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Negative nonlocal vicinity resistance of viscous flow in a two-dimensional electron system
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We perform a quantum transport study of Hall viscous liquid in multiterminal narrow Hallbar devices of
a high-mobility two-dimensional electron system (2DES) in GaAs/AlGaAs heterostructure. In the nonlocal
transport measurements of vicinity geometry under magnetic fields (B), we observe that the absolute nega-
tive magnetoresistance (R,,) value (R, < 0) and the corresponding magnetic field (B.,) are both inversely
proportional to the adjacent Hallbar arm distance (L). The occurrence of negative resistance is dependent on
the characteristic lengths of the devices and the electron flow direction under B-fields. The minimal resistance
Ruin occurs when the cyclotron radius Rc approximates L. Multiples of high-order (nth-order) Ruyn,,.’s persist
from low to high magnetic fields in a large sample size of L =5 um. Our experimental study reveals the
transport behaviors in the vicinity regime, where the negative resistances depict viscous electronic flows in the
high-mobility 2DES. In addition, the negative and high-order minimal resistances expand to a magnetic field of

several kGs.
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I. INTRODUCTION

A two-dimensional electron system (2DES) in
GaAs/AlGaAs heterostructures provides an ideal platform
for the study of novel quantum states with diverse
electron-electron interactions, for instance integer quantum
Hall effects (IQHEs) [1] and fractional quantum Hall effects
(FQHES) [2]. In a high-mobility 2DES (or metals), the mean
free path of electron-electron collision is much shorter than
that of electron-phonon and electron-impurity scattering
(lee € Inp). In the Ohmic regime (diffusion), the sample
size (I) is larger than the mean free path of electron-phonon
collisions, i.e., [ > Iy, and the devices obey Ohm’s law.
The quantum analog of the classical hydrodynamics theory
described by the Navier-Stokes equation can effectively
portray the microstructure confinements of the electron flows
with lee < I < Iy (in the hydrodynamic regime) [3-6]. In
a sufficiently narrow confinement (from the hydrodynamic
to the ballistic transport regime, or in an even narrower
regime), viscous flow provides a major contribution to
the conductance that exceeds Landauer’s ballistic limit
(superballistic conductance) at low temperatures (T > 0) [7].
Moreover, the long-wavelength and low-energy behaviors
of electron systems in the quantum hydrodynamic regime
conform to the Fermi liquid theory under the condition
of l.e>1 (or A, the wavelength), where lee’\’v[r(kf—;)z

[8], e.g., the electrons on 3He [9]. Due to the very small
amount of impurities in the very high-mobility 2DES
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(i.e., the high-mobility electron channel in GaAs/AlGaAs
heterostructures), the length of electron-electron collision, /e
(i.e., the phase-coherent length of electrons), is much smaller
than the mean free path of electron-phonon scattering,
I < lee < Inp, which corresponds to the superballistic
transport regime. The strongly correlated electron system
in transport with various types of collisions is an analog of
viscous fluids [10-17], which has been revealed in ambient
theoretical and experimental studies in two-dimensional
systems [18-26]. Moreover, the hydrodynamics in electronic
viscous flows extends to other systems in condensed matter,
such as the topological phases [27,28].

The electron liquid is described as an analog of Poiseuille
flows in solid [11], which is detected in the temperature
(T')-dependent nonlinear transport in a 2DES with a confine-
ment [10]. Viscous Poiseuille flows in the spatial distribution
in graphene and nanoscale structure devices are detected by
means of scanning microscopy based on carbon nanotube
single-electron transistor (SET) and high-resolution nitrogen-
vacancy (NV) center techniques [29,30]. Experimental studies
reveal the hydrodynamics of the highly viscous fluid in
graphene in electronic and thermoelectric transport [23,31], in
a 2DES in the ballistic regime [32,33], and in other quantum
materials [34]. In addition, theoretical studies propose various
techniques to probe the viscosity of electron fluids, such as
nonlocal transport, scanning probes, etc. [35]. The viscosity in
electron liquids produces the vorticity of shear flows, leading
to the backflow of the current and the generation of negative
nonlocal resistance [18]. At present, a nonlocal transport study
of a high-mobility 2DES in GaAs submicron-scale structures
in the quantum hydrodynamic regime remains lacking [35].
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FIG. 1. (a) Longitudinal resistance (black dash-dotted curve) and
Hall resistance (red solid curve) of S1 measured at 1.5 K. The insets
show the configurations of Ry, and R,, measurements, respectively.
(b) Clockwise (black) and counterclockwise (red) R, curves show
mirror image features of each other with respect to the B = 0 axis.
(c) Clockwise (black) and counterclockwise (red) R,, curves show
mirror image features of each other with respect to the B = 0 axis.

