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Chiral materials possess left- and right-handed counterparts
linked by mirror symmetry. These materials are useful for
advanced applications in polarization optics1,2, stereo-
chemistry3,4 and spintronics5,6. In particular, the realization of
spatially uniform chiral films with atomic-scale control of
their handedness could provide a powerful means for develop-
ing nanodevices with novel chiral properties. However, pre-
vious approaches based on natural or grown films1,2,7,8, or
arrays of fabricated building blocks9–11, could not offer a
direct means to program intrinsic chiral properties of the film
on the atomic scale. Here, we report a chiral stacking approach,
where two-dimensional materials are positioned layer-by-layer
with precise control of the interlayer rotation (θ) and polarity,
resulting in tunable chiral properties of the final stack. Using
this method, we produce left- and right-handed bilayer gra-
phene, that is, a two-atom-thick chiral film. The film displays
one of the highest intrinsic ellipticity values (6.5 deg μm–1)
ever reported, and a remarkably strong circular dichroism
(CD) with the peak energy and sign tuned by θ and polarity.
We show that these chiral properties originate from the large
in-plane magnetic moment associated with the interlayer
optical transition. Furthermore, we show that we can program
the chiral properties of atomically thin films layer-by-layer by
producing three-layer graphene films with structurally con-
trolled CD spectra.

Our approach for generating chiral twisted bilayer graphene with
precisely controlled interlayer structures (θ and rotational polarity)
relies on two key steps (Fig. 1a): first, a single-layer graphene film is
grown with a uniform crystalline orientation over the entire film;
second, this film is cut into multiple pieces and is stacked layer-
by-layer with a controlled θstack on the basis of the known crystalline
orientation while rotating anticlockwise or clockwise to form left- or
right-handed films that are connected by a mirror plane (vertical
dashed line), respectively. Using our method, we generate chiral
twisted bilayer graphene films, where their θ and handedness are
controlled uniformly over several millimetres with a high yield of
interlayer coupling12–14 (see Methods and Supplementary Figs 1–4
for more details). Figure 1b shows the electronic band structures
(top images) and the cross-sectional schematics (bottom images)
of left- and right-handed twisted bilayer graphene with spiral
atomic arrangements of opposite handedness. Regardless of the
handedness, the electronic band structure and the electrical and
optical properties of twisted bilayer graphene can be tuned using
θ (refs 15,16), as the electronic states from each layer hybridize
near degeneracy, producing interlayer optical absorption resonance
whose peak energies (denoted EA and EB, inset of Fig. 2a) are
continuously tunable over a broad optical bandwidth. However,
the intrinsic chiral properties of bilayer graphene have not
been reported17.

These bilayer films show strong CD and absorb left and right cir-
cularly polarized light by different amounts, as shown in Fig. 1c,
where we plot the ellipticity (Ψ ) spectra (or CD spectra), measured
from the left-handed (red) and right-handed (blue) twisted bilayer
graphene samples with θstack = 16.5o, and single-layer graphene
(grey), shown for comparison. Here,Ψ characterizes the polarization
change of the light transmitting perpendicularly through the films
(upper schematic, Fig. 1c), and is proportional to the absorption
difference between the left and right circularly polarized light
(IL and IR) according to the relationship, Ψ = (IL – IR)/2(IL + IR).
Unlike the CD spectra of single-layer graphene, which show negli-
gible values over the entire measurement photon energy range,
the CD spectra of left- and right-handed twisted bilayer graphene
each show two strong peaks, one with a positive sign and the
other with a negative sign, regardless of the in-plane sample orien-
tation (see Supplementary Fig. 5). Significantly, Ψ measured from
twisted bilayer graphene flips its sign depending on the handedness
of the twisted bilayer graphene, whereas the two CD peak energies
are similar to those of the interlayer transitions (EA = 2.8 eV and
EB = 4.6 eV, for θ = 16.5o), suggesting the direct correlation
between the CD spectra and the structure of twisted bilayer
graphene (θ and handedness).

