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We present a detailed experimental study of the effect of Landau level mixing on various FQHs about half
filling in a multiband system, namely Bernal stacked trilayer graphene. In pristine TLG, the excitation energy
gaps, Landé g-factor, effective mass, and disorder broadening of the odd-denominator FQH states are identical
to their hole-conjugate counterpart. This precise PH symmetry stems from the lattice mirror symmetry that
precludes Landau-level mixing. Introducing a non-zero displacement field D disrupts this mirror symmetry,
facilitating the hybridization between the monolayer-like and bilayer-like Landau levels. This inter-band cou-
pling enhances the Landau level mixing factor η and activates three-body interactions – both of which explicitly
break the PHS of FQHs. As a result, various conventional FQHs are completely destabilized, offering a route
to explore such mixing effects on FQHs in a controlled way. We establish that the PHS breaking in TLG is of
extrinsic origin and is fundamentally distinct from the intrinsic, interaction-driven symmetry breaking observed
in the lowest Landau levels of single-layer and bilayer graphene.

Introduction – The Fractional Quantum Hall (FQH) effect,
observed at ultra-low temperatures in minimally-disordered
two-dimensional semiconductors subjected to a perpendicu-
lar magnetic field B, is characterized by simultaneous van-
ishingly small longitudinal conductance Gxx and quantized
transverse conductance Gxy = νe2/h [1, 2]. The parameter
ν = n/nϕ, a rational fraction, is the topological invariant of
the FQH phase [3]. Here, n is the areal charge carrier density,
and nϕ is the areal density of flux quanta threading the ma-
terial. Several characteristics of this correlated incompress-
ible FQH fluid phase can be understood through a framework
that transforms the highly interacting electrons (by associating
with them an even number of vortices) into weakly-interacting
excitations, known as composite fermions (CF) [4–6]. The CF
experience an ‘effective’ magnetic field Beff = B/(2p± 1),
with p = ν/(1 − 2ν) = ±1,±2,±3... . Away from half-
filling of the Landau levels, this process effectively maps the
νth FQH state of electrons into the pth integer quantum Hall
(IQH) state of the CF [4, 7–9].

A fundamental property of FQH phases is particle-hole sym-
metry (PHS) [10–13]. Without Landau level (LL) mixing,
the Hamiltonian of the two-dimensional electron gas can be
projected into a single LL; the other LLs can be neglected
as being completely full or empty. The extent of LL mix-
ing is parameterized by η = Ec/Ecyc. Ec = e2/4πϵϵ0lB
is the Coulomb interaction energy scale, lB =

√
ℏ/(eB) is

the magnetic length, ϵ is the dielectric constant of the medium
and Ecyc is the cyclotron energy gap [4, 6, 14–16]. η is a
measure of the probability that electrons in a partially occu-
pied LL can make a virtual hop to adjacent LLs. Single-LL
projection is quantitatively accurate if η < 2. In such a sys-
tem, the Hamiltonian for FQH states ν = N + p/(2p + 1) is
related to those for ν = N+1−p/(2p+1) by an anti-unitary
transformation and have identical energy scales [13, 17, 18].

For materials characterized by a parabolic energy dispersion
(e.g., semiconductor quantum wells, bilayer graphene), η ∝
B−1/2 [4, 6, 14–16]. Conversely, for systems with a linear
dispersion (like single-layer graphene), η = e2/(ϵvfℏ) is in-
dependent of B (vF is the Fermi velocity); one can tune η
instead by varying ϵ [19]. Despite its obvious significance to
a complete understanding of FQH in graphene, experimental
studies of the effect of a controlled enhancement of LL mixing
on various FQHs is lacking.

