The
University
s Of

)

2" Sheffield.

This is a repository copy of Resistance hysteresis in the integer and fractional quantum
Hall regime.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/205923/

Version: Published Version

Article:

Peraticos, E. orcid.org/0000-0001-7881-6462, Kumar, S. orcid.org/0000-0002-5195-0175,
Pepper, M. et al. (5 more authors) (2023) Resistance hysteresis in the integer and
fractional quantum Hall regime. Physical Review B, 107 (20). 205307. ISSN 2469-9950

https://doi.org/10.1103/physrevb.107.205307

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
| university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt S://e I"IntS.WhlterOSG.aC.Uk/




PHYSICAL REVIEW B 107, 205307 (2023)

Resistance hysteresis in the integer and fractional quantum Hall regime
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We present experimental results where hysteresis is observed depending on the magnetic field sweep di-
rection in the integer quantum Hall regime of a high-mobility two-dimensional electron system formed in a
GaAs/AlGaAs heterostructure. We analyze the results based on the screening theory and show that the anoma-
lous effects observed stem from the nonequilibrium processes resulting from the formation of metal-like and
insulator-like regions due to direct Coulomb interactions and the dissipative nature of the Hall bar together with
the scattering-influenced contacts. Furthermore, the hysteretic behavior is shown for the integer filling factors
v =1, 2, and 4 and for certain fractional states at the longitudinal resistance. We argue that the nonequilibration
is not only due to contacts, in contrast, but also due to the nature of the finite size dissipative Hall bar under

interactions and Landau quantization.
DOI: 10.1103/PhysRevB.107.205307

I. INTRODUCTION

The hysteresis phenomena have been intensively studied
and usually attributed to nonequilibrium ferromagnetic ma-
terials related to the spin polarization of the nucleus or the
charge carriers. A similar ferromagnetic hysteresis has also
been observed in the integer and fractional Hall systems [1-9]
realized using low-dimensional electron systems. One of the
most exciting charge carrier systems is the two-dimensional
electron system (2DES), which three Nobel Physics prizes
have praised, including the ordinary 2DES induced at 3D
heterostructures yielding the integer and fractional quantum
Hall effects IQHE/FQHE) [10,11] and solely 2D mate-
rials such as graphene [12]. These phenomena have been
discussed and studied within the context of various theo-
retical frameworks like dynamic nuclear polarization (DNP)
[8,9], presence of spin-glass [6], quantum Hall ferromag-
nets [2—4,6], the presence of nonequilibrium currents (NECs)
[1,5,13] among others which take into account the formation
of compressible (metal-like) and incompressible (insulator-
like) strips [7,14]. In the cases mentioned above, hysteresis
flows either clockwise or anticlockwise, depending on the
quantum state. Whereas in conventional ferromagnets, hys-
teresis flows in an anticlockwise direction.
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In this paper, the hysteretic behavior is discussed within the
screening theory of the quantum Hall effect. On the one hand,
the well-appreciated and utilized gauge-invariant theories
[15—-17] assume adiabaticity in charge transport. However, the
magnetic field (B) sweep direction dependency is a nonequi-
librium phenomenon and can not be handled within the frame
of adiabaticity. On the other hand, the theories which take into
account the finite size effects, such as physical boundaries,
yield Landauer-Biittiker type edge picture [18]. Here, the
2DES is assumed to be dissipationless and the equilibration
processes occur at the contacts. This picture cannot describe
nonequilibrium processes taking place at the dissipative Hall
bars. In contrast with the local probe experiments [19-21],
Landauer-Biittiker edge states are coupled to the source-drain
and probe contacts without scattering. Hence, the edge-state
picture explains the observed hysteresis via the non-Ohmic
behavior of the contacts due to impurities influencing the
transport. However, the sweep direction-dependent observa-
tions lack a clear description once the current amplitude ex-
ceeds the linear response regime, [22,23] where the imposed
current affects the formation of the edge reconstruction, par-
ticularly at the fractional quantum Hall effect regime [24,25].

