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Abstract – We study many-body interaction eﬀects in the spatially resolved ﬁlling factor (ν)
distribution for higher Landau levels (LLs) via self-consistent Hartree-Fock simulations in the
integer quantum Hall (IQH) regime. Our results indicate a strong, interaction-induced tendency
to avoid the simultaneous existence of partially ﬁlled spin-up and spin-down LLs. Rather, we ﬁnd
that such partially ﬁlled LLs consist of coexisting regions of full and empty LLs. At the boundaries
between the regions of full and empty LLs, we observe edge stripes of nearly constant ν close to
half-ﬁlling. This suggests that the exchange interaction induces a behavior similar to a Hund’s rule
for the occupation of the spin split LLs. The screening of the disorder and edge potential appears
signiﬁcantly reduced as compared to static Thomas-Fermi screening (Chklovskii D. B. et al.,
Phys. Rev. B, 46 (1992) 4026). Our results are consistent with a local, lateral ν-dependence of
the exchange-enhanced spin splitting. Hence, on quantum-coherent length scales as probed here,
the electron system of the IQH eﬀect behaves similarly to a non-interacting single particle system
—not because of the absence, but rather due to the dominance of many-body eﬀects.
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Since its discovery more than 35 years ago [1], the integer quantum Hall eﬀect (IQHE) has attracted considerable
research eﬀort. The discovery of the fractional quantum
Hall eﬀect (FQHE), just a few years later [2], did little to
diminish these eﬀorts and the IQHE still remains an area
of ongoing investigations due to its inherent richness in
quantum phenomena. While the FQHE is often discussed
in terms of quasi-particles (such as composite fermions [3])
in the highly correlated many-particle electron system [4],
it is widely believed that the physics of the IQHE is dominated by single-particle interaction [5]. Up to date the
widely accepted and state-of-the-art model for screening
in the IQHE regime has been developed by Chklovskii,
Shklovskii and Glazman (CSG), who addressed the electrostatics of the edge channel region [6]. Their key ingredient is the diﬀerent screening capability of partially and
fully ﬁlled Landau levels (LLs); instead of getting narrow
quasi–one-dimensional channels [7–9] CSG ﬁnd so-called
compressible stripes (CS) of partially ﬁlled LLs that can

become up to hundreds of nanometer wide. These stripes
are separated by usually narrow, incompressible stripes of
fully ﬁlled LLs. The main result of CSG is that almost the
entire slope of the electrostatic edge potential is screened
out and terraces in the uprising electrostatic edge potential are generated. At the same time the electron density
changes continuously across the CS.
The CSG approach has been very successful in explaining many of the intricate features of IQHE physics [10–12].
However, recent scanning gate microscopy (SGM) experiments by Pascher et al. [13], who investigated edge stripes
passing quantum point contacts at high magnetic ﬁeld,
indicate that the screening behavior within the compressible stripes is much weaker than predicted by the CSG
approach. Their results ﬁt even more closely to a system of non-interacting single carriers. On the other hand,
a recent investigation of the local nature of compressibility in the bulk of a IQHE sample strongly challenges the
existing single-particle theories [14]. Such results raise
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Fig. 1: (Color online) Bare potential for a Hall bar of size
600 × 400 nm2 . An edge conﬁnement potential is created by
repulsive Gaussian peaks of 1 V amplitude at the corners and
in the middle of the longitudinal sides, leaving openings for
current contacts at the ends and voltage probes along the sample. An additional potential disorder of maximally ±10 mV is
generated by randomly distributed Gaussians. This disorder is
color coded onto the surface of the total potential with red representing ∼ −10 mV and blue/purple representing ∼ 10 mV.
The contour plot in the plane also shows this disorder with the
same color scheme and indicative contours.

the question as to whether many-particle eﬀects are indeed eﬀectively absent in the IQHE regime, or, quite the
opposite, whether they are responsible for implying the
physics of almost non-interacting single particles. The answer manifests itself, of course, in the screening properties
of the electron system. The CSG approach is based on
classical electrostatics and many-body exchange eﬀects are
not included. It is possible to add an exchange-enhanced
g-factor as a semi-empirical parameter [15], which, however, might still not be suﬃcient to capture all relevant
many-particle physics. We note that the existence of an
exchange-enhanced g-factor is well known and also widely
accepted [16].
In order to revisit the many-body screening eﬀects of a
two-dimensional electron system (2DES) in the IQHE, we
utilize a) a modeling of the many-particle ground state,
for which we use a fully self-consistent Hartree-Fock implementation discussed in refs. [17–19]; b) we also need
a model for electron transport close to equilibrium while
driving the electron system out of equilibrium. In order to avoid any violation of the physics of coherent
many-particle quantum transport, the model also must
not make explicit use of single-carrier ﬂow. We have
shown previously that our non-equilibrium network model
(NNM) [20] is able to meet these requirements [21,22].
We ﬁnd that partially ﬁlled LLs appear as a mixture of
clusters of locally full and empty LLs in contradistinction
to the Thomas-Fermi approximation by CSG. Stripes of
nearly constant half-ﬁlling exist at the boundaries of these
clusters at higher LLs and serve as transmitting channels for charge transport. Our results can be interpreted
in terms of a laterally varying ﬁlling-factor–dependent

