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In 1929, Felix Bloch suggested that the paramagnetic Fermi sea 
of electrons should make a spontaneous transition to a fully 
magnetized state at very low densities, because the exchange 
energy gained by aligning the spins exceeds the enhancement 
in the kinetic energy1. However, experimental realizations of 
this effect have been hard to implement. Here, we report the 
observation of an abrupt, interaction-driven transition to full 
magnetization, highly reminiscent of Bloch ferromagnetism. 
Our platform utilizes the two-dimensional Fermi sea of com-
posite fermions near half-filling of the lowest Landau level. 
We measure the Fermi wavevector—which directly provides 
the spin polarization—and observe a sudden transition from a 
partially spin-polarized to a fully spin-polarized ground state 
as we lower the density of the composite fermions. Our theo-
retical calculations that take Landau level mixing into account 
provide a semi-quantitative account of this phenomenon.

The ground state of a dilute system of electrons has long been a 
topic of theoretical fascination, because it represents a prototypical 
system with strong correlations1–4. At low densities, the interaction 
energy dominates over the kinetic energy, thereby enhancing the 
importance of electron correlations. Wigner famously predicted 
an electron crystal at very low densities2, the search for which has 
driven many exciting developments. In another seminal paper1, 
Bloch predicted that electrons should spontaneously magnetize 
at low densities, because the gain in exchange interaction energy 
due to the alignment of all spins outweighs the increase in kinetic 
energy. It is convenient to characterize the system with the dimen-
sionless parameter rs, the average inter-electron distance in units 
of the effective Bohr radius (equivalently, rs is also the ratio of the 
Coulomb to Fermi energies). For a two-dimensional (2D) electron 
system, sophisticated quantum Monte Carlo calculations4 indicate 
that such a transition should occur when rs exceeds 26, followed 
by another transition to a Wigner crystal state for rs > 35. For 2D 
electrons, we have rs = (me2/4πℏ2εε0)/(πn)1/2, where m is the elec-
tron effective mass, ε is the dielectric constant and n is the electron 
density. Achieving a very dilute 2D electron system with low dis-
order, however, is extremely challenging. For example, in a GaAs 
2D electron system (m = 0.067m0 where m0 is the free electron mass 
and ε = 13), rs ≃ 26 corresponds to a density of n ≃ 4.6 × 108 cm−2, 
which is indeed very difficult to attain5,6. In GaAs 2D hole systems 
(m ≃ 0.4m0), large rs values can be reached more easily; in fact, 
hints of Wigner crystal formation near rs ≃ 35 have been reported7. 
However, partly because of the strong spin–orbit interaction, 
extraction of the spin susceptibility and polarization of 2D holes is 
not straightforward8.

Although the spin polarization of interacting 2D electrons has 
always been of great interest, it was thrust into the limelight in the 

1990s in the context of the enigmatic metal–insulator transition in 
dilute 2D carrier systems6–13. Numerous experiments revealed that 
spin and valley polarization in 2D carrier systems plays an impor-
tant role in the temperature dependence of conductivity. There 
were even reports that the metal–insulator transition is linked to 
the full spin-polarization transition (for reviews see, for example, 
refs. 9,10). However, in a nearly ideal (single-valley, isotropic, very 
thin) 2D electron system confined to a narrow AlAs quantum well, 
it was observed that the spin susceptibility closely follows the results 
from the Monte Carlo calculations up to the highest experimen-
tally achieved rs (of ~10) and, importantly, remains finite as the 
2D electron system goes through the metal–insulator transition at 
rs ≃ 8 (ref. 11). It is fair to say that an experimental observation of the 
transition to full spin polarization, as manifested, for example, by 
a divergence of the spin susceptibility or a sudden increase in the 
Fermi wavevector, has been elusive so far12–14.

