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Tetralayer graphene has shown several interesting properties such as tunable Lifshitz transitions, helical edge states,
and high-temperature anomalous Hall effects. The band structure, which directly relates to these phenomena, has so far
been predominantly determined by fitting Landau-level spectra. Here, by characterizing the electronic capacitance, we
reveal unprecedented details of its band structure: the energy shift between the heavy- and light-mass band edges in the
conduction band is much larger than that in the valence band. Their responses to displacement fields are also distinct:
while the former increases monotonically and significantly, the latter first decreases and then increases slightly. Our results
suggest that the interlayer interactions and hopping parameters are more complex than previously expected, calling for
precise measurements of band structures in various multilayer van der Waals systems.
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1. Introduction

An anomalous Hall effect up to liquid-nitrogen tem-
perature was recently observed in tetralayer graphene, at-
tracting significant research interest in this largely unex-
plored material.[’:*) Compared with the linear/parabolic dis-
persion relation in monolayer/bilayer graphene,l! the com-
plex interlayer interaction leads to many unclarified details in
the band structure of Bernal-stacked tetralayer graphene.[*8]
Briefly, Ref. [4] proposed an effective-mass model based on
the Slonczewski—Weiss—McClure parametrization of graphite,
where the system can be regarded as two bilayer graphenes
with interlayer coupling.! The model was subsequently re-
fined by fitting the Landau-level (LL) spectra to better account
for the relaxed interlayer interaction between the outer and in-
ner graphene layers.!>%! It also successfully explained multi-
ple Lifshitz transitions and helical edge states driven by per-
pendicular electric fields.[*!% Despite these efforts, it remains
unclear whether the fitting parameters accurately describe the
band structure. Characterization using a method beyond the
LL spectra is therefore highly desired.

In this work, by measuring the quantum capacitance, we
reveal that the energy shifts between the heavy- and light-mass
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bands are distinct for the conduction and valence bands. The
former exhibits a much larger magnitude than the latter. While
the shift in the conduction band increases monotonically with
displacement fields, that in the valence band first decreases and
then increases. Our direct thermodynamic characterization of
the band structures demonstrates that the interlayer interac-
tions, and hence the hopping parameters, are more complex
than previously determined, opening opportunities for precise
measurements of band structures in van der Waals systems.

2. Methods

The number of graphene layers was identified by optical
contrast,!'!] and the stacking order of tetralayer graphene was
confirmed by Raman spectroscopy.!!>~13! The device was fab-
ricated using standard dry-transfer methods.!'®-18] All mea-
surements were conducted in a cryostat at a base temperature
of 2 K using lock-in techniques. Figure 1(a) shows the electri-
cal measurement configuration, and we define the carrier den-
sity n and displacement field D as follows:

n= (Cbe +C[V;)/€, (1)
D= (G, —CWV)/(2&)- )
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Here, Cyy,) is the geometric capacitance per unit area between
graphene and the top (back) gate, V() is the gate voltage ap-
plied to the top (back) gate, e is the elementary charge, and &

is the permittivity of vacuum.

3. Results and analysis

Figure 1(b) shows the two-dimensional projection E (k)
of the band structure, where the interlayer potential differ-
ence U =0, i.e., D = 0. Here we used the hopping param-
eters following previous work:’! 1 = 3 eV, 7 = 0.39 eV,
I1=032eV,5=03¢eV,I[3=025¢V, 14 =0.04 eV, I} =
0.032 eV, » = —20 meV, ¥5 = 40 meV, and Spp = 40.8 meV,
where 8ap is the potential difference between dimer and non-
dimer site atoms, Y terms involve one of the surface layers,
and I' terms involve only the inner or “bulk™ layers. Bernal
tetralayer graphene (BTG) undergoes successive Lifshitz tran-
sitions at three characteristic energies (€x, &, and £z), mani-

U=0eV, D=0 V/nm

fested as abrupt changes in Fermi-surface topology with vary-
ing chemical potential.[*]