In this article, we first establish the PHS of FQH states around
half-filling in a system characterized by linear energy disper-
sion and then demonstrate the effect of Landau level mixing
on these FQHs through an external parameter in a controlled
way. Since electron-electron interactions are PHS, the tuning
parameter must be band structure or chemical potential [20].
We choose ABA-stacked trilayer graphene (TLG) as the ma-
terial platform, which hosts both monolayer-like (MLL) and
bilayer-like (BLL) bands (Fig. 1(a)). Mirror symmetry be-
tween the outer layers protects these two bands from mixing
(Supplementary section 17). Applying the perpendicular dis-
placement field D breaks this symmetry and induces mixing
between them [21–24], enabling precise control of inter-LL
spacing and, consequently, η [22, 23, 25–27] (Supplemen-
tary Figure 7). Our experiments reveal PH symmetry of FQH
states around half-filling when inter-LL spacing is large (η is
small). As D reduces this inter-LL spacing (leading to en-
hanced η)- a distinct set of FQHs gradually disappear. Cal-
culations of the LL spectrum versus interlayer potential ∆1,
corroborated by direct measurements of η, we attribute this
behavior in TLG over a specific range of D stems from inter-
band Landau level mixing, which amplifies the role of three-
body interactions – a factor known to explicitly affect the
FQHs strongly[13, 14, 19, 28]. Interestingly, TLG offers a
unique platform to explore the effects of three body interac-
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tions effects explicitly on a broad range of FQHs which re-
mained elusive in previous studies.

ABA TLG, mechanically exfoliated on SiO2 devices, encap-
sulated between single-crystalline hexagonal boron nitride
(hBN) (Inset of Fig. 1(c)), were prepared using the dry-
transfer technique [29–33]. Dual graphite electrostatic gates
were used to simultaneously tune the number density and the
displacement field D. The distinct BLL and MLL bands are
apparent from the Landau fan diagram in Fig. 1(b); the data
were measured at T = 0.02 K and D = 0 V/nm. Multiple
LL crossings (marked by the shaded region) originate due to
zeroth-LL LL0

M of the MLL band crossing several BLL LLs
[24]. We present the data from two different devices Device 1
had mobility ∼ 620, 000 cm2V−1s−1 while Device 2 had mo-
bility ∼ 1, 100, 000 cm2V−1s−1. Data from another device
is presented in Supplemental Materials. Fig. 1(c) is the plot
of Rxx and Gxy versus the filling factor ν at B⊥ = 12 T,
T = 0.02 K, and D = 0.1 V/nm. The dips in Rxx and
plateaus in Gxy identify the FQH states. These FQHs orig-
inate from the LL0+

M LL (Fig 1(a)).

PHS at small values of D – Fig. 2(a) shows plots of the lon-
gitudinal resistance Rxx as a function of the filling factor ν at
B = 11 T for several representative temperatures. With in-
creasing p, the temperature range over which the FQH states
are discernible shrinks, consistent with the predicted depen-
dence of the FQH gap on p. The disappearance of the particle
and hole states at very similar temperatures suggests the pres-
ence of PH symmetry around ν = 3 + 1/2.

We quantify the PH symmetry through the ac-
tivation energy gaps extracted using the relation
Rxx ∝ exp(−|∆Eν |/2kBT ). Representative plots of
the Arrhenius fits are shown in Fig. 2(b) (in Supplementary
section 5 for other B values). Plots of |∆Eν | versus Beff

for FQH transitions between ν = 3 and 4, ν = 2 and 3 are
shown in Fig 2(c) and Fig 2(d). The measured gaps exhibit a
reflection symmetry around Beff = 0, confirming PHS about
half-filling. The gaps for ν = 12/5, 13/5, 17/5 and 18/5
have a

√
B-dependence (dashed blue lines in Fig 2(c-d)). In

contrast, the gaps for ν = 7/3, 8/3, ν = 10/3 and 11/3 can
be fitted equally well with either a linear B (dotted red lines
in Fig 2(c-d)) or a

√
B-dependence (Supplementary section

14 and End note).

Violation of PHS in the vicinity of Landau level mixing – Next,
we discuss the effect of a finite D field on the FQHs. We
plot the contour plot of Gxx as a function of D and ν in
the range ν = 2 to 6 in Fig. 3(a) and for ν = −2 to −5
in Fig. 3(b). Here, solid lines marks the phase transition be-
tween MLL(bright red color region) and BLL LLs (dark red
color region). The transition follows a sloped boundary, with
D varying as a function of ν, as observed previously [34].
The dashed rectangles highlight the regions where either the
FQHS or its hole-conjugate state is affected significantly over
values of D that are distinct for each LL. Supplementary Ta-
ble 1 provides a comprehensive summary of PH symmetry

violation and lists the FQHS most affected by it in various
filling factors ν.