We report here the observation of a sudden, Bloch-type, 
interaction-driven transition to a fully magnetized ground state in 
a 2D system of composite fermions (CFs) near Landau level filling 
factor ν = 1/2 as their density is reduced. These exotic, fermionic 
quasiparticles form in 2D electron systems exposed to a perpen-
dicular magnetic field (B), and each is composed of two magnetic 
flux quanta and an electron15–17. Although of a collective origin, CFs 
behave like ordinary fermions in many respects. At ν = 1/2, having 
absorbed two flux quanta, the CFs act as if there is no external mag-
netic field and occupy a metallic Fermi sea state with a well-defined 
Fermi wavevector16,17. Their Fermi sea and cyclotron orbits at small 
effective magnetic fields (B* = B − Bν = 1/2), and quantized energy lev-
els at larger B*, have been observed experimentally17. In our study, 
we probe the CF Fermi sea via geometric resonance measurements. 
The key idea is that when a weak, 1D periodic perturbation is applied 
to the 2D electron system, if the CFs can complete a cyclotron orbit 
without scattering, then they exhibit a geometric resonance when 
their orbit diameter equals the period of the perturbation (Fig. 1a). 
Such a resonance provides a direct and quantitative measure of the 
wavevector of the CFs16–22.

Our samples are 2D electron systems confined to 
modulation-doped, GaAs/AlGaAs heterostructures (grown by 
molecular beam epitaxy). The 2D electron density ranges from 
10.16 to 2.20 in units of 1010 cm−2, which we use throughout this 
Letter. In this density range rs is 1.7–3.7 (see Methods for more 
details). We use a back gate to tune the density. In our geometric 
resonance measurements, we impose a small periodic density mod-
ulation, the estimated magnitude of which is less than ~0.5% (see 
Methods). As illustrated in Fig. 1a, this is achieved by fabricating a 
1D, strain-inducing superlattice with period a ≃ 200 nm on the sur-
face of a lithographically defined Hall bar22.
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Figure 1b–e highlights our key experimental finding, showing 
the evolution of the CF Fermi sea and measured densities of CFs 
with majority (n"

I
) and minority (n#

I
) spin, normalized by the total 

electron density n, as n is varied. (Throughout this Letter, CF param-
eters are denoted by an asterisk.) At high densities (n > nc2 = 4.2), we 
find that CFs are fully spin-polarized, that is, n" ¼ n

I
. This is consis-

tent with previous reports17–27. As is well documented experimen-
tally and theoretically17,26,27, at high densities, or equivalently high 
B, when the ratio (α) of the Zeeman energy (EZ = gμBB) to Coulomb 
energy (EC = e2/4πεε0lB, where lB = (ℏ/eB)1/2) exceeds a critical value 
(αc ≃ 0.01), the CFs are fully spin-polarized. In our samples, nc2 = 4.2 
corresponds to α ≃ 0.01, in very good agreement with what is 
expected. As we lower n below 4.2, CFs lose their full spin polar-
ization; this is also in accordance with previous measurements. 
Now, as the density is lowered even further, if the CFs are assumed 
to be non-interacting, one would expect the spin polarization to 
continue to decrease. There is no reason for the CFs to become 
fully spin-polarized again, because α = EZ/EC is further decreased. 
However, as the density is lowered to nc1 = 3.51, CFs make a sudden 
transition back to a fully magnetized state. At even lower densities, 
the CFs remain fully magnetized. We attribute this transition to a 
Bloch-type, interaction-driven transition to a ferromagnetic state.

Next we describe how we deduce the degree of spin polarization 
for the CFs from geometric resonance measurements. When the CFs 
experience a small B*, they orbit in a circular cyclotron motion with 
a radius of R

c ¼ _kF=eB


I
, the size of which is determined by the 

magnitude of the CFs’ Fermi wavevector, k�F
I

. If the CFs have a suf-
ficiently long mean-free path so they can complete a cyclotron orbit 
ballistically, then a geometric resonance occurs when the orbit diam-
eter becomes commensurate with the period (a) of the perturbation 
(Fig. 1a). Quantitatively20–22, when 2R

c=a ¼ iþ 1=4
I

 (i = 1, 2, 3, ...), 
geometric resonances manifest as minima in magneto-resistance at 
B
i ¼ 2_kF=eaðiþ 1=4Þ
I

. Thus, k�F
I

 can be deduced directly from the 
positions of B�

i
I

. Using the measured k�F
I

, we can extract n"
I

 and n#
I

 
from the relation kF ¼ ð4πn";#Þ

1=2

I
.