This nonlinearity reflects itself in B sweep direction and
equilibration processes. Here we investigate the observed
hysteresis within the nonlinear and nonequilibrium frame of
screening theory. This theory stems its rationale from the
vital link between the momentum ¢ and frequency w de-
pendent dielectric function €(g, w) and the density of states
(DOS, D(E)). Namely one considers a time-independent, i.e.,
w — 0, external potential Vgx(q) and the screened potential
Vser(g) 1s given by

VExt (fI)

Vser(q) = Q) ,

ey
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FIG. 1. The device geometry is shown with the figure on the
left showing the whole Hall bar structure with the dark yellow rect-
angles being the Ohmic contacts. The bright yellow structures are
titanium/gold optical gates used as contacts with the split gates and
top gates, shown in a zoomed-in figure on the right. The Hall bar
has a width of Wy = 80 um, and the length is Ly = 1800 um. The
split gates (shown in yellow) are 700 nm apart and have a width of
400 nm. The top gate (dark brown) is separated from the split gates
via PMMA.

where €(g) =1+ %ﬁ@) is explicitly dependent on DOS

and k (~12.4 for GaAs) is the dielectric constant of the
heterostructure. Hence the quantization emerging from the
magnetic field inevitably alternates the screening properties of
the 2DES from linear (without magnetic field) to strongly non-
linear [7,26-29]. Investigating the observed hysteresis within
the screening theory framework improves our understanding
of the formation of incompressible strips (ISs) and their link
to spin-related phenomena. It is crucial to emphasize that
screening theory can handle both the contacts, disorder and
nonequilibrium phenomena up to a reliable extent [7,22,30].

II. SAMPLE AND METHODS

In the present work, we performed magnetotransport mea-
surements on a GaAs/Alj33Gag¢7As heterostructure grown
by molecular beam epitaxy. The two-dimensional electron
system (2DES) is formed at the GaAs/AlGaAs interface at
approximately 100 nm from the surface of the heterostructure.
The electron carrier density was calculated in the dark (light)
tobeny = 1.6 x 10" cm~2 (4.45 x 10'"! cm~2) and its mobil-
ity of i, =0.37 x 10% cm? V=1 s71 (1.05 x 105 cm? V=1 s71).
The purpose of controlled illumination was to tune carrier
concentration and mobility of 2DES, and suppress the pos-
sibility of parallel conduction by photoexcited low-mobility
carriers [31]. The Hall bar formed on the heterostructure has
split gates and a top gate fabricated using lithographic meth-
ods. The split-gates are isolated from the top gate via a thin
poly (methyl methacrylate) (PMMA) layer. Their widths are
400 nm, and the gap between the split gates is 700 nm, as seen
in Fig. 1. The width of the Hall bar is 80 um, and a length of
1800 wm. The contacts used to measure the Hall resistance,
R,,, are separated by 300 um, whereas the contacts used to
measure longitudinal resistance R, are 1080 um apart. As for
the split-gate used for the data presented in this paper, it is
located 230 wm from the left R,, contact and 850 um from
the right R, contact. In addition, the split-gate voltages Vi,
used for the measurements are given in Fig. 1 in Ref. [25].

When the top gate was not used, it was left floating in these
measurements.

All measurements were performed at 10 mK, unless stated
otherwise, within a dilution refrigerator. We use the four-
terminal lock-in amplifier method to measure the longitudinal
and transverse resistance. The excitation current was set to
10 nA at 77 Hz unless otherwise stated.

III. THE MODEL

The quantum Hall effect has been the subject of experi-
mental and theoretical studies in many fields, not only as a
means of standardizing resistance units [32]. The effects are
also rich in spin-related properties, such as the ferromagnetic
spin ordering [2—4,6], spin transitions at the FQHE [4,33,34]
and skyrmionic spin excitations [35,36]. These experiments
present the hysteretic-like behavior at the longitudinal mag-
netoresistance. However, their origin is still disputed and not
well understood. For hyperfine interactions, the relaxation
time is assumed to be approximately T > 25 s, and the spin-
orbit interactions are considered the primary cause [8]. On the
other hand, the Ising model is considered to be the origin
of the observed phenomena, e.g., spin-glass [6] and quan-
tum Hall ferromagnet behavior [2,4]. Since all the theories
rely on the bulk picture of the QHEs and spin polarization,
they are somewhat challenged at finite size samples where
unpolarized states like v =2 and 4 also show hysteresis.
Similar to the bulk or localization picture of the QHE, these
theories consider an unbounded system or periodic boundary
conditions, which can not be justified in our experiments.
Therefore finite-size effects and direct Coulomb interactions
should be included. However, the indirect Coulomb interac-
tions, i.e. exchange and correlation, may enhance spin-orbit
coupling. Hence, a detailed theory is valuable in uncovering
the hysteresis effect observed and reported here.

