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Terahertz Landau level spectroscopy of Dirac fermions in millimeter-scale twisted bilayer graphene
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Exotic electronic physics including correlated insulating states and fractional Chern insulators have been
observed in twisted bilayer graphene in a magnetic field when the Fermi velocity vanishes; however, a question
remains as to the stability of these states, which is controlled by the gap to the first excited state. Free-space
terahertz magneto-optics can directly probe the gap to charge excitations, which bounds the stability of electronic
states, but this measurement has thus far been inaccessible due to the micron size of twisted bilayer graphene
samples, while the wavelength of terahertz light is up to 1 mm. Here we leverage advances in fabrication to create
twisted bilayer graphene samples over 5 × 5 mm in size with a uniform twist angle and study the magnetic field
dependence of the cyclotron resonance by a complex Faraday rotation experiment in p-doped large angle twisted
bilayer graphene. These measurements directly probe charge excitations in inter-Landau level transitions and
determine the Fermi velocity as a function of twist angle.

DOI: 10.1103/5s4k-5jtj

I. INTRODUCTION

Over the past decade twisted bilayer graphene (TBG) has
cemented itself as the archetypal moiré material exhibiting
superconductivity [1,2], correlated insulators [3,4], fractional
Chern insulators [5], and a variety of other exotic electronic
phases [6,7] where the interplay of interactions, band geome-
try, and magnetic field dictates the electronic phase. In TBG,
Fermi velocity renormalizes with twist angle [8–11] and leads
to the formation of flat bands at the magic angle of ≈1.1◦
[12–14]. Recently it has been realized that correlated electron
physics is not limited to the magic angle and that it can
occur in Bernal bilayers where there have been observations
of the quantum anomalous Hall effect [15], superconductivity
[16], and correlated insulating states [17]. This has spurred
investigations looking for markers of correlation physics in
the Landau level spectra by transport [18] and infrared spec-
troscopy [19] measurements of these bilayers. Key to the
stability of all phases in bilayer graphene is the gap to ex-
citations and the electronic dispersion (fixed by the value of
the Fermi velocity in TBG): here we fabricate large size, large
twist angle TBG samples and leverage free-space terahertz op-
tics to directly probe the energy of inter-Landau level charge
excitations and to determine the Fermi velocity.

One of the most alluring aspects of TBG is its tunability
by varying the twist angle, through doping, and by apply-
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ing electric and magnetic fields. Within a region around the
charge neutrality point bounded by Van Hove singularities
[20–23], TBG exhibits the linear dispersion of Dirac fermions
for angles larger than the magic angle [24,25], with a twist
angle dependent Fermi velocity that completely specifies the
low-energy electronic structure [8]. Going beyond decoupled
layers, interlayer coherence effects are important in large an-
gle commensurate TBG structures such as the Bernal bilayer
[26–28] and the low-energy electronic structures are strongly
tunable with an applied electric field [29–33]. Remarkably,
even in the absence of time-reversal symmetry breaking from
a magnetic field, TBG samples can exhibit a chiral optical
response owing to natural optical activity from broken mirror-
z symmetry [34–38] and in an applied magnetic field there can
be giant Faraday rotation [39].

Landau levels form in a magnetic field when electrons
undergo cyclotron motion and form states with quantized
energy and angular momentum in accordance with the
Bohr-Sommerfeld quantization relation. For Dirac fermions,
Landau levels are spaced as

√
B as was demonstrated in

scanning tunneling microscopy (STM) probes [40–43] and
infrared spectroscopy [44] of monolayer graphene shortly
after it was first isolated [45]. Large area epitaxial multi-
layer graphene, up to 100 layers thick, later reconfirmed the√

B dependence as stacking faults restored the monolayer-
like electronic structure [46–49]. In tandem, Landau level
spectroscopy of Bernal bilayers was deduced through care-
ful transport measurements [50] and infrared spectroscopy
of exfoliated bilayers [51] and “Bernal like” epitaxial mul-
tilayer graphene [52] in good agreement with theory [53–55].
In contrast, twisted bilayer graphene has been inaccessible
to free-space terahertz probes because of the difficulty in