In Fig. 2, we focus on the densities close to nc1 and nc2 (Fig. 1c,d) 
and show representative magneto-resistance traces, each exhibit-
ing well-developed geometric resonance features flanking a deep, 
V-shaped minimum at ν = 1/2. The traces in Fig. 2a, which show 
magneto-resistance over a large range of ν, attest to the high sam-
ple quality as evinced by the presence of fractional quantum Hall 
states, such as ν = 1/3 and 2/3, even at very low densities. In Fig. 
2b we zoom in very close to ν = 1/2, and show the traces as a func-
tion of the effective magnetic field seen by the CFs, B* = B − Bν − 1/2. 
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Fig. 1 | Evolution of the spin polarization of CFs as a function of electron density. a, Our experimental technique to probe the density of CFs, with a 
lateral surface superlattice of period a inducing a periodic density perturbation in the 2D electron system (2DES). When the cyclotron orbit of the CFs 
becomes commensurate with the period of the perturbation, the i = 1 geometric resonance occurs. b, Schematics of CF energy versus the wavevector. 
Cuts at the CF Fermi level (E�F

I
) lead to circular Fermi contours, as shown in the insets (the units for k[110] and k½�110

I
 are 108 m−1). These panels capture 

the evolution of the CF Fermi sea from fully magnetized to partially magnetized, then back to fully magnetized as we lower the density. Black and red 
contours denote the ↑-spin and ↓-spin CFs, respectively. The areas encircled by these Fermi contours yield the densities n"

I
 and n#

I
 of CFs with majority 

and minority spins, respectively. c, Measured n"
I

 and n#
I

, normalized to n, plotted against n. At large n, the CFs are fully spin-polarized, that is, n"=n ’ 1
I

. As 
the density is lowered below nc2 ≃ 4.2, the full spin polarization is lost and n"=n<1

I
. However, at even lower densities, n ≤ nc1 = 3.51, the CFs experience an 

itinerant transition to a fully spin-polarized state. Filled and open squares represent data from two samples from different wafers. d, A magnified view of 
the yellow band (nc1 < n < nc2) where the CFs are partially spin-polarized. Typical error bars (±4%) are also shown. e, Resistivity (ρxx) at ν = 1/2 versus n for 
CFs. The pronounced minimum in ρxx in the yellow band signals that the CFs are partially spin-polarized in this density range (see Supplementary Section 
II.1 for details).
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The geometric resonance minima are clearly seen in these traces 
at ∣B*∣ ≃ 0.2–0.5 T. In each trace, we mark the expected field posi-
tions of the i = 1 CF geometric resonance (blue dots) assuming a 
fully spin-polarized CF Fermi sea. Note that, when CFs are fully 
spin-polarized, their density was found experimentally to be 
the minority carrier density (electrons for ν < 1/2 and holes for 
ν > 1/2)22. The expected positions marked by the blue dots in Fig. 2b 
traces are based on this assumption.

Starting from the highest density (uppermost trace, Fig. 2b), 
we note that the observed minima match the expected positions 
very well. This trend is seen in all the traces in the range n > nc2. At 
lower densities, when nc1 < n < nc2 (yellow band, Fig. 2b), however, 
the observed positions of the geometric resonance minima devi-
ate from the B

i¼1
I

 expected for fully spin-polarized CFs and move 
closer to ν = 1/2. Notably, at n = 3.69 and slightly lower densities, 
we observe two i = 1 geometric resonance minima on the B* > 0 
side of ν = 1/2 (Fig. 2b). We associate these two minima with the 
i = 1 geometric resonance of CFs with different spins, and plot the 
deduced n"