The transport measurements of a 2DES have reported ro-
bust resistance maxima at very low B-fields that stem from
2D electron liquids [10]. According to the recent research
of magnetoresistances at very low B-fields, the sharp de-
crease of longitudinal resistance can be accounted for by
the viscous flow in a 2DES [36-38]. A subsequent theo-
retical report proposes that negative resistance occurs when
the cyclotron radius Rc < L, even when .. > L or w (sam-
ple sizes), where the magnetoresistances are expressed as a
function of cyclotron frequency we = eB/m* [19]. It is put
forward that the nonlocal resistance of various geometries can
effectively prove the viscosity electron flows [35], and can
demonstrate the criterion of the whirlpool occurrence [39].
Our experimental study reveals negative resistance (NR) in
I-V measurements of vicinity geometry at a perpendicular B
which corresponds to the cyclotron resonance (CR). More-
over, the higher-order minimal longitudinal resistances persist
at high B ~ 2—4 kG.

II. METHOD

Our high-quality 2DEG wafer with a GaAs/AlGaAs het-
erojunction is grown by molecular-beam epitaxy (MBE).
The high-mobility (1 ~ 3x10° ¢cm?/V's) electron chan-
nel in a one-side modulation-doped heterojunction is about
200 nm beneath the sample surface, and the density is n, =
1.8x 10" cm~2 after LED illumination at low temperature.
Our multiterminal Hallbar devices, which are fabricated with
electron-beam lithography (EBL) and plasma etching, are
shown in the schematic diagram in the insets of Fig. 1(a). The
Hallbar widths (w) are ~3—8 pum, the probe arm widths (d)
are about 0.3—0.6 um, and the spaces between the two nearby
probes (L) are about ~0.8—5.0 um, as shown in Table 1. To
achieve an optimal guide of the unidirectional electron flows
under B-fields, we fabricate the devices with relatively small
d’s. The multiterminal Hallbars of different dimensions are
denoted as S1, S2, S3, and S4, respectively. The dimensions

TABLE 1. Dimensional parameters of the multiprobe Hallbar
structures or devices.

w (pm) d (pum) L (um)
S1 3 0.3 0.8
S2 8 0.6 1.2
S3 8 0.5 1.5
S4 8 0.5 5.0

arew =3 um,d =0.3 um, L =0.8 um in S1; w = 8 um,
d=06 um, L=1.2 pum in S2; w =8 um, d = 0.5 um,
L=15puminS3;andw =8 um,d = 0.5 um,L =5 umin
S4. The parameters (i.e., w, d, and L) of the device structures
are illustrated in the left inset of Fig. 3(a).

All magnetotransport measurements are performed by
means of the standard low-frequency (at f = 17 Hz) lock-in
techniques with an external current (/) of ~0.1—1 pA applied
to the sample, in a cryogen-free cryostat at a base T of 1.5 K.
The magnetic field consists of a perpendicular B and a parallel
magnetic field, both of which are provided by superconduct-
ing coils of magnets.

We include different /-V configurations in our nonlocal
transport measurements to reveal the viscosity in the electron
fluidity, as illustrated in Figs. 1(a), 1(b) and 1(c), respectively.
The two insets of Fig. 1(a) depict a configuration (C1) for
the nonlocal measurements of longitudinal resistance (R,., or
nonlocal resistance of vicinity geometry Ry) and transverse
resistance (Ryy), respectively. The eight Ohmic contacts of
the multiterminal Hallbar are labeled by numerals (from 1
to 8). The external current is applied from contact 4 to 2,
whose orientation is counterclockwise. Another configuration
(C2) for the I-V measurements via an external current in a
clockwise direction (from contact 4 to 1) and a voltage drop
between two contacts in vicinity is shown in the right insets
of Figs. 1(b) and 1(c).