We first performed systematic transport measurements on
the device. Figure 1(c) shows the four-terminal resistance map
Ryx(n,D) at 2 K and B = 0, where the prominent features are
consistent with previous reports.[l->1 Figure 1(d) shows the
Landau-fan diagram at D = 0 under weak magnetic fields, ex-
hibiting multiple LL crossing patterns originating from two
distinct bilayer-graphene-like band subsystems. The B=1T
magnetotransport phase diagram in Fig. 1(e) reveals the most
prominent quantum oscillations within the electron-doped re-
gion. Figure 1(f) identifies degeneracy factorsof g=1/f =2
(valley-polarized metal) and g = 4 (isotropic metallic phase)
through Fourier analysis of Shubnikov—de Haas oscillations
in the low-field regime (B < 2 T). The observed transport
characteristics collectively attest to the device’s exceptional
quality, thereby motivating the quantum capacitance measure-
ments presented in the following section.
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Fig. 1. Resistance measurements of Bernal-stacked tetralayer graphene at 7 = 2 K. (a) Device configuration. (b) Illustration of the band structure.
(c) Resistance map as a function of carrier density »n and displacement field D. The unfilled symbols correspond to the fixed points (n, D) in
Fig. 3(b). (d) Ry (n,B) at D = 0. Numbers and arrows indicate filling factors. (e) Ryc(n,D) at B=1 T. (f) Fast Fourier transform (FFT)
of Ry.(1/B) (see Fig. S1 for details), measured at the fixed (n, D) points indicated by the corresponding symbols in (e). Data are plotted as
f = fs/(ndy), where fg is the oscillation frequency (in tesla) and Py = &/e is the magnetic flux quantum.

Figure 2(a) illustrates the quantum-capacitance measure-
ment protocol using a capacitance bridge.!'%>?! Initially, ap-

propriate alternating current (AC) excitation voltages Vief and

Vexe are applied to the reference capacitance Cir and the de-
vice, respectively, to balance the bridge. The excitation fre-

quency is 68998.6 Hz and the amplitude is 10 mV (WF1974,
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NF Corporation). The direct current (DC) biases Vr and Vi
control n and D, while V; = —0.05 V and Vg = 4 V (Keithley
2400) are fixed to operate the high-electron-mobility transistor
(HEMT, FHX35X) in its optimal impedance-matching pream-
plifier regime. When equilibrium is disrupted, the resulting
imbalance propagates through the HEMT, modulating the out-
put voltage Vo (lock-in amplifier SR830). Figure 2(b) shows
the capacitance ratio ¥ = C;/Crer as a function of the filling
factor v at D =0 and B =9 T. In the low-frequency limit, x
can be expressed as[?>23!

C A/l 1 G\ ' ¢
s = < b ) FRm L (3)
Cref Cref Ct Cb Cth Cref
11 G\
Co=(—=—+— 4
P (Ct G " ctcb> ’ @

where C; is the device capacitance, Cpt is the reference ca-
pacitance, A is the device area, Cq is the quantum capaci-
tance per unit area of BTG, C, is the penetration-field capaci-
tance per unit area, and Cp,r, is the parasitic capacitance. Fig-
ure 2(b) highlights two distinct quantum capacitance regimes:
X1 (compressible phase) and }» (incompressible state), corre-
sponding to the divergent (Cq — o) and vanishing (Cq — 0)
limits of quantum capacitance, respectively. The finite density
of states (DOS) results in the total device capacitance lying be-
tween these two extremes. Based on yp, X2, and Eqgs. (3) and
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(4), we obtain

x—x1 GG
— . s 5
P -0 G+G ©)
X=X
Co = (CGi+Gy). 6
Q X—x ( t b) (6)

Figure 2(c) displays C, at D = 0 and B = 3 T. Distinct
peaks emerge at filling factors v=4n (n =1, 2, 3, ...), sig-
naling minimized DOS at these quantum Hall states. Notably,
the absence of C, peaks at certain filling factors (e.g., v =12
and 28) indicates enhanced DOS arising from LL crossings.
Incorporating the quantum-capacitance contribution into the
total capacitance, we derive the renormalized carrier density 7
and the chemical-potential shift Ay