This section introduces the mainframe of the screening
theory [26-29] and discusses our results within this frame as a
possible origin of the hysteresis observed. A very similar hys-
teresis observed in a bilayer electron system is well explained
by this model, which also takes into account nonequilibrium
processes due to the formation of metal-like compressible
and insulator-like incompressible strips (CSs and ISs, re-
spectively) [7]. The model predicts a clear link between the
existence of ISs and the overshoot effect and is shown explic-
itly in Refs. [25,37]. It was shown that the “well-developed”
ISs form at the plateau regime, and the position of the ISs and
the potential distribution change depend on the magnetic field
strength B. By “well-developed,” we mean that the widths of
the ISs (Wis) are more extensive than the thermodynamical
length scales, such as the Fermi wavelength (Ar) and quantum
mechanical length scales like the magnetic length (£z). In this
regime, the insulator-like incompressible strips can decouple
the Hall probe contacts, and the resistance is quantized [29].
However, once the widths of the ISs become narrower than
the Fermi wavelength, either due to thermal activation or
driven by the electrical force resulting from the Hall potential
gradient, it is possible to scatter electrons across these strips.
Hence the Hall resistance quantization is smeared out, and
the longitudinal resistance no longer approaches zero at finite
temperatures. Such underdeveloped ISs manifest themselves,
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FIG. 2. (a) The positions and the widths of the incompressible
(dark, blue) and compressible (light, yellow) regions together with
the Hall resistance [solid (red) line] as a function of the magnetic
field, B. (b) The illustration of the compressible [light (yellow)
region] regions and probe contact (grey, dark) for magnetic field
interval I. (c) The quantized Hall plateau is observed since an in-
compressible stripe at the edge decouples the rest of the sample from
the probe contact, interval II. (d) At the plateau’s high magnetic field
edge, the entire bulk becomes incompressible, interval III.

together with the inter-Landau-level scattering, as resistance
overshoot at the Hall resistance [25,37]. A similar scattering
process occurs when one considers the longitudinal resistance,
as hysteresis. In the case of longitudinal resistance anomaly,
namely, hysteresis, the sweep direction plays a key role. In
early experimental investigations of the equilibrium processes
regarding the ISs, the equilibration time scales are measured
to be as long as 24 hours [14]. Hence, the equilibration time
scales of the ISs are much longer than the time scales of
the magnetic field sweep rate. Given the long relaxation time
scale, one can reliably consider the system in hand to be
Markovian (history-dependent). Therefore one should con-
sider the system’s previous state to understand the data [7].
Also, this long timescale indicates that neither the DNP nor
the electron spin polarization can account for the observed
hysteresis reported here.

The essential field sweep direction dependency of the
measured resistance can be understood in forming the in-
compressible regions (depicted by (light, yellow) within the
sample. In contrast, the compressible regions are depicted in
the dark (blue), Fig. 2. Understanding the evolution of the in-
compressible strips as a function of magnetic field and sweep
direction is essential. We start from the low magnetic field side
of a plateau: First, the 2DES is at a complete compressible
state where electron screening is nearly perfect, the region I
in Fig. 2(a) corresponding to the case of compressibility is
demonstrated in Fig. 2(b). Hence the potential distribution at
the bulk of the sample is flat due to the entire compressibility
of the 2DES, resulting in a metal-like good screening. The
grey regions depict the metallic probe contacts in Fig. 2. The
contacts are in equilibrium with the 2DES, i.e., electrically
and thermodynamically. Hence the system is in equilibrium,
and hysteresis is expected.

The bulk becomes incompressible at higher fields of an
ideal (potential fluctuation-free) sample. In contrast, the edges

are compressible, as shown in Fig. 2, i.e., region III and
illustrated in Fig. 2(d). The scheme mentioned above is the
typical behavior observed by local probe experiments [20,21],
and predicted by the screening theory calculations [25,29,38].
The lower part of Fig. 2 demonstrates the coupling of the
probe contacts (grey region) to the compressible [light (yel-
low) region] and incompressible (dark, blue, region) regions.
In all cases, the probe contacts are in equilibrium with the
compressible region in their close vicinity. However, in re-
gions II and III, the incompressible edge strips (II) or bulk
(II) decouple the contacts from the inner regions from the
transverse (Hall) probe contacts. As shown in our previous
work, this results in an overshoot effect [25].