2469-9950/2025/112(20)/205116(8) 205116-1 ©2025 American Physical Society

https://orcid.org/0009-0007-8777-4576
https://orcid.org/0000-0003-0441-6030
https://orcid.org/0000-0002-8285-7379
https://orcid.org/0000-0001-6775-4171
https://orcid.org/0000-0002-7221-0918
https://orcid.org/0000-0002-4312-3866
https://orcid.org/0000-0003-2900-0648
https://orcid.org/0000-0001-7140-5353
https://ror.org/00b30xv10
https://ror.org/01qz5mb56
https://ror.org/04xysgw12
https://crossmark.crossref.org/dialog/?doi=10.1103/5s4k-5jtj&domain=pdf&date_stamp=2025-11-13
https://doi.org/10.1103/5s4k-5jtj


BENJAMIN F. MEAD et al. PHYSICAL REVIEW B 112, 205116 (2025)

producing samples with a uniform twist angle over a large
length scale. Consequently other approaches have been taken
to study the low energy electronic structure of TBG. To inves-
tigate the gap between Landau levels previous studies have
used scanning-tunneling microscopy [43,56–58] and quan-
tum oscillation measurements [59–61] on micrometer-size
samples.

Recent progress in ultraflat substrates and wet transfer
techniques now allows for the preparation of TBG sam-
ples that satisfy the sample size requirements of free-space
terahertz probes [62–64]. We leverage these techniques to
fabricate millimeter-scale twisted bilayer graphene samples
up to 5 × 5 mm in size with twist angles from 7◦ to 20◦ with
up to a 1◦ twist angle inhomogeneity. These samples are com-
patible with far-field terahertz spectroscopy, and we conduct
time-domain magneto-terahertz polarimetry to resonantly ex-
cite inter-Landau level excitations and determine the Fermi
velocity. The Fermi velocities we determine are consistent
with previous STM and transport studies and thus provide
a valuable benchmark of far-field terahertz spectroscopy on
a known quantity. This develops terahertz spectroscopy into
a tool to study the low energy electronic structure of two-
dimensional moiré materials.

II. CYCLOTRON RESONANCES OF DIRAC FERMIONS
IN TWISTED BILAYER GRAPHENE

The Landau energy levels for Dirac fermions are ob-
tained by imposing the Bohr-Sommerfeld quantization rule,
or equivalently by reexpressing the Hamiltonian in terms of
raising and lowering operators [65]. Doing so one obtains [46]

En = sign(n) E
√

|n| (1)

with E = vF
√

2eh̄|B|. Henceforth we shall assume p doping
so that

√|n| = √−n. For low-lying Landau levels the cy-
clotron frequencies (gaps) are

h̄ω−(n+1)→−n
c = E[

√−n −
√

−(n + 1)] (2)

which exhibit a characteristic
√

B dependence. Curiously for
transitions between high lying Landau levels the cyclotron
frequency is linear in B and forms a “quasiclassical” limit
as identified by Witowski et al. in Ref. [49]. This can be
understood by noting that

√
n(n + 1) ≈ n + 1

2 is a good ap-
proximation for sufficiently large n so that

h̄ω−(n+1)→−n
c = E√|n| [

√
n(n + 1) − n] ≈ E

2
√|n| = h̄

eB

μ/v2
F
(3)

where we substituted E2 = 2eh̄Bv2
F and

√|n| = μ/E where
we can replace En by μ since which Landau level is occu-
pied is specified by the chemical potential. This cyclotron
frequency h̄ωc is precisely in the terahertz range and can
be resonantly excited, enabling terahertz spectroscopy of the
Landau levels. We illustrate this schematically in Fig. 1 where
the chemical potential is far from charge neutrality yet Landau
levels of Dirac fermions still form in this regime.