III. EXPERIMENTAL RESULTS

The longitudinal resistance (R,,) and the Hall resistance
Ry, at T ~ 1.5 K are illustrated in Fig. 1(a). There is a
small spike (above zero) in R,, (black dashed-dotted curve)
at around zero magnetic field (B), and the R,, features at
B < —0.2 kG stay very close to zero. At B > (0.2 kG, the lon-
gitudinal resistance shows negative values, and the minimum
Ry, < =300 € occurs at B ~ 0.9-1.0 kG. The associated R,y
(red solid curve) of the nonlocal transport also remains very
low (about —20 €2) in the regime of —0.9 < B < —0.2 kG,
which deviates from the regular Hall resistivity in transport
and is attributed to the quenching of quantum Hall resistivity
in the mesoscopic structures [40].

The curves of R,, in the two configurations [in Fig. 1(b)]
are the mirror images of each other with respect to the B = 0
axis. The left (right) inset shows the configuration with the
counterclockwise (clockwise) current direction with respect
to B. Likewise, the R,, features of the two configurations of
measurements are the mirror images of each other in Fig. 1(c).

The R,, and R,, data in Figs. 1(b) and 1(c) clearly illustrate
the relation between the current flow and the B orientations.
R, in the nonlocal transport is defined as Rnp [35]. The
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FIG. 2. (a) Temperature-dependent R,, of S1 at T ~ 1.5—30 K.
The inset shows Ry, (at B ~ 0.96 kG) vs T. (b) T-dependent R,, in
the regime of T ~ 1.5—-30 K.

negative resistance (NR) [red curve in Fig. 1(b)] occurs at
the positive B with the counterclockwise (CCW or C1) cur-
rent (left inset), and the resistance declines to about zero at
B < —0.2 kG. Inversely, the negative resistance [black curve
in Fig. 1(b)] occurs at the negative B with the clockwise (CW
or C2) current (right inset), and the resistance is close to zero
at B > 0.2 kG. So the “diode”-like features of the nonlocal
voltage probing with respect to B-fields indicate the electron
flows’ orientation under magnetic fields: AV < 0 obtained
by the V-probe denotes the counterflow due to the current
whirlpool [23], but the current flows cannot pass through the
V -probe at the opposite B-direction (or at the other side of the
current injection channel).

Temperature-dependent magnetoresistances in the [-V
measurements are exhibited in Figs. 2(a) and 2(b). In panel
(a), the minimal values of R,, (Rnin) increase with T, and the
amplitudes of the spike at B = 0 and the shoulder at B ~ 2
kG are weakened with increasing 7. The relation of Ry,
versus 7 is displayed in the inset of panel (a). The minimal
(NR) R, value grows with T, R, < —250 Q atT < 2 K, and
approaches zero at around 30 K.

The minimal resistance Rpyin . [in Fig. 2(a)] and the cor-
responding shoulder features in R,, are observed at B ~
0.96 kG, denoted by the dashed lines. The curve at base T is
more complex than that at higher 7', and the shoulder occurs at
about B ~ 0.48 kG, which will be analyzed in the descriptions
of Fig. 3(b). The maximal longitudinal resistance Rp.x [in
Fig. 2(a)] occurs at about Bpax ~ 2Bmin, in correspondence
to the shoulder features of R,, at low T [in Fig. 2(b)]. More-
over, the crossing point (fixing point) at various temperatures
appears at 1.28 kG, which is about Beyogssing = (4/3)Bmin [high-
lighted by the blue arrows in both Figs. 2(a) and 2(b)]. The
relations between Buin, Berossing, and Bmax are valid in all the
submicron-scale devices (i.e., S1, S2, and S3). The uniform
electron density in the hydrodynamic transport in S1 (77 ~
1.6x10'"' cm™?) is estimated from the slope of R,,, which
is only a little smaller than # in the wafer. So the crossing
point is determined by the homogeneous electron density and
cyclotron resonance (CR).

We note that the T-dependence of R,, (in C1) shows ev-
ident asymmetry with regard to the B = 0 axis, and NR is
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FIG. 3. (a) The Hallbar (S1, S2, and S3) size-dependent /-V (R,,)
under low B-fields at 1.5 K. The left inset shows the dimensions (w,
L, and d) of the multiprobe Hallbar devices (S1, S2, and S3), which
are consistent with the parameters in Table I. The inset on the right
exhibits the relations of the minimal R, (R, left axis) vs 1/L and
corresponding B-field (B, right axis) vs 1/L. Both R, and By,
are proportional to 1/L. (b) The zoomed-in features of the negative
nonlocal resistance of S1 at 1.5 K. Black, blue, and red dashed lines
highlight the minimal features that are centered near B = 0.96, 0.48,
and 0.24 kG, respectively.