Here, we utilize the screening theory considering the
anomaly (the observed hysteresis) in the longitudinal resis-
tance and, in comparison, approaching the Hall plateau from
low B. Hence, equilibration can take place quickly. Further-
more, an increase in B results in narrow ISs barely decoupling
the probe contacts. In contrast, while approaching the same
part of the Hall plateau from higher fields, there already exists
a well-developed ISs at the edges, which essentially decou-
ples the probe contacts fairly well, preventing equilibration
processes. By this qualitative discussion, we can explain the
following consistently: (1) no hysteresis behavior can be ob-
served at the low field edge of the Hall plateau and (2) the
hysteresis can not be observed at the very high field of the
plateau. More importantly, the observed hysteresis is related
to the equilibration processes through the ISs, which depend
on their widths.

IV. RESULTS AND DISCUSSION

In this section, we present our experimental observations
and discuss them in the frame of the close relationship be-
tween the overshoot effect [25,37] and the magnetoresistance
hysteresis. It is important to recall that the well-developed
incompressible strips [i.e., W;s > Ap > £p)] presume zero re-
sistance in the longitudinal direction at zero temperature since
scattering is suppressed due to vanishing density of states
(DOS) at the Fermi energy. On the other hand, these in-
compressible strips decouple transverse contacts due to their
high quantum capacitive properties, again due to the vanish-
ing DOS at the Fermi level. Here, we first show the strong
correlation between the overshoot effect [Fig. 3(a)] and the
longitudinal resistance measurements with resistance hystere-
sis noticed while varying the magnetic field B, Fig. 3(b). It
should be noted that although illuminating the sample can in-
duce parallel conduction [31], and it could be thought that the
nonvanishing R,, is a consequence of this. However, the fact
that R, does not deviate from its quantized values, as in our
case, the contribution from parallel conduction may be ruled
out. As the constrictions are narrow in this device, it is thought
that inter Landau scattering takes place at the longitudinal
transport, whereas Hall probes are well decoupled from each
other yielding a well-developed Hall resistance quantization.
Additionally, as discussed in Ref. [25], the absence of v = 3
is due to the fact that the evanescent regimes of the incom-
pressible strips overlap and therefore the overshooting effect
takes place whereas for the v = 5 and 7, the incompressible
strips do not overlap with the evanescent regime over other
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FIG. 3. (a) R,y vs B where the two-way arrows indicate the
transverse resistance anomalies for the corresponding integral and
fractional states. (b) R,, vs B where the black dashed lines indicate
the corresponding location of the ISs for the integral and fractional
states.The solid red trace is the R,, measured for an increasing B
(dB/dt = 46 T/h) and the red dashed trace is the R, measured
for decreasing B (dB/dt = —6 T/h). The mismatch between the
two traces creates noticeable hysteretic features at v = 1 and 2. The
numbers indicated are the corresponding filling factors. Vi, = V,, =
ov.

strips, therefore, no overshooting occurs for these plateaus. In
Fig. 4, the hysteresis is noticed predominately for the integer
v = 1, 2, and 4, see insets of Fig. 4. However, we also observe
a hysteretical behavior for a fractional state, in inset (a). The
hysteresis follows a clockwise direction and is at the center
around the B values, using the self-consistent screening theory
described in Ref. [25]. The vertical black dashed lines focus
on B intervals at the insets of Fig. 4. Moreover, in the con-
sidered B intervals, the hysteretic behavior presents the most
prominent part of the loop corresponding to the area of the
widest ISs for the v related to it. In inset (a) of Fig. 4 an
anticlockwise loop also appears. This hysteretic loop, how-
ever, seems to be centered around a B value where a fractional
filling factor, vy, would be expected, although no minimum
point in R, appears. Furthermore, by increasing the operating
temperature, 7 and the bias current, I, more hysteresis loops
that correspond to fractional states appear, with varying loop
directions.