I
 and n#

I
 in the yellow bands of Fig. 1c,d. Note that the 

sum of n"
I

 and n#
I

 equals the total density, as expected. (Note also 
that the double minima are observed primarily on the B* > 0 side of 

ν = 1/2; we do not know the reason for this asymmetry.) As detailed 
in Supplementary Section II, we have additional evidence for the 
partial spin polarization of CFs in the range nc1 < n < nc2. The evi-
dence includes geometric resonance data taken in tilted magnetic 
fields (Fig. 3 and Supplementary Fig. 3) and also the observation 
of a pronounced minimum in the resistivity of the CFs at ν = 1/2 in 
the density range nc1 < n < nc2 (Fig. 1e and Supplementary Fig. 2).  
The minimum is consistent with the enhanced screening of the 
disorder potential when the CFs are partially spin-polarized (see 
Supplementary Section II.1 for details).

The most important finding of our data is captured below the 
yellow band in Fig. 2b. When the density is lowered below 3.52, the 
traces near ν = 1/2 suddenly become simple again and, most nota-
bly, the positions of the observed geometric resonance minima on 
the two sides of ν = 1/2 agree very well with the expected B

i¼1
I

 for 
fully spin-polarized CFs (blue dots). This observation provides 
direct and quantitative evidence that CFs at very low densities make 
a sudden transition to a fully magnetized state. We summarize  
the measured B

i¼1
I

 as a function of n in Fig. 2c. Figure 2c illustrates 
that starting from the highest density and down to nc2, B

i¼1
I

 fol-
lows the blue curves, which denote the expected B

i¼1
I

 for full spin 
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Fig. 2 | Geometric resonance features of CFs near ν = 1/2. Magneto-transport traces, all taken at T = 0.30 K, are shown. In each panel, the traces are offset 
vertically for clarity and the electron densities, n, in units of 1010 cm−2, are given for each trace. a, Data plotted against 1/ν for three densities, one in each of 
the three regions (n > nc2, nc1 < n < nc2 and n < nc1), showing well-developed fractional quantum Hall states. Traces taken from the section patterned with an 
a = 190 superlattice exhibit CF geometric resonance features near ν = 1/2, as demonstrated by the resistance minima flanking ν = 1/2 (marked by arrows). 
The unpatterned section (magenta) traces show no such features. The upper panel shows a schematic of the Hall bar and a representative scanning 
electron micrograph of the superlattice used in our measurements. b, Evolution of CF geometric resonance features near ν = 1/2 with density. Blue dots 
mark the expected positions for the i = 1 geometric resonance for fully spin-polarized CFs. The yellow band in each panel indicates the nc1 < n < nc2 region, 
where the CFs are only partially spin-polarized, and the locations of the CF geometric resonance minima (marked by vertical arrows) deviate from the 
blue dots. c, Bi¼1

I
 of CF geometric resonance plotted against n. The dotted blue curves show the expected Bi¼1

I
 as a function of n for fully spin-polarized CFs. 

Black and red squares denote the CF geometric resonance features corresponding to the two ↑ and ↓ spin species, respectively.
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polarization. For nc1 < n < nc2, B
i¼1
I

 deviates gradually from the blue 
curves (see the yellow band), indicating a loss of magnetization. 
Finally, below nc1, B

i¼1
I

 suddenly aligns with the blue curves, signal-
ling a Bloch-like transition to full spin polarization.

The experimental results described in Figs. 1–3 prompted us to 
perform a detailed theoretical investigation of the spin physics of 
the CF liquid at ν = 1/2 as a function of density. If one neglects the 
effect of Landau level mixing and considers an ideal 2D electron 
system with zero layer thickness, then both the inter-CF interac-
tion and the CF kinetic energies are proportional to the Coulomb 
energy, which is the only scale in the problem. In this case, the tran-
sition from a fully spin-polarized state to a partially polarized state 
occurs at a density-independent value of EZ/EC and, as seen in the 
following, no Bloch transition occurs at ν = 1/2 as a function of den-
sity. The transition seen at ν = 1/2 is therefore probably driven by 
Landau level mixing, which alters the residual interaction between 
CFs in a complicated manner. The parameter rs characterizes the 
strength of Landau level mixing; for ν = 1/2 we have rs = 2κ, where 
κ = EC/ℏωc is the standard Landau level mixing parameter.