Noting the similarity between Eq. (3) and the classical cy-
clotron frequency ωc = eB/m∗ we identify μ = m∗v2

F which
is precisely the Einstein rest-mass expression for the cyclotron

(a) (b) (c)

(d)

FIG. 1. Electronic structure and doping of large angle twisted
bilayer graphene. (a) Spectral function for a 9.43◦ twist from a tight-
binding model with phenomenological broadening η = 0.050 eV.
(b) Calculated density of states with chemical potential consistent
with the 9◦ experimental sample illustrated. (c) A linear fit to the
asymmetric part of the measured Hall resistance in the 9◦ sample
gives the hole carrier density nh = 3.966 × 1013/cm2. (d) Zooming
in from the gross band structure to the fine structure of Landau levels
the levels are separated by a cyclotron frequency h̄ωc in the terahertz
range.

mass in terms of the chemical potential and the Fermi velocity.
Using this relation we can extract the Fermi velocity in terms
of m∗ and μ which is expected to vary with twist angle as [8]

vF (θ ) = vmono
F

[
1 − 9

(
t⊥(θ )

h̄vmono
F �K

)2]
, (4)

where vmono
F is the Fermi velocity of the monolayer, t⊥ is the

interlayer coupling, and �K is the magnitude of the separation
of the wave vectors of the Dirac points in the two layers.

III. EXPERIMENTAL STUDY

To conduct Landau level spectroscopy, monolayer
graphene was grown on germanium. The TBG samples
were prepared from the monolayers with a previously
developed wet transfer technique [63] with the bilayers
placed on a sapphire substrate. The Hall effect measurements
were performed in a van der Pauw geometry with contacts
made using pressed indium wires. The contacts were spaced
roughly 1 mm apart to minimize any effects of tears which
could be seen using an optical microscope. The measurements
were performed in a Quantum Design physical property
measurement system at a base temperature of 2 K and field
range up to 14 T.

Next, the samples were placed on a 5-mm aperture for
terahertz measurements. The time-domain terahertz setup is
outlined in Fig. 2. A 780-nm wavelength femtosecond laser
pulse (blue) with 85-fs pulses and 80-MHz repetition rate was
split into two arms and sent to two photoconductive terahertz
antennas. A delay stage changed the relative arrival time of the
optical pulses on the terahertz antennas. The emitter antenna
was biased to create current pulses that radiated into free space
as broadband terahertz radiation. Four off-axis parabolic mir-
rors in an 8 f focal geometry were used to direct the terahertz
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FIG. 2. Illustration of the incident terahertz beam (green) on the
TBG sample and the resulting Faraday rotation. Labeled optical
elements include beam splitter (BS), Auston switch (AS), off-axis
parabolic mirror (OAP), terahertz polarizer (P), and delay stage (DS).

pulse to focus on the sample and then to the terahertz detector.
When both the terahertz and optical pulse are incident on the
detector antenna the produced current is linear in the terahertz
electric field and this was measured with a lock-in amplifier.
Terahertz measurements were made in a Lakeshore cryostat at
1.7 K with a static magnetic field perpendicular to the surface
of the sample.

The frequency-dependent Faraday rotation angle was ob-
tained by sending a terahertz pulse polarized in x̂ to the sample
and then separately measuring transmitted terahertz electric
fields Ex and Ey. Both electric fields are measured in the time
domain and then Fourier transformed to obtain the spectrum.
The spectrum was measured from 0.3 to 2.5 THz and was fre-
quency limited by the spectrum of the initial terahertz pulse.
The Faraday spectrum, θF (ω), is then defined as

tan [θF (ω)] = Ey(ω)

Ex(ω)
. (5)

The Faraday spectrum is a complex quantity. The real com-
ponent is a polarization rotation of the terahertz pulse, and
the imaginary component describes the ellipticity of the trans-
mitted pulse. The terahertz detector directly measures the
terahertz electric field, not the intensity which is proportional
to E2(ω), so the real and imaginary Faraday angles were
directly obtained without using Kramers-Kronig relations.

Our terahertz setup required three terahertz polarizers to
measure θF . One was placed before the sample to set the
incident polarization. A second polarizer was placed on a
motorized stage after the sample. This polarizer discriminates
between the x̂ and ŷ components of the transmitted terahertz
pulse. The third polarizer was set at 45◦ right before the
detector antenna. The terahertz antennas had a polarization
preference, so the third polarizer made the detector equally
sensitive to the x̂ and ŷ components [66,67].

IV. ANALYSIS

Using the chemical potential from Hall effect measure-
ments and the cyclotron mass extracted from terahertz Landau
level spectroscopy we can determine the Fermi velocity.