To understand the origin of this PH asymmetry over specific
D ranges, we simulated the LL spectrum using single particle
tight binding calculations based on the Slonczewski-Weiss-
McClure model [22, 25] with varying potential difference ∆1

between the two outer layers. The resultant Landau spectrum
is shown in Fig. 3(c) for ν = 2 to 6 and in Fig. 3(d) for
ν = −2 to −5. We identify multiple crossings between spin-
split LLs of LL0+

M , LL2+
B (Fig 3(c)) and LL0−

M2, LL1+
B (Fig

3(d)). Each filled symbol in Fig. 3(c-d) denotes a specific LL
crossing, with its counterpart marked in the experimental data
in Fig. 3(a-b) showing one-on-one correspondence. Details of
experimental and simulated LL crossing comparison is shown
in Supplementary section 4.

Having established a definite relation between PHS violation
and LL crossing, we focus on the ν = 3,5 and quantify the ex-
tent of PH asymmetry due to the crossing of LL0+

M and LL2+
B

levels (marked by the filled hexagon and star in Fig. 3(c)).
Fig. 4(a) and (b) shows a map of measured Gxx around the
LL crossing point. The dashed line marks the phase bound-
ary (Dc, νc) of the LL crossing where hole-conjugate FQHs
states (ν = 8/3 in Fig 4(a) and ν = 14/3 in Fig 4(b)) disap-
pear. We find that FQHs disappear consistently in the MLL
LLs. This is true for all crossings observed whereas FQHs in
N = 2 BLL LLs remain robust near the crossing. Such ro-
bustness of FQHs in the N = 2 LL of Bernal stacked bilayer
graphene was observed previously [35]. Our results reinforce
these observations, with additional insight into the robustness
against Landau level mixing. The activation gaps follow the
same trend. Away from Dc, ∆7/3 ≈ ∆8/3 (Fig 4(c)) while
∆8/3 → 0 close to Dc. Here, we have compared the gaps
along the slope phase boundary as Dc depends on ν. This
leads to a constant offset in D values for ∆7/3 and ∆8/3(See
supplementary section 18 for details). Similar trend is ob-
served for ∆13/3,14/3 (Fig 4(d)).

Furthermore, we measured the excitation gap of the ν =
3 and 5 integer quantum Hall phase as a function of D
where |∆E3| = |E(LL2+

B ↑) − E(LL0+
M ↑)| and |∆E5| =

|E(LL2+
B ↓)−E(LL0+

M ↓)| – the data are plotted in Fig. 4(e)
and 4(f). We observe that within the range of D where
|∆E8/3,14/3| ≈ 0, the value |∆E3,5| falls by a factor of 2.5,
indicating a sharp reduction in inter-LL spacing. Note that
our single-particle picture predicts a crossing between these
LLs; in reality, any interaction will lift this accidental degener-
acy, leading to a reduced but finite activation gap at this point.
From the measured |∆E3,5|, we estimate η = Ec/|∆E3,5|.
The results plotted in Fig. 4(g) and Fig. 4(h) show that η(D)
has a maximum in the same region. Similar quantitative anal-
yses for other FQH states are presented in Supplementary Sec-
tion 11.

The simultaneous occurrence of |∆E8/3,14/3 → 0| and sharp
dip in |∆E3,5| within the same narrow window of |D| is strik-
ing. This behavior is consistently observed across multiple
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B values; at each B, the range of D where PH symmetry
is violated matches the ∆1 values where LL overlap is the-
oretically expected (Supplementary Figure 8 and 9). This
concurrence provides compelling evidence of direct link be-
tween D-induced modifications to the Landau level spec-
trum [21, 22, 27] and the observed breakdown of PHS in the
system [19].

