Also, the position in magnetic
field of the nonlocal oscillations depends on the direction
of magnetic field, particularly for an asymmetric probe
configuration such as R,I, „,g. However, the Onsager con-
dition, Ry I, I(B)=RI,.I;~( —8), is always satisfied for all

configurations. In contrast, the local SdH oscillations
have no change in phase and only very small changes in

amplitude for different sections of the wire. Despite the
differences in phase, the periodicity of the oscillations is
the same in both the local and nonlocal configurations.

It is well known that in high-mobility 2DEG systems
the edge states are decoupled from the bulk. We may
consider the electrons in the edge states to have a mean
free path, XF, which in those systems may be of the order
of I mm [5]. In our low-mobility structure we may still

expect A, I:—1 pm if we scale kq. with the bulk mean free
path Xq. This is reasonable if we assume that both El-

and kz scale with the density of scattering centers. The
large difference between Xq- and Xg induces a step, hpI-~,
between chemical potentials at the edge and the bulk
states which is proportional to the applied current [12 .
We attribute the observed eA'ects to this absence of loca 1

equilibrium between edge and bulk states.
Referring to the inset in Fig. I (a), to measure the volt-

age difference between contacts c and d, when the current
is applied between contacts a and b, involves dissipation

h hi h-occurring somewhere between c and d. In the ig-
3016
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FIG. 4. (a) Schematic diagram showing the edge currents
and the region of dissipation (dashed line) to which the nonlocaI
resistance R„g, ,g is sensitive. (b) Landau levels showing the ori-
gin of the activation term in Eq. (I).

mobility case the dissipation of the edge currents occurs
in the contact regions. This cannot happen in our low-

mobility structures because the edge electrons which are
injected sideways from the main current path cannot
reach the voltage contacts. I nstead they are either
transferred to the opposite edge without energy losses or
thermalized within the bulk somewhere in the wire and
probe regions. The voltage in our experiment, therefore,
measures the dissipation which occurs in and around t e
probe regions. The region where the voltage V, ,g is sensi-
tive to the thermalization process is shown schematically
in Fig. 4(a) as the dashed circle. We emphasize that this
is totally different from the effect described, for example,
in Refs. [5,6]. In particular, at low temperatures, our
effect disappears when the electrons entering the bulk re-
gion can traverse the width of the wire without suffering
an inelastic collision and dissipating energy.

We expect the voltage drop V,.y to have the form

V, .„tx:I, P(T)exp( —I/X )f(T)/kr .

The factor f(T) =csch(2' 'kBT/h. ro, )is th-e same fac. tor
which limits the bulk SdH oscillations at high tempera-
tures. We assume that the potential drop V,y is propor-
tional to the number of electrons [-kE 'exp( —l./kq)]
leaving the edge at a distance L from the current path ab.
Those that reach the opposite edge without losing energy
will not give rise to this potential drop and only the frac-
tion P(T) that thermalize will contribute. Thermaliza-
tion involves a transition from edge to bulk followed by a
relaxation to local equilibrium. Using the energy balance
equation, we can write P(T) ee [I +exp(AE/kn T)]
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where he is the diA'erence between the Fermi energy and
the energy of the maximum of the density of states in the
bulk [see Fig. 4(b)]. We expect that A, ~ will be a max-
imum when the Fermi energy is between bulk Landau
levels, but at this magnetic field the dissipation term
P(T) will be small. On the other hand, there will be
strong coupling between edge states and bulk when the
Fermi energy lies within a bulk Landau level but A, E will

be correspondingly small. The maximum values of V,d,
given by Eq. (I), have the same periodicity but not neces-
sarily the same phase as the Landau levels crossing the
Fermi energy, in agreement with experiment. We can
determine h, e directly from the measured phase shift be-
tween the local SdH maxima and the corresponding non-
local magnetoresistance peaks. For an asymmetric probe
configuration, the fraction of the edge current which
reaches a voltage probe depends on the length of the
current path to this probe along the edges. Therefore this
fraction depends on the direction of current circulation
[13]. This dependence is responsible for the observed
asymmetry with respect to the inversion of the magnetic
field.

The solid lines in Fig. 3 are the best fit to the tempera-
ture dependence of Eq. (I) using As=4 meV for the

upper curve and h, a=3.2 meV for the lower curve, calcu-
lated as discussed above. The only adjustable parameter
is the overall amplitude. The fitted values for the ampli-
tudes of both peaks shown in Fig. 3 scale with the ampli-
tude of the corresponding SdH maxima. Given the ap-
proximate derivation of Eq. (I) the agreement with ex-
periment is very good.

To summarize, we have observed a new nonlocal mag-
netoresistance eAect in the intermediate regime between
quantum edge conduction and classical bulk transport.
Unlike previous examples of nonlocal resistance, the ob-
served eAect vanishes as T 0 K and is due to dissipa-
tion in the bulk rather than in the electrical contacts.
However, quantum conduction in the edge states plays an

important role in carrying the current to classically inac-
cessible regions. Using a simple model we are able to ex-
plain the observed temperature dependence of the eA'ect

and account for the phase of the nonlocal oscillations rel-
ative to the local SdH oscillations.
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