The magnitude of the CD peak we observe is as large as 4.3 mdeg
(Fig. 2a), a remarkably large value given the two-atom thickness of
our twisted bilayer graphene films (tBL = 0.66 nm). In comparison, a
much thicker film would be needed to generate a CD peak of similar
magnitude in other natural chiral molecules. (for example, 50 nm for
D-glucose, 100 μm for camphorsulfonic acid)7,18 (see Supplementary
Table 1). Indeed, the ellipticity normalized to the film thickness, a
material-specific parameter, is as large as 6.5 deg μm–1 in our chiral
twisted bilayer graphene (θ = 24.5o, Fig. 2a), one of the highest intrinsic
values ever reported.

This large CD behaviour is observed in all of our twisted bilayer
graphene films. Moreover, their CD peak energy and sign can be
directly tuned using θ and the rotational polarity of the stacked
layer. Figure 2a presents data from six chiral pairs of twisted
bilayer graphene (black: left-handed, grey: right-handed) with
different θ. It can be seen that every CD spectra has two peaks,
one at lower energy (Peak A) and the other at higher energy
(Peak B), each closely matching the interlayer resonance energy,
EA (marked by a triangle) or EB (a diamond)14. In addition, the
two peaks in each CD spectra have opposite sign, whereas the
entire spectrum changes its sign (but not shape) for the opposite
handedness of twisted bilayer graphene with the same θ.
Figure 2b further shows a three-dimensional colour plot of Ψ
(red: positive, blue: negative) from 29 twisted bilayer graphene
samples. The most striking feature in Fig. 2b is the two lines
(denoted σ+ and σ−), along which all CD peaks are found. Along
the σ+ line, we find strongly positive Ψ, corresponding to Peak A
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Figure 1 | Chiral atomically thin films produced by chiral stacking. a, Schematic of the chiral stacking process for generating left- and right-handed twisted
bilayer graphene films connected by a mirror plane (vertical line). b, Electronic band structures (top images) and cross-sectional schematics with spiral
atomic arrangements (bottom images) of left- and right-handed twisted bilayer graphene films. c, Ellipticity (Ψ) spectra, or circular dichroism (CD) spectra,
measured from a pair of chiral twisted bilayer graphene films with θ = 16.5° (red: left-handed, blue: right-handed) and single-layer graphene (grey). The CD
spectra of left- and right handed-twisted bilayer graphene each show two strong peaks, denoted Peak A and B. Lower inset: Photograph of a twisted bilayer
graphene film (circled area; 5 mm in diameter) on a fused silica substrate. Upper inset: Schematic for Ψ measurements, where twisted bilayer graphene
absorbs left- and right-handed circularly polarized light differently.
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Figure 2 | Programming CD spectra in twisted bilayer graphene with θ dependent interlayer optical transitions. a, CD spectra in chiral twisted bilayer
graphene pairs with different θ. The spectra are offset by 7.5 mdeg for clarity. Inset: Band structure of twisted bilayer graphene, where the K (or K’) Dirac
cone of the bottom layer (yellow) is hybridized with the Kθ Dirac cone of the top layer (blue) producing the interlayer optical transition EA (or EB). The
energy of EA (EB) is marked by a triangle (diamond) in the spectra. b, Three-dimensional CD plot as a function of θ (x axis) and energy of incident light
(y axis), taken from 29 twisted bilayer graphene samples in total. Here, the results from right-handed samples with θ is plotted at 60o−θ (box on the right
side) instead of −θ, as they are equivalent because of the six-fold rotational symmetry of the graphene lattice. All CD peaks are found along two lines
(σ+: positive Ψ, σ−: negative Ψ), which indicate the energies of interlayer optical transitions. c, For each interlayer optical transition, the top-layer Dirac cone
(blue) can be rotated with respect to that of the bottom layer (yellow) either anticlockwise (left; corresponding to σ+) or clockwise (right; σ−), which
determines the sign of the CD signal.
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of the left-handed film or Peak B of the right-handed film. Along the
σ− line, conversely, strongly negative Ψ is observed, including both
Peak B of the left-handed film and Peak A of the right-handed film.
Significantly, the peak energy–θ relation closely follows that of the
interlayer optical transition (dotted lines) previously studied by
both experiments and theory based on a tight-binding model14,19.