Discussion– Near LL crossing, virtual scatterings dominate,
activating three-body interactions. Such interactions im-
pact various FQHs in distinct way: Stabilizing some (ν =
7/3, 11/3, 13/3 in present study) while suppressing others
by reducing their gaps (ν = 8/3, 10/3, 14/3). Near LL
crossing with different spin and orbital indices, the two-
component CFs framework can become relevant and explain
|∆E8/3,10/3,14/3 ≈ 0|: the IQHs of CFs in the filling range
2<ν<3 occur at ν=2+p/(2p+s) and at ν=2+2−p/(2p+s)
for 3<ν<4 [36–39]. In particular, the state at ν=8/3 maps to
p=2, s=−1 and ν=7/3 maps to p=1, s=1 [analogous states
at ν=10/3 and ν=11/3 in the range 3<ν<4 can be mapped
to 8/3 and 7/3, upon hole-conjugation about ν=3] [36–39].
It is possible that the ν=10/3 state, like ν = 8/3, is more sen-
sitive to virtual scatterings than ν=11/3 [whose hole-partner
is ν = 7/3], leading to their disappearance near LL cross-
ings (Supplementary Information, section 11). A similar trend
is observed for ν = 10/3 and ν = 14/3, both of which
exhibit suppression, whereas ν = 11/3 and ν = 13/3 re-
main stable. However, within this scenario, we find signifi-
cant particle-hole asymmetry near LL crossing: ∆Eν0+1/m

differs significantly from Eν0+2−1/m (Supplementary Figure
18). Away from LL crossings, single-component PH con-
jugate pairs (like 7/3 and 8/3) are nicely PH. In addition,
we also rule out the possibility of isospin/spin phase transi-
tions leading to the disappearence of FQHs in two component
framework and attribute the observed collapse solely to virtual
scattering process [34, 40] (See Supplementary section 19).

Conclusion – To summarize, we present evidence of PHS
around half-filling in a multiband system- ABA trilayer
graphene. At low |D|, the MLL and BLL LL remain decou-
pled due to mirror symmetry, suppressing the LL mixing, and
preserving the PH symmetry of FQH states. With increas-
ing |D|, mirror symmetry breaks, and LL0+

M , LL2+
B LLs ap-

proach each other. At large |D| (near crossing between MLL
and BLL LLs), the requirement for PHS – Ec >> |∆Eν |
– breaks down. This enhances the virtual scattering rate and
Landau level mixing parameter η, eventually destroying the
PH symmetry. Increasing D further moves the LLs apart,
reducing η and restoring PHS. Similar PH symmetry viola-
tions are relevant in other systems. Examples of such systems
include moiré heterostructures (where the spacing of Landau
levels originating from the primary Dirac point and the SDP
secondary Dirac points are B-tunable [41–43]), wide quan-
tum wells (where the Landau levels originating from different
sub bands can be mixed either by varying number density or
B [37, 44]), multilayer graphene systems such as tetralayer
graphene (where band structure modification with D enables

control over inter-Landau level spacing [45–47]).
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Figure 1. Device characterization and Fractional Quantum Hall
states in ABA TLG. (a) A schematic band structure of ABA trilayer
graphene in the E−k space at D = 0 V/nm. The green ellipses rep-
resent bilayer-like LLs. The purple discs represent the monolayer-
like LLs. The notation LLα±

M β denotes the LL where M represents
MLL band, α is the orbital index, ‘+’ and ‘−’ represent the K and
K′ valleys and β represents the spin degree of freedom. (b) 2D map
of Rxx in the B and n plane. The rectangular box marks the cross-
ings between the four LL0

M LLs with the BLL LLs. (c) Plots of Rxx

(left y-axis) and Gxy (right y-axis) as a function of filling factor ν at
B = 12 T and T = 0.02 K. The data are from device 1 shown in
inset.
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Figure 2. Particle hole symmetry and activation gaps of FQHs.
(a) Plots of Rxx versus filling factor ν at a few representative T for
D = 0.1 V/nm between ν = 3 and ν = 4. (b) Symbols are the
Arrhenius plots for various FQH states between ν = 3 and 4. The
dashed lines are the fit to the data points using the Arrhenius fit. Plot
of activation gaps as a function of Beff for FQHs between (c) ν = 3
and 4, and (d) ν = 2 and 3. The red and blue dashed lines are linear
and