Specifically, in Figs. 5 and 6, we show the arrow direc-
tions. We observe that some of these loops start with an
anticlockwise/clockwise direction but then change to clock-
wise/anticlockwise loops as T increases until they eventually
smear out. Similarly, for the integer v, the loops smear
out with increasing 7', but they retain their clockwise loop
direction until they disappear. The clockwise flow of the hys-

70
N
53
é 4
20 - / q
10 -
TN/
W . dB/dt<0 —-—-
OO 2 4 6 8 10 12

B(T)

FIG. 4. R, vs B where the solid red trace is the R,, measured
for an increasing B (dB/dt = +6 T/h) and the red dashed trace is
the R,, measured for decreasing B (dB/dt = —6 T/h). The mis-
match between the two traces creates noticeable hysteretic features
atv = 1, 2, and 4. The black dashed lines indicate the corresponding
location of the ISs for the integral and fractional states, aligning with
the hysteretic feature. Insets (a)—(c) show the zoomed-in parts of the
traces where we observed hysteresis. V;, =V, =0 V.

teresis for the integer v is in agreement with data obtained in
Refs. [1,2,7,8]. As for the varied presence of clockwise and
anticlockwise flowing hysteresis for fractional valued v, this
also seems to agree with Refs. [3,4,6,8]. In addition, we note
that the hysteretic areas decrease in size fromv =1tov =4
following the decrease of the width of the ISs [25].
Remarkably we observe that the shape of the hysteresis
alters as the temperature increases and extends to higher
magnetic fields, as presented in Fig. 6 for both v = 2 and 4.
Such alteration could be due to the ISs breakdown and there-

100

——0.45K ---~

FIG. 5. The variation of R,, vs B, where the hysteretic features
for v =1, 2, and 4 are shown for different temperatures from BT to
2 K. The solid color traces are for increasing B (dB/dt = +6 T/h)
and the dashed color traces are for decreasing B (dB/dt = —6 T/h).
The traces were offset vertically for clarity by +5 kQ. V,, =
Vie=0V.
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42 46 5 54 58 62
B (T)

FIG. 6. R,, vs B, where the zoomed-in temperature dependence
of the hysteretic features for v = 4 and 2 are shown in the left and
right plots, respectively. The solid color traces are for increasing B
(dB/dt = +6 T/h) and the dashed color traces are for decreasing
B (dB/dt = +6 T/h). The traces for the left diagram were offset
vertically for clarity by +2.5 k2 and the one on the right by +5 k<.
Vie=Vig=0WV.

fore entering an evanescent regime, namely Arp > Wig > £p.
Hence, the current is leaking between the ISs and therefore
altering the system’s current distribution profile. As a direct
consequence, scattering effects are enhanced. Furthermore,
notice that for v = 3, we do not observe hysteresis. The
fact that multiple evanescent ISs are overlapping explains the
nonobservation of the hysteresis at this particular v as opposed
tov =1, 2, and 4, see Ref. [25]. This approach also explains
the phenomenon we observe only for these v, since they are
the widest of all the ISs, especially for v =1 and 2 and to a
lesser extent for v = 4 as it is barely visible on a larger scale.

We performed a set of measurements where we kept the
temperature of the system constant at BT (~10 mK) and var-
ied the bias current from 10 to 4550 nA, as shown in Fig. 7. We
noticed an interesting behavior for increasing current values
as opposed to the temperature measurements, the hysteretic
behavior for v = 1 extends to higher B values, however for
v = 2 and 4, the opposite occurs, that is the hysteretic loop
becomes clearly defined as a closed-loop, see Fig. 7. As
seen from Fig. 7(b), the plateau regarding v = 1 is also the
first plateau to breakdown as opposed to the v = 2 and 4,
which become well defined with increasing current similar
to the fractional ISs breakdown. Therefore no overlapping
of evanescent ISs takes place. Additionally, as the current
increases for v = 1, a large tilt in the potential landscape takes
place, leading to an increase in the size of the hysteresis and
leading to a “breakdown regime,” see traces for I = 640 to
1200 nA, where the hysteresis alters its shape. At 2140 nA,
the local temperature of the electron gas increases signifi-
cantly, stemming from the current leakage (via Joule heating)

(@) 200 —4B/gt> 0 v=1
_______ dB/dt <0 v=2 4550nA | -
160 2140 nA .
1200 nA
7,
120 640 nA -/’/
¢ 4
o 80 -
(b)
g
3
>
B3
x