A. Chemical potential

To obtain the chemical potential we obtained the car-
rier density from Hall effect measurements as described
above. For our irregularly shaped samples Rxx and Rxy

can be separated with van der Pauw symmetrization. Then
the relation nh = Rasym

xy (B)/eB where Rasym
xy (B) = 1

2 [Rxy(B) −
Rxy(−B)] gives the carrier density. We illustrate a representa-
tive measurement in Fig. 1(c). See Appendix A for full Hall
effect data. Using the carrier density we then determined the
chemical potential using theoretical models. We consider two
models. First, we use a Dirac-only model where the density
of states is D(E ) = gsgvglE/π h̄2v2

F where g indicates the
spin, valley, and layer degeneracies and v2

F = m∗/μ. Inte-
grating with μ an unknown quantity that can be obtained
self-consistently,

nh =
∫ 0

μ

dE D(E ) = 4m∗

π h̄2 μ, (6)

or μ = π h̄2nh/4m∗ which is entirely in terms of measured
quantities and natural constants. Second, we use a tight-
binding mode that accounts for the full lattice structure and
long-range hopping. See Appendix B for details on the tight-
binding model. We integrate the theoretical density of states
until we reach the measured density. The density of states
is the Brillouin zone integral of the single-particle spectral
function

Ak,E = − 1

π
Im

[ ∑
n

1

E − εn + iη

]
, (7)

where n runs over bands and η is a phenomenological broad-
ening. We illustrate the filling in Fig. 1(b) where the chemical
potential is denoted with a dashed line. We see that the chem-
ical potential is below the Van Hove singularity, but far from
charge neutrality [Fig. 1(a)].

B. Cyclotron mass

The complex terahertz Faraday rotation, measured as illus-
trated in Fig. 3 , gives the cyclotron resonance which can be
fitted to obtain the cyclotron mass. To analyze the Faraday
rotation we follow the approach in Refs. [68–70] where the
complex Faraday rotation is defined as

θF = tan−1

(
−i

t+ − t−
t+ + t−

)
(8)

where t±, the transmission for right-/left-handed circularly
polarized light, is

t± = 2

1 + ns

2ns

1 + ns + Z0G±
(9)

where ns is the substrate refractive index, Z0 = 4παh̄/e2 ≈
376.73 	 is the impedance of free space, and G± is the con-
ductance under right-/left-handed circularly polarized light.
We take the conductance to be composed of a Drude-type term
shifted by the cyclotron resonance and a lattice polarizability
from absorptions above the measured spectral range

G±(ω, B) = iε0ωd

(
1

ω

ω2
p

ω ± ωc(B) + i

− (ε∞ − 1)

)
(10)
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FIG. 3. Magneto-terahertz measurements of 7◦, 9◦, 10◦, and 20◦ twisted bilayer graphene. (a) Real and (b) imaginary parts of the Faraday
rotation angle as dependent on magnetic field and light frequency; measured data are indicated by the solid lines and fits are indicated by the
dashed lines. The samples are measured by terahertz pulses where the entire frequency range simultaneously probes the sample; however, the
intensity of the pulse is much smaller at the extreme ends of the spectral range which results in noise at the upper end of the frequency range in
the case of the 9◦ sample. (c) Cyclotron frequency (gap between Landau levels) and (d) scattering rate extracted from fits to the experimental
data; a fit to the formula ωc = (e/m∗)

√
B2

i + B2 gives the cyclotron mass m∗ and a length scale Li = √
h̄/eBi corresponding to disorder in the

samples.

where the term in parentheses is dimensionless, d is the thick-
ness of the bilayer, ωp is the Drude plasma frequency, ωc is the
cyclotron resonance (gap between Landau levels), 
 = 2π/τ

is the scattering rate, τ is the average time between scattering
events, and ε∞ is the lattice polarizability.