Fig. 2: (Color online) Simulated Rxx (lower traces) and Hall
Rxy (upper traces) as a function of magnetic ﬁeld B for the two
longitudinal and Hall contact pairs plotted in diﬀerent colors.

enhanced g-factor. This reduces screening as compared
to CSG in agreement with the aforementioned experimental observations [13].
We consider a 2DES in the (x, y)-plane subject to a
 = Bez . Within the plane
perpendicular magnetic ﬁeld B
of the 2DES, we create a random, spatially correlated
disorder potential using NI Gaussian-type “impurities” to
model a high-mobility heterostructure. The number of
ﬂux quanta piercing the 2DES of size L × L is given by
Nφ = L2 /2πlc2 , yielding a total number of M = NLL Nφ
states per spin direction. The ﬁlling of the system is characterized by the ﬁlling factor ν = Ne /Nφ , with Ne being
the number of electrons in the system and areal density
n = Ne /L2 . The total
 Landau level density is given by
n0 = eB/h and lc = h̄/eB is the magnetic length.
Figure 1 shows the bare model potential of a Hall bar
structure of total size of 600×400 nm2 that gets ﬁlled with
480 electrons, such that n = 2 × 1011 cm−2 . The solution
of the Hartree-Fock model at temperature T = 1 K for
diﬀerent B ﬁelds delivers values of the local ﬁlling factors
separately for electrons with spin-up and spin-down, i.e.,
ν↑ and ν↓ , respectively. Those are transferred to the NNM
which calculates the lateral distribution of the experimentally injected non-equilibrium electrochemical potentials.
No local quantities such as local conductivities or local
Ohm’s laws are used up to this point, avoiding the (forbidden) possibility to track down the path of the individual
carriers while moving from one current contact to the next.
As can be seen from ﬁg. 2 the obtained longitudinal,
Rxx , and Hall, Rxy , resistances show the expected behavior, exhibiting Hall plateaus while Rxx = 0 and Rxx
peaks in the transition regime between QH plateaus. The
average n = 2 × 1011 cm−2 corresponds to an eﬀective
density of about 2.5 × 1011 cm−2 in the active region of
the Hall sample structure and the peaks and plateau positions get shifted up in magnetic ﬁeld. There appear
strong resistance ﬂuctuations in both Rxx and Rxy close
to each QH transition as has to be expected for quantum Hall structures of mesoscopic size, as known also from
experiments [23].
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Fig. 3: (Color online) Top row: lateral ﬁlling factor distribution of ν↑ for the highest partly ﬁlled LL for the magnetic-ﬁeld
sweep with n = 2 × 1011 cm−2 , shown in ﬁg. 2, (a) at the beginning of the ν = 4 → 3 plateau transition at B = 2.91 T, (b) in
the middle of the plateau transition at B = 3 T (lc ≈ 15 nm), and (c) at the end of plateau transition at B = 3.11 T. The colors
represent the ﬁlling factor, where blue means the ﬁrst LL for ν = 0 → 1, green the second LL for ν = 1 → 2 and red the third,
all for spin-up electrons. The ﬁlling factor range close to ν = 1.5 is highlighted in light gray in order to identify the stripes
appearing close to the half-ﬁlled top LL. The dark gray regions indicate the depleted edges regions with ν ≈ 0 corresponding
to the large conﬁning potentials in ﬁg. 1. Bottom row: lateral non-equilibrium distribution of the injected chemical potential
μ at the corresponding three B-ﬁeld strengths as in the top row. The colors represent μ in arbitrary units with high potential
in dark orange and low potential in dark blue. (We note that channels enter the metallic voltage probes with an incoming
potential and reappear with a possibly diﬀerent potential according to mixing with back-scattered bulk channels. The details
of this mixing in the contacts are not visible in the plot, but handled correctly in the NNM.)