These observations confirm that the θ-dependent interlayer
optical transition is responsible for the large CD in chiral twisted
bilayer graphene. In addition, the sign of Ψ is directly correlated
with the sense of rotation between the two Dirac cones associated
with the specific interlayer optical transition, as depicted in
Fig. 2c. Specifically, the Dirac cone from the top layer (blue) is
rotated with respect to that of the bottom layer (yellow) either anti-
clockwise (left, Fig. 2c; corresponding to σ+), or clockwise (right,
Fig. 2c; σ−). This feature is consistent with the CD sign change
according to the structural handedness of twisted bilayer graphene,
and it also explains the opposite signs of Peak A and Peak B within
the same twisted bilayer graphene, as the hybridized electronic states
for EA and EB (inset, Fig. 2a) involve complementary pairs of Dirac
cones with the opposite rotational polarity (for example, clockwise
θ versus anticlockwise 60o-θ). The direct correlation between the
peak energy and polarity of Ψ and the electronic band structure
proves that the chiroptical effects are indeed intrinsic electronic
CD, different from other effects induced by surface impurities or
buckled structures20,21.

The CD in twisted bilayer graphene originates from the chiral in-
plane magnetic dipole moment associated with the interlayer optical
transition22, as described in Fig. 3a. When light (oscillating electric

field, Ẽ) excites an electric dipole (μ), this generates a dynamic
current, thereby producing optical absorption in both achiral (left)
and chiral (right) materials. In chiral materials, a magnetic dipole
moment (m), which is associated with a solenoid-like helical
current, can also be generated simultaneously. As a result, m will
disappear in single-layer graphene or for intralayer absorption in
twisted bilayer graphene as the excited states localized within one
layer cannot form a helical current circling out-of-plane (left
image, Fig. 3b). On the other hand, an interlayer optical transition
in twisted bilayer graphene excites a hybridized state delocalized
across both layers, which can host a helical current (right image,
Fig. 3b) with m. In general, the magnitude of this induced magnetic
moment is determined by the coupled electric–magnetic dipole
polarizability (G =G′ + iG″; unit: Ω−1) following m =GẼ, and the
interaction between the light magnetic field and m generates an
additional chiral optical absorption term (±k|E|2G′; where k is the
light wavevector), whose sign changes with the structural chirality
(the sign of G′) and the circular polarization of light (±).

Quantitatively, the ellipticity value in twisted bilayer graphene is
given by Ψ = (ktBL)(G′∥/σ∥), where G′∥ and σ∥ are the multipole sheet
polarizability and the optical sheet conductivity of twisted bilayer
graphene (ranging between 2G0 and 8G0, where G0 = e2/4ħ) perpen-
dicular to the propagating light, respectively (see first-principles
calculation of ψ in the Supplementary Information). The ellipticity
has two unitless parts: ktBL (0.01 at 3 eV), a wavelength-dependent
geometric factor, and the ratio between G′∥ and σ∥, which may be
interpreted as the portion of the chiral (or helical) dynamic
current generated by light. Therefore, the experimental values of
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Figure 3 | In-plane magnetic moment as the origin of the CD in twisted bilayer graphene. a, When light with oscillating electric field (Ẽ) induces dynamic
current (orange arrows), an electric dipole μ is excited both in achiral (left panel) and chiral (right panel) materials. In chiral materials, a magnetic moment
m, whose orientation changes with the structural chirality, is also excited (right panel). b, Interlayer optical transitions in twisted bilayer graphene generate
excited states delocalized across both layers, which can host a helical current with an in-plane magnetic moment (right panel), unlike in single-layer
graphene (left panel). c, Plot of peak |G′∥|, the coupled electric-magnetic dipole polarizability in twisted bilayer graphene as a function of |θ | (in units of
G0 = e2/4ħ). It includes experimental results from Peak A (orange square) and Peak B (green square), as well as the calculated values (blue star). Inset: Plot
of γ = |G′∥|/σinter,∥, which provides a measure of the chiral portion of the interlayer transition (σinter,∥). d, Theoretical Ψ spectra of right-handed twisted bilayer
graphene with θ of 21.8° and 27.8°, generated based on our first-principles calculations. The triangles (diamonds) denote the calculated interlayer transition
energies, EA (EB).
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Ψ and σ∥ allow us to directly measure G′∥ and to estimate the chiral
portion of the interlayer absorption that produces the CD. Figure 3c
(main panel) plots |G′∥|/G0 as a function of θ based on our data and
shows a rapid increase of |G′∥| as θ approaches 30o with a consist-
ently large value over 0.01 G0 for 20° < θ < 40°. In addition, the
inset of Fig. 3c plots the ratio γ = |G′∥|/σinter,∥ and shows values as
large as 2.8%. This explains that a significant portion of the inter-
layer transition (corresponding to σinter,∥) is chiral, producing the
large CD we observed.