√
B fits to the data points. The data are from device 1.
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Figure 3. Effect of Landau level mixing on FQHs in ABA TLG
Contour plots of Gxx as a function of D and ν for (a) electron dop-
ing, and (b) hole doping. The data are taken at B = 10 T.Here,
solid lines mark the sloped phase boundary MLL and BLL LL phase
transition. The white dotted rectangles mark the regions of PHS vi-
olation. Simulated Landau level spectrum as a function of interlayer
potential ∆1 and energy E for (c) electron doping and (d) hole dop-
ing. The data are plotted over the same range ∆1 (D) as in (a) and
(b), respectively. The filled symbols indicate LL crossings, which are
also marked in the experimental data. The data are from device 2.
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END NOTE

√
B and B-dependence of gaps: For spinless CF, the en-

ergy gaps separating CF LLs originate from Coulomb inter-
actions [48, 49] and are expected to have a

√
B-dependence;

|∆Eν | = ℏeBeff/meff − Γ. Here, Γ is the disorder-induced
Landau level broadening and meff = αme

√
(2p+ 1)Beff

is the effective CF mass (α is the effective mass parame-
ter and me the mass of free electrons). A linear-B depen-
dence shows the dominance of Zeeman energy (∝ B) over
cyclotron energy (∝

√
B) [50, 51] with relation |∆Eν | =

1
2µBg(2p + 1)Beff − Γ with g the effective Landé g-factor.
Given this ambiguity of the fits, the origin of the gap in the
third and two-thirds states is uncertain (see Supplementary
section 14 for details). The CF effective mass parameter,
Landé g-factor, and the disorder broadening extracted from
the fits show a remarkable PH-symmetry (Supplementary sec-
tion 16).

Comparison of PHS breaking in MLG,BLG and TLG: The ze-

roth LL of monolayer graphene is PH symmetric. Any ob-
served asymmetry typically stems from valley isospin transi-
tions between spin split LLs of LL0+

M and LL0−
M , which stabi-

lize even-denominator FQHs at ν = ±1/2[52, 53]. In bilayer
graphene, the particle-hole symmetry breaking is attributed
to the interaction-induced breaking of intrinsic symmetries of
the system, giving rise to elegant cascaded of iso-spin transi-
tions within the multi-component zeroth LL [34, 54–56]. This
manifests in the formation of Pfaffian phase daughter state at
ν = 1 + 7/13 FQHs near the isospin phase transition [54].

However, the situation in TLG is significantly different:
the wavefunction of the carriers in the LL0+

M is single
particle:|ψM0+⟩ = |0⟩⊛ (|A1⟩−|A3⟩)/

√
2⊛ |K⟩ [24] (Sup-

plementary figure 17) with minimal contribution from valley
isospin transitions even at D = 0 (see Supplementary Figure
7(c)). Increasing D causes the LL0+

M and LL0−
M bands to di-

verge from each other, further ruling out the possibility of D-
induced valley isospin transitions as an agent for PHS break-
ing. The preceding discussion establishes that understanding
the violation of PHS atD ̸= 0 in TLG does not necessitate in-
teractions or related symmetry breaking: instead it is a case
of explicitly broken PHS due to virtual scattering between
LL0+

M and LL2+
B LL or LL1+

B . Such inter-orbital mixing en-
hances the role of three-body interactions, which are predicted
to completely destabilize certain FQHs [15, 19, 36]. While
interaction-driven symmetry breaking may enhance particle-
hole asymmetry in TLG at a finite D, but it is not the pri-
mary factor driving this effect. Note that, unlike in trilayer
graphene, the LL spacing between ZLL and higher LLs in
SLG and BLG is largely fixed by the band structure and is
only weakly tunable with D, making it difficult to probe such
Landau level mixing effects [39, 54].
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