Figure 3 (top row) displays the local ﬁlling factor of the
top spin-up LL during the ν = 4 → 3 plateau transition.
The spin-up level is higher in energy than the spin-down
level and, therefore, depletion starts with the spin-up level
that is initially at ﬁlling factor ν↑ = 2, while for spin-down
we have also ν↓ = 2, giving in total a ﬁlling factor ν = 4.
At the beginning of the plateau transition at B = 2.91 T
(see also ﬁg. 2) the initially completely ﬁlled spin-up LL
starts to break up in sub-regions of ﬁlling factor ν↑ = 2
and regions of ﬁlling factor ν↑ = 1, which gives an average
ﬁlling factor between ν = 4 and ν = 3. This goes on for
the entire plateau transition and the clusters of ν↑ = 2
shrink in size. At the boundaries of the ν↑ = 2 clusters
stripes of the ﬁlling factor close to ν↑ = 1.5 are obtained in
the spin-up LL. In ﬁg. 3 (bottom row) we show the lateral
distribution of the non-equilibrium electrochemical potential μ that is injected at the current contacts and obtained
from the NNM for all three B cases with clockwise chirality. One can see that the potentials are transmitted along
the half-odd integer stripes appearing in ﬁg. 3 (a)–(c). If
the potentials mix up at some locations in the bulk region
this generates dissipation as it is the case in the transition
regime of the IQHE and indicated by the associated color
changes in ﬁg. 3. While this happens only weakly in (a)
for B = 2.91 T and (c) for B = 3.11 T, this mixing appears
to be quite strong for B = 3 T in (b), which represents the

QH transition close to the maximum of the Rxx -peak. We
also observe dissipation at the voltage contacts. This is
most clearly pronounced, e.g., in the upper right and the
lower left voltage contacts in ﬁg. 3(b). We note that the
channels appear to merge into the metallic contact region
and reappear with changed magnitude.
The mechanism for the de-population of the spin-up LL
upon increasing B is now quite clear from ﬁg. 3. Instead
of an overall uniform decrease of the carrier density, we
ﬁnd locally shrinking clusters of fully ﬁlled spin-up LL at
ν↑ = 2 and increasing regions of depleted spin-up LL at
ν↑ = 1, which on average give a continuously decreasing
ν. Therefore, a total ﬁlling factor of, say, ν↑ = 1.5 is made
up by half of the area taken up by clusters of ﬁlling factor ν↑ = 2 and half of the area taken up by regions of
ν↑ = 1. The same happens subsequently if the spin-down
LL gets de-populated, which stays at ν↓ = 2 while depopulating the top spin-up LL. This is quite in contrast
to the CSG model and is purely a result of many-particle
interactions (and does not happen for a Hartree calculation, i.e., without the exchange term). But this suggests
that even a half-ﬁlled LL may provide only poor screening as compared to a Thomas-Fermi–like behavior that
would predict a continuous carrier density variation over
all the sample area. In addition, at the boundaries between clusters of ﬁlling factor ν↑ = 2 and ν↑ = 1 there
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Fig. 4: (Color online) (a) Plot of the g-enhancement factor (alternatively ΔE) as a function of n (and ν). The open (blue) circles
denote the mean and error bars indicate the standard error while closed (red) squares show the median. The dashed line is a
guide to the eye for the mean values. Labels A, B, C, and D are used in the discussion in the text to identify certain behaviours.
(b) Schematic screened edge potential according to CSG including the bare spin splitting (dashed lines); the shaded regions
mark the spin-down/spin-up compressible stripes, respectively. The bold lines indicate the additional ﬁlling-factor–dependent
exchange-driven Zeeman energy if the CS according to CSG were to remain stable. The dotted lines indicate the additional
Zeeman energy after carrier redistribution. Red/blue indicate spin-down/-up as speciﬁed by the arrows. The vertical green
arrow indicates the direction of the B-ﬁeld.

appear terraces of almost constant ﬁlling factor ν↑ = 1.5,
cf. ﬁg. 3 (top row). The width of the half-odd integer
stripes appears to be of the order of the magnetic length
lc . We furthermore ﬁnd two parallel stripes of width lc at
the boundaries between clusters ν↑ = 3 and ν↑ = 2 (not
shown here). This suggests to us that the origin of the
stripes lies in the spatial dependence of the Landau states
similar to what was measured for the behavior of the local density of states [24]. The cluster boundaries and the
boundaries of the fully ﬁlled LLs at the sample edge are
the only regions where the many-particle electron system
can exchange carriers close to equilibrium as in low excitation magneto-transport experiments. As a consequence,
these boundaries are experimentally observed as transport
channels [22].
The observed behavior during population and depopulation results from a tendency of the many-particle
system to avoid the simultaneous appearance of partially
ﬁlled spin-up and spin-down LLs. A similar behavior
would result by applying Hund’s rule, which seems to be
the driving force also for many-particle eﬀects in the QHE
regime. During ﬁlling, electrons continue to be added to
the laterally growing region of the ﬁlled top spin-split LL,
even if its boundary already extends into regions of classically not accessible elevated edge and random potentials.
The process continues as long as possible and, therefore,
the ﬁlling of the next upper level is considerably delayed
at higher carrier densities as compared to single-particle
considerations.
Let us now discuss our ﬁndings using the language of
an enhanced g-factor. In this way, we can make contact
with the single-particle picture by including the majority
of the many-body physics in the renormalized g. We have
studied the energy splitting ΔE = g gspin μB B, where μB