very robust at the B > 0 side [in Fig. 2(a)], which indicates
the vicinity effect from the electron flows between the applied
current and the voltage probing. The T-dependent R,, curves
do not display evident asymmetry in either the regime of
B > 0 or B < 0. Because the current flow crosses over with
the voltage loop, the features of electron fluidity are not very
robust in Hall resistance. Furthermore, we notice that the
curves at 7 < 5 K are more complicated than those at higher
T': the shoulder occurs at B ~ 0.48 kG, which corresponds to
1/2 of the B, value. The features are illustrated in Figs. 1(a)
and 1(b) in both C1 and C2.

To explicate the relation between the dimensions of the
devices and the negative magnetoresistance, we illustrate the
size-dependent transport results of the devices in Fig. 3(a).
The sample dimensions are displayed in the left inset with
w, L, and d listed in Table I. The R,, curves at the low
B-field of S1, S2, and S3 are denoted by the black solid, red
dashed, and blue dotted lines, respectively, and the arrows
(of different colors) highlight minimal R,, (Rni,) at different
B (|Bmin|) of S1, S2, and S3. The relations of R, (left axis)
versus 1/L and By, (right axis) versus 1/L are shown in the
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right inset: By, is proportional to 1/L, and the corresponding
Rpin is linear to 1/L. The slope of the blue curve Bpi,L
is about 0.67 kG pum, which is relative to the cyclotron ra-

dius Rc = [3kr, where Iy = \/21% nm is the magnetic length,
and R¢c = % = 1% pm. Therefore, NR occurs when

the Hallbar arm distance is equal to Rc. We could further
deduce the intersection point at 1/L =0.2 um~' of the
dashed line and R,, = 0, indicating the maximal size (L <
5 pm) of the occurrence of the negative resistance. The nega-
tive resistances are not relative to the Hallbar widths w or the
arm (probe) widths d.

In addition, there are two sets of minima (and maxima) in
the nonlocal magnetoresistances of S3, whose sizes are larger
than those of S1 and S2. Not only a minimum (maximum)
occurs at B ~ 0.45 kG (B ~ 0.9 kG) in correspondence to
Rc = L (2R ~ L), but also a minimum (maximum) is located
at about B ~ 1.3 kG (B ~ 1.8 kG) corresponding to 3Rc ~ L
(4Rc ~ L). The minimum at L ~ 3Rc = 2(n+ 1/2)R¢ can
be understood as the first-order term (with n» = 1) of NR at
Re=L.

Atbase T, the zoomed-in NR of S1, which has the smallest
size, is relatively complex, as shown in Fig. 3(b). The min-
ima in the NR trace occur at B ~ 0.96, 0.48, and 0.24 kG,
denoted by the black, blue, and red color bars, respectively.
The minima are correspondent to the prime (first-order),
second-harmonic (R = 2L), and fourth-harmonic (Rc = 4L)
frequency of the negative resistance (at Rc = L). So the curve
at T <5 K can be considered as the superposition of the
frequency multiplications. The high-order features are much
weaker than the prime, as they originate from the once (R¢ =
2L) and twice (R¢c = 4L) rebounding between the arms with
a distance L. Similar features in zoomed-in NR [in Fig. 2(a)]
are robust at 7 < 5 K, but disappear at 7 > 10 K, for /. de-
cays so dramatically with temperature that the hydrodynamic
conditions cannot be satisfied.

In the larger sized sample structure S4 (with d = 0.5 um
and L =5 pm) in the transitional regime of ballistic and
hydrodynamic transports, the negative longitudinal resistance
R, becomes invisible, as is shown in Fig. 4, which is con-
sistent with the deduction from the size-dependent study,
illustrated in Fig. 3(a). Distinct from the nearly vanished R,,
features in /-V measurements (at small B) in the small sized
devices [Fig. 1(b)], the Hall resistivity curve of S4 shows
indications of plateau features at —1 < B < 1 kG, which are
highlighted by the blue dots in the top inset of Fig. 4.