We incorporate Landau level mixing through the non-perturbative, 
fixed-phase, diffusion Monte Carlo method28 (see Supplementary 
Section V for details). This method has been employed previously 
to study the role of Landau level mixing on spin polarization of 
the fractional quantum Hall states29 and the stability of the crys-
tal state at low fillings28,30. We assume zero layer thickness—this 
should be a good first-order approximation because the transverse 
wavefunction in the heterojunction geometry is narrow, and also 
because corrections due to Landau level mixing are more important  
than finite-width corrections for the parameters of interest. The 

calculated changes (Supplementary Section V.3) in the energies per 
particle for the fully spin-polarized and spin-singlet CF Fermi seas, 
ΔEp(rs) = Ep(rs) − Ep(0) and ΔEs(rs) = Es(rs) − Es(0), respectively, are 
shown in the inset of Fig. 4. It is notable that Ep decreases faster than 
Es with increasing rs, which is what causes the Bloch transition.

A direct comparison with experiment requires a consideration 
of EZ. In the Stoner model of itinerant ferromagnetism3, which con-
siders a contact interaction between oppositely spin-polarized CFs, 
the fully spin-polarized state is predicted to occur (Supplementary 
Section V.4) for EZ≥Ecrit

Z  4ðEp � EsÞ
I

, where Ecrit
Z
I

 is the criti-
cal Zeeman energy. From our diffusion Monte Carlo calcula-
tion (inset, Fig. 4) we estimate Ep(rs) − Es(rs) = Ep(0) − Es(0) − γrsEC 
with γ = 0.0012(2), which gives Ecrit

Z ðrsÞ ¼ Ecrit
Z ð0Þ � 4γrsEC

I
. With 

Ecrit
Z ð0Þ ¼ 0:022EC

I
 taken from an earlier calculation27, the result-

ing Ecrit
Z ðrsÞ
I

 lies in the shaded red region in Fig. 4. A phase transi-
tion occurs when EZ, shown by the solid blue line, crosses Ecrit

Z
I

. Our 
calculation admits the possibility of two transitions in the vicin-
ity of rs ≈ 2.8, which corresponds to n ≈ 4.2 × 1010 cm−2 for param-
eters of GaAs. Given the various approximations and assumptions 
made in our model and the microscopic diffusion Monte Carlo 
calculations, and given that Ecrit

Z
I

 depends sensitively on very small 
energy differences (which are merely a fraction of 1% of the ener-
gies of the individual states), our theory should be considered 
only semi-quantitative, but it brings out the qualitative physics 
underlying the Bloch transition of CFs. The analysis presented in 
Supplementary Section V.4 shows that transitions at the experimen-
tally observed densities nc1 and nc2 can be obtained by fitting the 
values of γ and Ecrit

Z ðrs ¼ 0Þ
I

, which are in reasonable proximity to 
those obtained from the microscopic calculation.
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minima marked by arrows. However, in the presence of a sufficiently large B∣∣ (see the θ = 50° trace), the two minima on the B* > 0 side disappear and 
are replaced by a single minimum whose position aligns with the expected position for fully spin-polarized CFs. The position of the geometric resonance 
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See Supplementary Section II.2 for more details. The cartoons above the panels elucidate the effect of B∣∣.
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For EZ = 0, which can, in principle, be achieved by application of 
hydrostatic pressure, theory predicts a fully spin-polarized state for 
rs > 4.6(6) (Fig. 4). One may ask why the Bloch transition for CFs 
should occur at a relatively small value of rs (compared to rs ≈ 26 for 
electrons). The value of rs where the Bloch transition occurs for CFs 
is determined by a complex interplay between the inter-CF interac-
tion, a remnant of the Coulomb interaction between electrons, and 
the CF kinetic energy. Intuitively, one factor that reduces the critical 
rs for CFs is their large mass (compared to the electron band mass), 
which diminishes the importance of the CF kinetic energy.
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Fig. 4 | The critical Zeeman energy EcritZ
I

 as a function of rs or n 
for fixed filling factor ν = 1/2. Note that n and rs are related as 
n  ð32:8=r2s Þ ´ 1010