denotes the Bohr magneton gspin ≈ 2 is the bare electron
g-factor, and g its enhancement factor, respectively. Averaging over ΔE between the occupied spin-down and the
unoccupied spin-up states, we can compute g as shown in
ﬁg. 4(a). We see that there is indeed a considerable enhancement with g  1 at odd ν while the enhancement
drops for even ν. This enhancement now implies changes
to the CSG picture as shown in ﬁg. 4(b). Starting from
deep in the bulk, with a Fermi energy F well above the
spin-up LL2 (supposing an insulating bulk), we now see
that upon going towards the edge via ν = 4 → 3, while
keeping the screened edge potential constant and continuously decreasing n (as requested by CSG), the increased
g-value implies a rise in the spin-up level energy shown
as a bold blue line (compare also branch A in ﬁg. 4(a)).
This, of course, is not a stable situation because the uprising spin-up level gets pushed above the Fermi level and
initiates a self-consistent carrier redistribution that leads
to an almost abrupt drop of the ﬁlling factor to the next
lower odd integer ν = 3 while at the same time pushing
up the spin-up level to the maximum g-enhancement at
ν = 3 (as shown schematically by the dotted blue line in
the stripe ν = 4 → 3). According to our interpretation
of the self-consistent HF data, this resembles an almost
step-like increase of the spin-up level at the boundary on
the right side of the originally wide CS stripe, just leaving a narrow stripe of nearly half-odd integer ﬁlling with
g-enhancement according to ν = 3.5 (marked by the narrow dark-shaded blue bar). Conversely, for odd ν = 3 → 2,
the g-enhancement drops, and the two-spin split levels are
getting closer and the uprising spin-down level (bold red
line) accounts for this decrease of spin splitting (see also
branch B in ﬁg. 4(a)). Again the resulting carrier redistribution causes an almost abrupt jump to the next
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lower integer ﬁlling, which in this case is an even value at
ν = 2. Again a narrow half-odd integer stripe in the steplike uprising spin-down level is left (dotted red line and
narrow dark-shaded red bar). Now the g-enhancement almost vanishes until we enter the next CS at ν = 2 → 1
where the whole discussion starts over again on the basis
of branches C and D in ﬁg. 4(a). The only exception is
the fact that such half-odd integer features do not appear
in the lowest LL. The same discussion as done above for
the edge region, of course, also applies for the boundaries
of any clusters in the bulk region, that are caused by the
random potential ﬂuctuation.
Results showing the behaviour of ν↑ and ν↓ upon varying n can be found in the supplement [25] and reconﬁrm
the above arguments. When increasing the temperature
we ﬁnd that the ﬁne features shown in ﬁg. 3 slowly vanish.
Last, the features found at half-odd integer ﬁlling are not
present when we restrict our calculations to include only
the Hartree term [26].
In conclusion, we show that the IQH regime is dominated by many-particle physics that acts towards reestablishing the narrow quasi–one-dimensional channels
of non-interacting single carriers as assumed by the early
quite successful models of the IQHE [7–9]. The most striking fact is that the many-body interactions replace the
plateaus in the edge potential of CSG by narrow half-odd
integer features in the local ﬁlling factor in higher LLs.
The apparent modiﬁcations to the CSG model might have
its reason in the fact that for the reduced system size of
our simulations, that so far is in the sub-micron range,
the CSG model breaks down. The validity of CSG might
hold only for structures that are signiﬁcantly larger where
a smooth average ﬁlling factor is a good representation for
our observed mixture of clusters of full and empty LLs in
the HF results. In this context our model possibly provides
a so far missing link between the quite successful semiclassical CSG approach and the microscopic many-particle
world. However, this aspect is the goal of the ongoing and
future work. Considering the recent developments in locally resolved studies in the QH regime [13,24,27] it seems
likely that the half-odd integer features can be detected
experimentally in the near future.
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