Furthermore, many B-periodic oscillations (marked by the
bars) occur in both R,, (black color bars) and R,, (red color
bars) at 1.5 K (in Fig. 4). Thus the features of longitudinal
resistance and Hall resistivity of the nonlocal /-V study can
be understood as the superposition of the quantum hydrody-
namic features and the B-periodic oscillations. The B-periods
of minima in R,, are about AB ~ 0.28 kG, which endure
from zero to high B fields. The Hall resistivity features are
antisymmetric to the B = 0 axis: the maxima of R,, at B > 0
are antisymmetric to the minima of R,, at B < 0, as denoted
by the red bars.

At B > 0, the minima of R,, correspond to the maxima
of R,,, whose periods are about AB ~ 0.28 kG. According
to our analysis of the results of submicron-scale structures

200
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FIG. 4. Longitudinal resistance and Hall resistivity in the /-V
measurements of structure S4 at 1.5 K. Top inset: zoomed-in Ry,
features at —2 < B < 2 kG (red curve), and the blue dots highlight
the indication features of viscous electron fluids at —1 < B < 1 kG.
The configurations of R,, and R,, in nonlocal /-V measurements are
displayed in the inset at the bottom-right corner and the bottom inset,
respectively. In addition, the trajectory of the electron flows under
magnetic fields with the relation of 2(n + %)RC = L is shown in the
upper right inset, where the zeroth order (n = 0) is displayed by the
black solid curve and the integer nth order is exhibited by the red
dashed curve.

(S1, S2, S3), the relation Re = g% #m also holds in the

larger structure of S4, because Rc = % = 2.5 um, which is
about one-half of the size of the arm distance L = 5 yum. In
S1, S2, and S3, the first-order By, 1 is twice that of B,y o,
and the second order of By, (Bmin,2) 1S triple that of By -
So the B-period between the adjacent By, , and Bmax n+1 (OF
adjacent Bpin , and Bpin »+1) equals Bn,, which corresponds
to the relation of L = 2Rc. The first black bar from the left
corresponds to Bpn o ~ 0.14 kG, and the higher order By »
stays robust until n = 14.

In general, the high-order minimal features of R, in the
large sized device (S4) are congruent with the negative resis-
tances (R,,) of submicron structures (S1, S2, and S3). The
NR features are very robust at about Rc = L, and the maxi-
mal resistance at 2R¢ = L corresponds to the resonance from
the collisions (in structures S1, S2, and S3). Moreover, the
nonlocal NRs also occur at 2(n + %)Rc = L (n is an integer
number), whose trajectory curves are illustrated in the right
inset of Fig. 4.

The nonlocal magnetoresistances of S4 show explicit B-
periodic oscillations (in Fig. 4), which is in stark contrast with
the 1/B-periodic oscillations of geometric oscillations [41].
The minima of nonlocal R,, involve a different mechanism
from the maxima, which is even more evident in S4. The
minima of R,, occur under the condition of 2(n + %)Rc =L,
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but the maxima do not bear the relation of 2nRc = L in S4,
nor do they form the exact relation of 2R = L in S1, S2, or
S3. The profile of the nonlocal R,, at B > 0 is understood as
the superposition of a smooth envelope and many high-order
NRs (or minima), which originate from the shear viscosity in
hydrodynamic flow.

IV. DISCUSSION

In our analysis of the Hall viscosity of electron liquid,
it is important to compare the various characteristic lengths.
Based on the Landau theory, [ is in the order of ~vp(k§—§)2.
The mean free path for electron-electron collision in the
hydrodynamic regime of graphene is expressed as [.' =
”kF (kBT )zln( 2Er £), which can be estimated as o ~ 1.0 um
w1th tﬂe parameters in our 2DES samples [42]. But the cal-
culation does not take into account the scattering rate between
the electrons and the disorder, oo which is independent of

temperature. As a result, the quantum lifetime of an inter-
acting 2DES with electron-electron collisions is deduced as

AO w + - [43]. The value of the first term

T? Lee 2,0

on the rlght hand side of the equation is about 0.26x10'"' s

and 7,7}, ~ 1.26x 10" s7! by estimating 7, ~ 1><1011 -
[33]. The mean free path of electron-electron collision is about
lee ~ 1.5 pm, which is in a reasonable range of 2DES with a
regular density [33].