FIG. 7. (a) R, vs B, where the hysteretic features for v = 1, 2,
and 4 are shown for different bias currents at constant BT. The solid
red colored traces are for increasing B (dB/dt = +6 T/h) and the
dashed color traces are for decreasing B (dB/dt = —6 T/h). The
traces were offset for clarity by 420 k<2. (b) The plot of R,, vs B for
different sample currents. The dashed black lines show the evolution
of the stated v. dB/dt = £6 T/h and offsetted by + 2 kQ. V,, =
Vie=0W.

that occurs while ISs are entering the evanescent regime and
leading to the significantly diminishing hysteresis in size and
is at a fragile state. Similarly, in a less notable manner, this
occurs for both v =2 and 4, where the hysteresis increases
with increasing current but then starts to weaken due to local
heating. Eventually, for I = 4550 nA, the hysteretic loops
for v =2 and 4 disappear. For v = 1, though, there seems
to be an anomalous form of hysteresis forming as we further
increase the current to 4550 nA. The anomalous form occurs
only for v = 1, which could be due to excessive current caus-
ing asymmetry in the system and thus the breakdown of the
QHE.

Furthermore, in an additional measurement, we applied
split gate voltage, V;, and investigated the hysteresis pattern
and varied V,, from 0 to —2.81 V, which is close to the
pinch-off value of the quasi-1D channel [25]. The current and
the temperature were constant at / = 10 nA and BT, respec-
tively. As can be noticed in Fig. 8, the area of the hysteretic
loops increases exponentially as the 1D channel is more con-
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FIG. 8. R, vs B, where the hysteretic features for v = 2 are
shown for different V,, at constant BT and / = 10 nA. The solid color
traces are for increasing B (dB/dt = +6 T/h) and the dashed color
traces are for decreasing B (dB/dt = —6T/h). V,, =0 V.

stricted, or strongly confined. It should be noted that although
the split gate voltage changes, the position of the hysteresis
points does not change. This may be due to the fact that their
location depends on the 2DEG density, and perhaps not on
the 1D constriction width. However, the density of electrons
within the constriction does affect the incompressible strips;
with negatively increasing split-gate voltage the incompress-
ible strips are being forced closer together thus increasing the
hysteretic behavior. Similarly, we observe an enhancement in
the hysteretic area while keeping the V;, constant at —2.12 V
and by varying the V,, from 0 to —0.70 V for v =1 and 2
(Fig. 9). We think that the enhanced hysteresis by negatively
increasing Vi, and V,, could arise from the scattering effects
as discussed in the literature [1,5,9].

A seemingly recent theory using incompressible and com-
pressible states by Budantsev et al. [1] is following the
screening theory and explains the data presented in this paper.
This theory proposes that as the magnetic field is varied, an az-
imuthal electric field is induced in the system, causing a radial
current density between the edges of the sample and the center
[1]. This mechanism, in turn, creates a radial electric field,
driving nonequilibrium currents (NECs). The constrictions,
though defined in Ref. [1] were achieved lithographically
rather than with electrostatic methods. However, the effects
are translational. Therefore, for dB/dt > 0, the electric field
vortex creates an electron outflow from the edge to the bulk,
decreasing the area occupied by the incompressible strip and
the ISs retreat from the edge of the mesa. Consequently, as
the barrier height of the constriction increases by negatively

——dB/dt>0
77777 dB/dt < 0 1
150 — 250 —
125 200 Vi =-0.70 V
100 150
90 120
75 " 95 7 Vg =-052V
60 70
60 90
g 55
< 50 =T 70 7 V=035V
© 45 50
45 70
35 = 55 = Vi =-0.18V
25 40
25 60
20 ”’_/’/ 40 == Vtg:-0.00V
15 20
4.3 4.7 51 8.0 9.0 10.0
B (T)

FIG. 9. R, vs B, at fixed V;; = —2.12 V and varying the V;, from
0.00 V to —0.70 V. The left-hand side shows the evolution for v = 2
and the right one for v = 1. The solid color traces are for increasing
B (dB/dt = +6 T/h) and the dashed color traces are for decreasing
B (dB/dt = —6 T/h).

increasing Vi, the opposite edge channels are brought closer
together, leading to a higher backscattering and finally an
increase in resistance which is also noticed in our results [1].
When dB/dt <0, the electric field formed drives electrons
from the bulk into the sample edges, resulting in the incom-
pressible strips occupying more space and shifting closer to
the mesa edges. Therefore the opposite edge currents move
further away from each other compared to the equilibrium
state which reduces the backscattering taking place and so the
resistance is suppressed [1].