The measured Faraday rotations are indicated by the solid
curves in Figs. 3(a) and 3(b) and their fits obtained from
Eq. (8) are indicated by the dashed lines. The cyclotron reso-
nance appears as an inflection point in the real component of
the Faraday spectrum and a minimum in the imaginary com-
ponent. The 1-T data for the 20◦ sample were omitted because
the measured Faraday spectrum had oscillations that could not
be fitted with Eq. (10). Now, due to disorder effects, ωc =
eB/m∗ is inaccurate at low fields. A fit to ωc(B) that captures
minimal features of disorder is the formula ωc = e

m∗
√

B2
i + B2

which has a nonzero asymptote corresponding to disorder
scattering processes [71]. Fitting the cyclotron resonance as a
function of magnetic field, Fig. 3(c), gives the effective mass
m∗ and impurity scattering length Li = √

h̄/eBi. We find Li

of 13–21 nm for these samples, which is consistent with the
length scale for intervalley scattering [74]. Figure 3(d) shows
the scattering rate vs magnetic field obtained from the fits.

C. Fermi velocity

We obtain the Fermi velocity by combining the trans-
port and terahertz results. For TBG we plot the velocities
in Fig. 4 and see that all the samples are consistent with
the relatively constant Fermi velocity for θ � 5◦ predicted
by theory and are in the range of Fermi velocities previ-
ously determined using STM and transport probes of small
scale samples. Perhaps somewhat surprisingly the Fermi ve-
locities we determine for all samples are in the expected
range despite significant p doping; in particular the chemical
potential of the 7◦ sample lies near the Van Hove singu-
larity so we might expect a breakdown of Dirac physics
for this sample. Now if twist angle was the only difference
between samples we would expect the 9◦ and 10◦ sam-
ples to be nearly indistinguishable, however our samples
have different chemical potentials, mobilities, and disorder
profiles leading to the observed Fermi velocities. For ex-
tended data see Appendix C. Our results demonstrate an
experimental approach to probe the electronic structure of
two-dimensional materials and we find that Dirac-like physics
persists well away from charge neutrality in twisted bilayer
graphene.
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et al. [43]
et al. [56]

et al. [57]
et al. [58]

et al. [59]
et al. [60]

et al. [61]

FIG. 4. Fermi velocities determined by magneto-optical spec-
troscopy (red), previous STM studies (gray), and quantum oscilla-
tions studies (yellow). Lower and upper dashed lines indicate the
theoretical fit from Eq. (4) with vmono

F = 1.0 and 1.2 × 106 m/s
respectively and t⊥ = 0.1 eV. Variation in monolayer Fermi velocity
can originate from the level of doping [72,73].

V. DISCUSSION

Two-dimensional materials have emerged as compelling
platforms to realize correlated electronic physics. Until re-
cently this physics has been limited to short length scales
of ≈10 µm, but with advances in materials synthesis twisted
bilayer graphene with a uniform twist angle on the length
scale of ≈1000 µm = 1 mm is now available. Leverag-
ing these techniques we interfaced millimeter length scale
twisted bilayer graphene with terahertz magneto-optics and
conducted complex Faraday rotation and transport measure-
ments to reveal the electronic structure of these materials.
We measure the gap between Landau levels and find Fermi
velocities that are consistent with previous scanning tunnel-
ing microscopy and transport studies, thus validating our
far-field approach on large samples. This suggests that these
macroscopic samples exhibit good coherence over long length
scales, a necessary prerequisite to realize reproducible macro-
scopic quantum materials. Extending bilayer materials from
microscopic to mesoscopic and macroscopic length scales
enhances scalability for advancing quantum technologies and
may enable the realization of other exotic phenomena such
as weak localization and universal conductance fluctuations
[74]. Looking ahead, terahertz techniques are a promising
direction to probe collective excitations in two-dimensional
materials such as twisted bilayer graphene and transition
metal dichalcogenides.
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APPENDIX A: HALL EFFECT ANALYSIS

Here we plot the Hall effect transport data and the linear
fits Rasym

xy = B/nhe in Fig. 5.

APPENDIX B: TIGHT-BINDING RESULTS

We use a Slater-Koster tight-binding model of p and s or-
bitals on carbon atoms with hopping t (r) = Vppπ (r) + Vppσ (r)
developed and used in Refs. [13,75], where the hopping terms
are given by

Vppπ (r) = tppπe−(|r|−a0 )/δ

[
1 −

(
r · ez

|r|
)2

]
, (B1)

Vppσ (r) = tppσ e−(|r|−d )/δ

(
r · ez

|r|
)2

(B2)

for hopping amplitudes tppπ = −2.7 eV and tppσ = 0.48 eV,
unit vector perpendicular to the bilayer ez = (0, 0, 1), in-
tralayer atomic spacing a0 = a/