Our first-principles calculation based on density-functional
theory confirms that the large coupled polarizability G originates
from the CD in twisted bilayer graphene. We conducted first-
principles calculations of both G and absorption in twisted bilayer
graphene after full structural relaxation, and then generated the Ψ
spectra on the basis of this23–29 (see calculation of ψ in the
Supplementary Information). Figure 3d presents the calculated Ψ
spectra for right-handed twisted bilayer graphene with θ of 21.8°
and 27.8°. Notably, Peak Awith negative sign and Peak B with posi-
tive sign are reproduced in both cases, whereasΨ remains small else-
where. Their peak energies are consistent with the calculated
interlayer transition energies, EA (triangle) and EB (diamond), con-
firming that the interlayer absorption is essential for large Ψ
(Supplementary Fig. 6). The calculated values of |G′∥| (blue stars)
are close to the experimental values, as shown in Fig. 3c.
Furthermore, the calculated ellipticities of Peak A (3.5 mdeg
for 21.8° and 4.6 mdeg for 27.8°) are in good agreement with the
experimental values observed from our samples with similar
angles (2 mdeg for 21.8° and 4.1 mdeg for 25.3°). The calculated
magnitudes for Peak B (8.5 and 20 mdeg, respectively) are larger
than the experimental values (2.4 and 2.9 mdeg), a discrepancy
we ascribe to many-body excitonic effects that become more
pronounced at higher energies14 (these effects have not been
included in our calculations).

More generally, our chiral stacking method allows us to design
chiral multilayer graphene films (N layers) with unique chiral proper-
ties by individually programming θ1, θ2, …, θN−1. Even with a single
value of |θ|, one can create many different variations of multilayer gra-
phene films with different symmetries. For instance, alternating θ and
–θwould result in an achiral multilayer graphene with an overall band
structure similar to that of a single twisted bilayer graphene structure
(left image, Fig. 4a), as it has a vertical mirror symmetry when N is
odd. Conversely, repeating θ for each transfer would create a comple-
tely chiral multilayer graphene (right image, Fig. 4a) with its elec-
tronic band structure producing periodic band extrema and
crossings at multiple points in the momentum space.

In Fig. 4b,c, we demonstrate this capability by producing twisted
trilayer graphene with different symmetries and CD spectra.
Figure 4b presents the CD spectra measured from three different
twisted trilayer graphene films, in all of which θ1 and θ2 are close
to 25°. Two of them have a periodic helical structures (red: left-
handed, blue: right-handed) and show enhanced CD peaks. In
these helical films, each-single-layer graphene film is rotated relative
to the others with the same polarity, and changing the rotational
direction reverses the overall handedness, producing CD spectra
with the opposite sign. For the non-helical film (grey curve),
where θ1 and θ2 have the opposite polarity, the CD signal is negli-
gible, as it now has a mirror symmetry around the middle layer.
More generally, our approach allows one to program the shapes of
the CD spectra by controlling θ1 and θ2 of twisted trilayer graphene
independently. In Fig. 4c, the CD spectra measured from twisted
trilayer graphene for 〈θ1, θ2〉 = 〈25°, 20°〉 and 〈26°, −23°〉 closely
match the predicted ones (dotted lines) calculated by simply
adding the two CD spectra of twisted bilayer graphene with θ1
and θ2 that we measured previously (shown in Fig. 2), demonstrat-
ing the general fidelity of our process for designing CD in
multilayer samples.

a

b c

0

−2

2

0

−2

2

32
Energy (eV)

4 5 32

Energy (eV)