y 1/ 1+1 _ldV
n=- —+ —
e) \C " Co B
1 o1\ ! o1\ !
- o 4 av. 7
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Fig. 2. Capacitance measurements. (a) Schematic of the capacitance bridge circuit. The combined signal of Vs and Vr is applied to the device
through a bias tee. The reference capacitor consists of two parallel gold plates (30 x 30 um? surface area, ~ 50 nm thickness) separated by 5 um.
A 100 MQ series resistor prevents current drainage through the ground path of the capacitance bridge. (b) Capacitance ratio y as a function of
filling factor v at D = 0 and B =9 T. The arrows denoted as 1 and y» indicate two extremes. (c) Cp calculated at D = 0 and B =3 T. (d) Quantum

capacitance Cq and chemical potential g at D=0and B=3T.
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Fig. 3. Calibration between resistance and capacitance measurements. (a) Temperature-dependent quantum oscillations at D = 0 and n =
0.87 x 10'2 cm~2. The upper panel shows Ry (1/B), while the lower panel displays the data after background subtraction. (b) Lifshitz—Kosevich
fits (solid lines) to the normalized oscillation amplitudes (symbols) at fixed points (n, D) labelled in Fig. 1(c). (c) LL gaps calculated from %,
(blue) and from Ap based on Ypang and 1.6, at three different D values (hollow circles) as a function of B. (d) Mean and standard deviation
of x within the shaded region (upper panel) are taken as Ypang and 0y, respectively. The chemical potential u (solid black line) is obtained by
integrating Cq, and the accumulated uncertainty from Xpand is represented by the shaded pink region.

Figure 2(d) presents the evolution of Cg and p at D =0
and B = 3 T, correlated with the C, data in Fig. 2(c). The
observed anticorrelation between Cq and C, traces aligns pre-
cisely with the theoretical framework established in Eqgs. (5)
and (6). The chemical potential exhibits a characteristic stair-
case progression during electron filling: (i) Within the 4n
(n=1,2,3,...) LL filling intervals, u evolves gradually due to
the elevated DOS between LLs; (ii) approaching integer filling
factors v = 4n, abrupt variations in  emerge concomitantly
with the formation of LL energy gaps and the subsequent DOS
collapse.

In practice, x; and ), are not appropriate boundary val-
ues for the precise calculation of Cq and u. We define x in the
compressible and incompressible limits as Xpand and Xgap, re-
spectively. The chemical potential we integrate lies on top of a
background of non-constant compressibility, where the noise
level is significant compared with the incompressible peaks.
Thus, taking x; as a global estimate for Xpanq iS not accurate
under different conditions. We instead use a local background

as Xpand for each integration at a fixed D. In the LL gap regime

of BTG, the bulk remains insulating, while topologically pro-
tected conducting edge states emerge along the edges, exhibit-
ing a finite yet non-vanishing DOS. Therefore, Xg.p > X2.
Based on the determination of )Ypang and the discussion
regarding YX,.p, and considering that the LL energy difference
can be independently obtained from both theoretical formu-
las and chemical potential analysis, we determine the appro-
priate Xg.p by systematically adjusting its value to reconcile
the LL energy differences derived from the chemical poten-
tial with those obtained from theoretical formulas. Before
this procedure, we first acquire a crucial parameter: the ef-
fective mass (m*). We select seven fixed points in the energy
gap on the electron side to obtain m*. Figure 3(a) presents
temperature-dependent quantum oscillations at D =0 and n =
0.87 x 10'> cm~2. The upper panel displays R,.(1/B), while
the lower panel shows the resistance after background subtrac-
tion. Lifshitz—Kosevich fitting (black solid line) of the nor-
malized amplitudes of oscillations (black hollow squares) is
shown in Fig. 3(b). The effective masses of these fixed points

are listed, and the mean value of m* is 0.05mqg (my is the rest
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mass of the electron), consistent with our theoretical calcu-
lation for the heavy-mass bands.®l We employ Arp ~ hax,
. = eB/m* to calculate the energy difference between adja-
cent LLs. We find that when Xg,, = 1.6)>, the LL gap cal-
culated from Ap closely matches App, as shown in Fig. 3(c).
The chemical potentials at different D values under magnetic
fields are shown in Figs. S2-S4. In Fig. 3(d), the mean value
and standard deviation of y within the shaded gray region, i.e.,
the local background, are calculated as Ypang and its corre-
sponding uncertainty 6. The calculated chemical potential
U (black solid line) at D = 0.3 V/nm and B =0 T is derived
from JYpang and Xgap. Error propagation in the integration pro-
cess results in accumulated uncertainty (indicated by the gray
shaded region), primarily originating from the uncertainty in
Aband-