I
 cm−2 for parameters appropriate for GaAs 2D electron 

systems. All plotted energies are normalized to the Coulomb energy 
(EC). The horizontal orange line shows EcritZ

I
 without Landau level mixing, 

whereas EcritZ
I

 with Landau level mixing lies in the red region (indicating 
the statistical uncertainty in our diffusion Monte Carlo calculation). The 
system is predicted to be fully spin-polarized when the Zeeman energy EZ 
(blue line) exceeds EcritZ

I
. These results admit the possibility of two phase 

transitions in the vicinity of rs ≈ 2.8 or n ≈ 4.2 × 1010 cm−2. The inset shows 
ΔEp(rs) = Ep(rs) − Ep(rs = 0) and ΔEs = Es(rs) − Es(rs = 0), respectively, that is, 
changes in the energies (per particle) of the fully polarized and spin-singlet 
states as a function of Landau level mixing, obtained by extrapolating the 
energies of finite-size systems to the thermodynamic limit (Supplementary 
Section V.3). The calculated behaviour, ΔEp(rs) − ΔEs(rs) ≈ −γrsEC with 
γ = 0.0012(2), is used to determine EcritZ

I
, as explained in the main text. LLM 

refers to Landau level mixing.
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Methods
Our samples are 2D electron systems confined to modulation-doped GaAs/
AlGaAs heterostructures grown by molecular beam epitaxy. The 2D electron 
systems are buried 190 nm under the surface to ensure good sample quality. They 
have densities (n) ranging from 10.16 to 2.20 in units of 1010 cm−2, which we use 
throughout. The low-temperature mobilities (μ) of our samples are in the range 
1.1–0.5 in units of 107 cm2 V−1 s−1, which are very high and therefore favourable to 
ballistic transport of CFs. This is a necessary condition for observing the geometric 
resonance features. For our measurements, Hall bar samples were fabricated using 
standard photolithography techniques, and alloyed InSn contacts were used to 
contact the 2D electron systems. The samples comprise multiple Hall bar sections, 
each of length 100 μm and width 50 μm. Via electron-beam lithography and using 
a calixarene-based negative electron-beam resist, we patterned the sample surface 
with strain-inducing superlattices perpendicular to the current direction. Thanks 
to the piezoelectric effect in GaAs, the periodic strain from this surface superlattice 
propagates to the 2D electron system and leads to a small density modulation. The 
availability of multiple sections enables us to study different superlattice periods 
in the same sample. The different sections are patterned with periods ranging 
from 190 to 225 nm. Finally, we fitted each sample with an In back gate to tune the 
electron density.

The measurements were carried out in a 3He cryostat with a base temperature 
of 0.3 K by passing current (I = 10 nA, 13 Hz) perpendicular to the density 
modulation. Note that we injected a very low measurement current to avoid 
polarizing the nuclear spins, which might introduce an effective nuclear field 
to our 2D electron system, thus affecting the electron Zeeman splitting25. We 
also checked the up and down magnetic field sweeps and did not observe any 
noticeable hysteresis. Such absence of hysteresis is indeed expected from a system 
of CFs. In that context, it is important to note that CFs, by necessity, require a finite 
magnetic field to emerge. When the CFs become fully spin-polarized, it makes 
most sense that the direction of their aligned spins is determined by the direction 
of the applied magnetic field. Therefore, as we sweep the magnetic field about 
ν = 1/2 (or the position of the geometric resonance features), one would not expect 
magnetic domains or hysteresis. We also stress that the relevant magnetic field for 
the spin polarization of the CFs is the total applied magnetic field B (ref. 17), which 
is always non-zero, and not the effective field B* (which passes through zero as one 
goes from ν > 1/2 to ν < 1/2).