The mechanism for the clockwise direction of the hys-
teresis is a consequence of the rapid movement of the ISs
positions as well as intense backscattering taking place with
dB/dt > 0 [1]. Taking into account the suppression of
backscattering due to the well-developed ISs, Siddiki er al.
[7] elaborate that the presence of ISs makes it difficult for the
system to follow rapid changes in the potential distribution
and the ISs positions as current-carrying edge states are not in
direct equilibration with the Ohmic contacts. A slight change
in B results in a rapid change in the potential distribution.
However, the screening response of electrons is retarded (due
to their poor screening properties at an IS), manifesting as
the hysteretic effect. This mechanism would also explain why
we see the hysteretic loop centered on the B values, which
correspond to the position at which the IS has the largest
thickness. In addition, this could illustrate why the hysteresis
is almost at its widest part at these B values. Additionally this
explains why the hysteresis is larger for v = 1 than v = 2 and
v = 4 in that order.

However, it is still unclear why the fractional states seem
to have anticlockwise and clockwise behavior in their hys-
teresis. A possible explanation was provided by Wald et al.
[9], suggesting that the clockwise behavior is due to spin-flip
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FIG. 10. Minor hysteresis loops enveloped by the main hysteresis loop achieved when measuring R,, vs B [(a)—(c)] for v =2 and [(d) and
(e)] for v =1. All plots were measured at a rate of dB/dt = £6 T /h except for (b) at &2 T/h. For (a), (b), and (d), the minor loops are formed
by increasing B to a fixed B, and then decreasing B to form a minor loop, and for (c) and (e), the minor loops are formed by decreasing B first
and then increasing it to form a minor loop. V;, = —2.12 V and V,, = —0.70 V.

backscattering, and the opposite behavior is due to spin-flip
forward scattering. However, the limitation with this explana-
tion is that it only works if there is a quantum point contact,
QPC, which causes scattering effects. In our case, these be-
haviors are noticed for the fractional states even when no
constriction is present, as is for the case of the temperature and
current dependence measurements in Figs. 5-7. The presence
of overlapping evanescent ISs from the fractional and integral
v could be a possible reason behind this. Therefore, with the T
increasing, the leakage increases, and therefore we notice that
the clockwise hysteresis supersedes the anticlockwise behav-
ior due to one type of scattering occurring more abundantly
than the other between the ISs.

Another measurement was conducted by pausing B while
being on the hysteresis curve and then sweeping B in opposite
direction as can be seen in Fig. 10. In the case of Figs. 10(a),

10(b) and 10(d), minor concurrent loops within the main hys-
teresis loop were formed by stopping the forward sweeping
B, say at 4.6 T, reversing the B sweep direction, forming the
dotted-green curve, and then stopping B at the initial point
of hysteresis curve at 4.2 T. This process is repeated, and
the next minor loop in dotted-red curve is formed when the
forward B sweep was interrupted at around 4.7 T. For the
cases of Figs. 10(c) and 10(e) the opposite occurred, the minor
loops were formed while B sweep was decreasing along the
reverse section of the hysteresis loop. In both cases, we notice
that there are two regimes, ® and @. On the change of B,
that is from increasing/decreasing to decreasing/increasing,
the system seems to enter a phase where the R, values
change rapidly, as in @, but the system then seems to enter a
slow R, changing phase, indicated by ®@. This phase change
was also studied for various dB/dt rates of +£6 T/h and
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£2 T/h, as seen in Fig. 10, though without any noticeable
change.

V. CONCLUSION

We investigated the anomalous hysteretic behavior in the
longitudinal magnetoresistance of the 2DES formed in a
GaAs/AlGaAs heterostructure. We analyze the results based
on the screening theory and show that the anomalous effects
appear from the nonequilibrium processes resulting from the
formation of compressible and incompressible strips within
the 2DES and the dissipative nature of the Hall bar. Our results

give further insight into the observation of nonequilibrium
phenomena, in particular, the anomalous magnetoresistance
hysteresis at certain integer as well as fractional filling factors,
which we hope will generate further interest in the field.
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