The negative nonlocal voltage (or resistance) comes from
the shear viscosity that results in the vorticity and the backflow
near the side of the external current path [18]. The kinematic
viscosity of the 2DES is about v = vple/4 ~ 0.07 m?/s,
which is relatively close to that of Dirac fermion fluid in
graphene [23,42], but smaller than that of a high-density
2DES [32]. Because of the high mobility of the 2DES channel,
the vorticity diffusion length D, = /vt ~ 4.2 um, which is
much larger than that in graphene samples [24]. The nonlocal
hydrodynamic transport is dependent on the geometry of the
measurement configurations: the NR in the half-plane sample
results from the viscosity in the absence of current whirlpools,
but the negative nonlocal resistance of vicinity geometry indi-
cates backflows near the current injections, and the whirlpool
occurrence is determined by D, . In our sample structures, the
large D, meets the criterion of the whirlpool occurrence in
electron hydrodynamics in the sample of vicinity geometry:
D, > w/~/27 and the shear viscosity of v > w?/(2n27r) ~
0.015 m?/s [39]. As shown by the analysis in theory and
calculation on vicinity geometry, at a sufficiently small L, the
existence of NR with whirlpools (or backflows) is independent
of D, [39].

Recent experimental reports mainly focus on the viscous
flow in graphene. But the different phenomena between the
2DES and graphene suggest distinct mechanisms involved.
First of all, the temperature regime of the highly viscous
electron fluid in graphene is much larger than the electron
flows in the 2DES in GaAs/AlGaAs heterostructures. While
high viscosity persists from 1 K to above 200 K in single-layer
graphene (SLG) or double-layer graphene (DLG) [23], the
viscous electron flows of the high-mobility 2DES in GaAs
could persist in electronic transport from 1 K to about 30 K.

Because the scattering of electrons is mainly caused by the
defects of SLG or DLG, the mobility varies a little from low
to high T. In contrast, the electron-phonon interactions in
a 2DEG in GaAs/AlGaAs heterostructures smear out below
4 K, so the mobility increases dramatically at very low 7.

An ensuing question concerns the 7T-dependent nonlocal
resistances of a high-mobility 2DES. A theoretical proposal
claims the resistivity is inversely proportional to the square of
temperature (R ~ 1/ T?) in electron liquid [12]. However, in
the absence of B, our T-dependent nonlocal transport results
deviate from the relation R ~ 1/T? [12], hence they diverge
from the observation of graphene [24], because the Gurzhi ef-
fect not only largely relies on the geometry and configurations
of the transport measurements [44], but it also pertains to the
boundary conditions [35].

In the T-dependent superballistic transport (in the absence
of B) in the viscous point contact (VPC) of graphene, the ex-
tracted viscous conductance (G, ) is proportional to the width
of VPC confinements wypc [42]. It is analyzed in a theoretical
model that the viscous conductance at base T is proportional
to the square of the confined VPC width in graphene [7].
But the nonlocal vicinity R, (or Ry) curves exhibit that the
negative Ry (and shear viscosity) occurs as a function of w¢
(or B), and the minima of Ry are proportional to 1/L. The
discrepancy between our experimental results and those in
Ref. [42] originates from the differences in geometries and
configurations in measurements.

In our submicron scale devices (S1, S2, and S3), the lon-
gitudinal resistance (R,,) features of MR measurements (not
I-V measurements) at the low magnetic fields of B ~ 0 are
negative (R, < 0). Butin larger sized Hallbar structures [45],
the R,, trace exhibits a colossal peak in the vicinity of B ~ 0,
which is in agreement with Ref. [10]. In our structure size
in between the submicron and several-micron scale (i.e., S4),
a distinct peak R, above zero is observed, which is the
case in the transition regime between submicron and large-
scale structures. Meanwhile, the nonlocal /-V curves exhibit
transitional features between the submicron and 5-micron
structures.

V. CONCLUSION

In summary, we observe negative nonlocal magnetore-
sistance (NNMR) in the superballistic transport regime in
multiterminal Hallbar devices, which reveals the Hall viscos-
ity of electron flows. The current flows are well defined in
our experiments because the unidirectional external current
is applied via the narrow Hallbar arms. The occurrence of
absolute negative resistance (or voltage) of vicinity geometry
originates from the counterflow generated by the shear vis-
cosity in 2DES, and the NNMR (at B-fields) is determined
by the electron flow of cyclotron motions and external B-field
directions. Moreover, in the devices of micron scales that
correspond to the ballistic transport, we unexpectedly observe
B-periodic high-order minima enduring from low to high B.
Our size-dependent study provides systematic evidence for
the Hall viscous flow. The nonlocal magnetotransport in the
superballistic regime may stimulate theoretical discussion of
the quantum hydrodynamic fluids with finite viscosity.
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