Next we discuss the periodic potential modulation, which we impose on 
CFs for geometric resonance measurements. The strength of this modulation 
depends on the depth of the 2D electrons from the surface and the period of the 
superlattice. For periods shorter than the depth of the 2D electrons, the higher 
harmonics of the potential modulation are attenuated, resulting in a weaker 
modulation amplitude (see ref. 31 and references therein). Following the same 
analysis as in ref. 31, we can obtain a reasonable estimate of the strength of this 
periodic modulation. We normalized the superlattice period to the depth of the 
2D electrons (190 nm for our samples) and then compared it to the 2D electrons at 
135-nm depth used in ref. 31. The strength of our 190-nm-period modulation turns 
out to be less than 0.5%.

We stress that the period of the superlattice required to observe clear geometric 
resonance features depends on the electron density and the depth of the 2D 
electron system. This is because the CFs are fragile and require a very gentle 
modulation to exhibit clear geometric resonance features32. In our samples, the 
depth of the 2D electron system is fixed and equals 190 nm. On the other hand, 
we tune the density by applying voltages to the back gate. Therefore, to observe 
clear geometric resonance features in all the densities in our experiments, we use 
superlattices of different periods depending on the electron density. For densities 
down to n ≃ 7.05, we observe clear geometric resonance features for a = 225 and 
200 nm. For lower densities we use a = 200 nm (for n ≃ 6.99 to 5.34) and a = 190 nm 
(for n = 5.57 to 2.26) to ensure an appropriate modulation.

Extended Data Fig. 1 presents magneto-resistance traces for the sample 
patterned with a = 190 nm for four different densities in the ranges n > nc2, 
nc1 < n < nc2 and n ≤ nc1 and compare them with the corresponding unpatterned 
(reference) section of the Hall bar. Although small, the impact of the 
periodic modulation created by the a = 190 nm superlattice manifests in the 
magneto-resistance traces as a V-shaped minimum at ν = 1/2, flanked by minima 

on both sides of ν = 1/2, which signal the geometric resonance of CFs with the 
periodic potential (upper traces in Extended Data Fig. 1). On the other hand, 
as seen from the lower traces in all four panels of Extended Data Fig. 1, the 
unpatterned section exhibits no such features flanking ν = 1/2. We note that 
the V-shaped minimum at ν = 1/2 in the a = 190 nm traces, that is, the positive 
magneto-resistance around half-filling, is attributed to open orbits of CFs, 
analogous to the open orbits of carriers in the classical magnetic breakdown 
mechanism21,22.

Finally, as seen in Fig. 2b, the traces show pronounced geometric resonance 
minima on the ν < 1/2 (B* > 0) side down to very low densities (n ≃ 2.7). Therefore, 
we can extract the location of the geometric resonance minima on the ν < 1/2 
side with good accuracy. On the other hand, at densities below n ≃ 2.7, and 
especially on the ν > 1/2 (B* < 0) side, the CF geometric resonance minima are less 
pronounced. Therefore, to accurately extract the B

i¼1
I

 for n ≲ 2.7, we perform a 
simple background subtraction process. We emphasize that this extraction process 
is done for densities n ≲ 2.7 that are well below n = nc1 where the Bloch transition 
occurs. Therefore, it has no bearing on our conclusions.

Data availability
Data that support the plots within this paper and other findings of this study are 
available from the corresponding author upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Comparison between the patterned and unpatterned sections of the Hall bar. Comparison between the patterned and unpatterned 
sections of the Hall bar. a-c, Magneto-resistance traces for four densities, taken in the patterned (a = 190 nm) and unpatterned sections, are shown. Traces 
are vertically offset for clarity. While we observe clear geometric resonance minima flanking ν = 1/2 in the traces taken from the section patterned with 
an a = 190 superlattice, the unpatterned section traces do not exhibit any such features, as expected. The cartoons in the upper panels show the spin 
configurations for different densities.
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