4 5

〈26°, −23°〉
Model〈25°, 20°〉

K1

K2

K3

K4

K5

K1

K2
K3

K4

K5

Kθ Kθ

Achiral (N = odd)

Achiral (N = 3)
Chiral (N = 3, left-handed)
Chiral (N = 3, right-handed)

Chiral (left-handed)

Ψ
 (m

de
g)

Ψ
 (m

de
g)

〈θ1, θ2〉
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Our fabrication process and tunable chiral properties can be
extended from graphene to other two-dimensional layered materials
to form chiral atomically thin films17. This would allow the realiz-
ation of chiral properties with diverse electrical and optical features
(such as absorption-based CD versus circular birefringence; see
Supplementary Fig. 7) and the investigation of the coupling
between the structural chirality and the spin and valley degrees of
freedom30. Ultimately, our chiral stacking approach together with
a fundamental understanding of the material’s chirality dependent
properties could enable the production of multi-functional inte-
grated circuits based on ultrathin devices with advanced electrical,
optoelectronic, spintronic and chemical sensing functionalities.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Aligned graphene growth. To grow graphene with an aligned crystalline
orientation, we conduct chemical vapour deposition on a recrystallized copper (111)
surface using a recipe slightly modified from that reported in our previous study12.
The detailed procedure is described below:

(1) Load a copper foil (Nilaco Corporation, #CU-113213, 99.9% purity) in a hot wall,
vacuum furnace.

(2) Ramp up the temperature to 1,030 °C with a flow of Ar (400 sccm) and H2

(137 sccm) and anneal the foil for 4 h. The total base pressure during annealing
is approximately 26 torr, maintained throughout steps 3–6 below.

(3) Increase the temperature to 1,040 °C.
(4) Flow 1% CH4 diluted in H2 (3 sccm), Ar (400 sccm) and H2 (137 sccm) for 1 h.
(5) Cool to 600 °C at a cooling rate of 50 °Cmin in a flow of 1% CH4 diluted in H2

(3 sccm), Ar (400 sccm) and H2 (137 sccm).
(6) Cool to room temperature in a flow of Ar (400 sccm) and H2 (137 sccm).

Layer-by-layer stacking with interlayer rotational angle control. Our stacking
method with aligned graphene building blocks provides reliable θ control.
Supplementary Fig. 2 depicts the detailed procedures, where the blue arrows
represent the crystalline orientation of graphene.

(1) Spin 8% 950 K PMMA in anisole on a graphene/copper surface at 1,000 rpm
for 1 min.

(2) Bake it at 145 °C for 1 min.

(3) Attach thermal release tape with many 1 cm wide holes on a graphene/
copper surface.

(4) Cut the thermal release tape intomany pieces. Each piece of the tape has one hole.
(5) Etch the foil by floating the pieces on the surface of a diluted ammonia

persulfate solution. (Volume ratio between saturated ammonia persulfate
solution and water = 1:5)

(6) Move them to the surface of pure water after etching. Leave them on the surface
for 5 min.

(7) Pick them up and blow dry the bottom surfaces with nitrogen.
(8) Transfer one piece onto a target substrate and drop a little bit of water at the interface.
(9) Bake it at 90 °C for 5 min to produce good adhesion with the target substrate.
(10) Activate the thermal release tape by heating it briefly at 115∼140 °C.
(11) Lift off PMMAwith acetone at 90 °C for 5 min and rinse the substrate with IPA.
(12) Anneal it in air at 350 °C for 15 min.
(13) Repeat the process from steps 8–12 to stack multiple layers of graphene. The

controlled θstack is defined by the relative angle between the edges of the first and
second pieces of transferred thermal release tape.

CD measurement. The CD effects are observed by measuring the absorption
difference between the two circularly polarized light (IL and IR) perpendicularly
through our samples. We use an Aviv 400 CD spectrometer, where lock-in
measurements are conducted with circularly polarized light alternately switched
from left-handed light to right-handed light with a frequency of 50 kHz. The light
energy ranges from 2.0 eV to 5.5 eV with spectral bandwidth of 1 nm and a spot size
at the sample of 5 mm × 1 mm.
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