√
3 = 0.142 nm, interlayer

spacing d = 0.335 nm, and decay length δ = 0.184a =
0.0453 nm. The Dirac point then occurs at K at an en-
ergy of E0 = 0.7833 eV which is an overall shift we add to
the Hamiltonian. The atomic positions are obtained through
a rigid rotation of two honeycomb lattices through an an-
gle θ (m, n) = arg[(mω∗ + nω)/(nω∗ + mω)] where (m, n)

205116-5



BENJAMIN F. MEAD et al. PHYSICAL REVIEW B 112, 205116 (2025)

(a) (b) (c) (d)

FIG. 6. Spectral functions and densities of states (in 1/eV
cm2) for samples with (a) θ (21, 17) = 6.96◦, (b) θ (17, 13) = 8.80◦,
(c) θ (19, 14) = 10.00◦, and (d) θ (15, 8) = 19.93◦ twist angles. The
chemical potential for which the tight-binding model gives the same
carrier density of states as the Hall effect measurements is indi-
cated by the dashed black lines. We take η = 0.010 eV for these
calculations.

parametrize a commensurate rotation and ω = eiπ/6. The ro-
tation center is a given by a point where two A sublattice sites
overlap (no displacement between layers), and this point can
be chosen to be the corner of the unit cell.

In Fig. 6, we plot the crystal momentum resolved spectral
functions and densities of states calculated using the tight-
binding model for all the samples’ twist angles with the
chemical potential illustrated by the dashed black line.

While we see that while there are bands below the Van
Hove singularity other than the linearly dispersing bands orig-
inating from K , the DOS evolves smoothly with twist angle.
This reflects the fact that these bands are either (1) backfolded

linearly dispersing bands with some hybridization from Bragg
scattering with the crystalline potential or (2) backfolded from
elsewhere in the zone where the coupling to the linearly dis-
persing bands is weak.

APPENDIX C: EXTENDED DATA

Here we provide the complete data necessary to support
the conclusions drawn in the main text. The key parameters
extracted from the experiments are tabulated in Table I.

The uncertainties for nh and m∗ are the square roots of
the covariance matrix elements (standard deviations) of the
extracted fit parameters. For μ = (π h̄2/4)nh/m∗, the propa-
gation of uncertainty gives

σμ =
√

(∂nhμ)2σ 2
nh

+ (∂m∗μ)2σ 2
m∗ (C1)

= μ

√
σ 2

nh

n2
h

+ σ 2
m∗

(m∗)2
(C2)

which we assume holds for both the Dirac model and the
tight-binding model. For the propagation of uncertainty to
vF = √

μ/m∗ we have

σvF =
√

(∂μvF )2σ 2
μ + (∂m∗vF )2σ 2

m∗ (C3)

= vF

2

√
σ 2

μ

μ2
+ σ 2

m∗

(m∗)2
. (C4)

TABLE I. Left: Extracted hole carrier density nh and cyclotron mass m∗ as dependent on twist angle. Right: Chemical potential and Fermi
velocity derived from the extracted parameters at left using a continuum Dirac model and a full lattice model. Note the close agreement for the
Dirac and tight-binding models for the 20◦ sample which agrees with the analysis that these samples are well within the Dirac regime.

Angle (deg) nh (1013/cm2) m∗ (me) μDirac (eV) vDirac
F (106 m/s) μTB (eV) vTB

F (106 m/s)

7 4.89878 ± 0.00148 0.0570 ± 0.0033 −0.514 ± 0.029 1.259 ± 0.051 −0.375 ± 0.029 1.075 ± 0.052
9 3.96624 ± 0.00078 0.0728 ± 0.0035 −0.326 ± 0.016 0.887 ± 0.030 −0.376 ± 0.016 0.953 ± 0.030
10 3.08431 ± 0.00078 0.0558 ± 0.0033 −0.331 ± 0.020 1.020 ± 0.043 −0.344 ± 0.020 1.041 ± 0.043
20 7.86919 ± 0.00642 0.0986 ± 0.0018 −0.478 ± 0.009 0.923 ± 0.012 −0.577 ± 0.009 1.015 ± 0.012
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