Based on the preceding analysis, we present the C,(n,D)
and Cq(n,D) maps in Figs. 4(a) and 4(b), respectively, which
reveal a distinct electron-hole asymmetry. Incorporating di-
electric screening effects, we identify a linear scaling relation-
ship between U and D with D 2 5.6U /t, where t = 1 nm is the
thickness of tetralayer graphene.!®!°1 Figure 4(c) displays the
calculated band structure at D = 0.3024 V/nm, where three
characteristic band gaps emerge: A. (electron-like), Acnp
(charge neutrality point), and Ayl (hole-like). The evolution

0.1

) 0.001
G, (fF/um?) [

of these gap parameters with D is systematically examined in
Figs. 4(d)—4(f), which compare the chemical potential shifts
(Ap) with band structure calculations across different D val-
ues. At the CNP region, theoretical calculations predict the
opening of a small band gap that saturates at ~ 3 meV for
large D.!**! Our results, however, deviate from this trend, and
the observed energy gap is too large for a sample with ~ 1 kQ
resistance at 2 K. We tentatively propose the following expla-
nation: as illustrated in the inset of Fig. 4(d), inhomogeneities
in doping and strain likely cause spatial variations in the Fermi
level across different regions (upper inset), resulting in a finite
DOS at the CNP (lower inset) and a significantly broadened
energy “gap” around the CNP. Notably, this broadening ef-
fect around the CNP is expected to be suppressed in states
with higher carrier densities because of Coulomb screening
by charged impurities. For the electron-doped regime, our ex-
perimental findings show excellent agreement with theoretical
predictions. Notably, the theoretically predicted energy gap
evolution in the hole-doped regime exhibits an almost iden-
tical trend. However, our results display nonmonotonic evo-
lution: the initial gap narrowing below 0.15 V/nm transitions
to a gradual reopening at higher D. The distinct behaviors of
the conduction and valence bands call for a re-examination of
band structure calculations in future work.

10 1000
1

Cq (F/pm?) B U=0.054 eV, D=0.3024 V/nm

0.4 0.4
(a) (b) ()
0.3} sol
0.2F
g E oa1fp ~ TN .
< ~ >
> > of g op Acnp
Q Q b
—0.1F Ro_ost /N |
—0.2F Aholc
_50t
—0.3F
1 1 1 1 1 75 f '
—2 —1 0 1 2 —0.04 —-0.02 0 0.02 0.04
n (10'2 cm™2) n (102 cm™2) k, (A7
(d) 20 (e) 20 (f) 20
—— Ap E \/ \/ \/ —— Apu —— Apu
—o—Theory N A N (um) —o— Theory —o— Theory
z (
15 E 15 15¢
> o N
: 3 £
E 1ot Dos £ 10t £ 10}
2 = 3
9] < £
N 5 5F = 5F
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
D (V/nm) D (V/nm) D (V/nm)

Fig. 4. Distinct energy gaps in the conduction and valence bands. (a) C;, mapping as a function of n and D. (b) Corresponding quantum
capacitance Cq. (c) Calculated band structure at D = 0.3024 V/nm, showing three characteristic gaps: Ae (electron-like), Acnp (charge neutrality
point), and Apgle (hole-like). (d)—(f) Comparison between experimental and calculated energy gaps at different D for the CNP (d), conduction
band (e), and valence band (f). Gray shaded regions represent the uncertainty ranges (error bars).
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4. Conclusion

In this work, we systematically characterized the quan-
tum capacitance of Bernal tetralayer graphene and found that
the energy gaps between the heavy- and light-mass band edges
are distinct for the conduction and valence bands. The gap
in the conduction band is significantly larger than that in the
valence band. Moreover, while the conduction-band gap in-
creases monotonically with increasing displacement field, the
valence-band gap first decreases and then increases. Our di-
rect thermodynamic characterization of the band structure re-
veals that the interlayer interactions — and consequently the
hopping parameters — are more complex than previously de-
termined. These results highlight the necessity of combin-
ing multiple measurement techniques to accurately resolve the
band structures of multilayer van der Waals systems.
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