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Spectroscopy signatures of electron correlations
in a trilayer graphene/hBN moiré superlattice

Jixiang Yang't, Guorui Chen®3*1, Tianyi Han't, Qihang Zhang?, Ya-Hui Zhang?, Lili Jiang®, Bosai Lyu?,
Hongyuan Li*#, Kenji Watanabe®, Takashi Taniguchi®, Zhiwen Shi?, Todadri Senthil®, Yuanbo Zhang’?,

Feng Wang>*°, Long Ju®*

ABC-stacked trilayer graphene/hexagonal boron nitride moiré superlattice (TLG/hBN) has emerged as a
playground for correlated electron physics. We report spectroscopy measurements of dual-gated TLG/
hBN using Fourier transform infrared photocurrent spectroscopy. We observed a strong optical
transition between moiré minibands that narrows continuously as a bandgap is opened by gating,
indicating a reduction of the single-particle bandwidth. At half-filling of the valence flat band, a broad
absorption peak emerges at ~18 milli-electron volts, indicating direct optical excitation across an
emerging Mott gap. Similar photocurrent spectra are observed in two other correlated insulating states
at quarter- and half-filling of the first conduction band. Our findings provide key parameters of the
Hubbard model for the understanding of electron correlation in TLG/hBN.

oiré superlattices of two-dimensional

(2D) materials (I-4) offer a versatile

platform to engineer and study corre-

lated electron physics. With additional

experimental knobs such as the com-
position, the twisting angle, and gate electric
fields, the electronic band structure and charge
density can be (in situ) independently con-
trolled in these synthetic quantum materials.
As a result, superconductivity (5-10), corre-
lated insulating states (11-18), orbital mag-
netism (19), and correlated Chern insulators
(12, 20) have been observed in 2D moiré super-
lattices. Many intriguing questions arise from
these observations, such as the nature of cor-
related insulating states and the mechanism
of superconductivity, which call for system-
atic spectroscopy studies. Although several
spectroscopy studies have been carried out
(21-26) on the particular system of magic-
angle twisted bilayer graphene (MATBLG),
experiments on 2D moiré superlattices have
been dominated by electron transport mea-
surements. Applying additional top layers for
encapsulation (to mimic the dielectric screening
of the environment, as in transport experi-
ments) or dual gating (13-17, 27) (relevant to
the majority of 2D moiré superlattices) makes
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it impossible to use many of the spectroscopic
techniques that are commonly used in surface
science, such as scanning tunneling spectros-
copy and photoemission spectroscopy. To gain
a fundamental understanding of the corre-
lated physics in 2D moiré superlattices, devel-
oping spectroscopy techniques that can access
buried heterostructures is of critical impor-
tance at this exciting frontier of research.

Optical transmission and reflection spectros-
copy has been widely used to study electronic
excitations in conventional strongly correlated
materials (28). However, in moiré superlattices,
the relevant energy scales of the electronic
band and Coulomb gap are substantially
smaller (<50 meV) than their counterparts
in conventional strongly correlated materials.
Consequently, far-infrared spectroscopy with
photon wavelengths >25 um is required to
probe correlated electron excitations in moiré
superlattices. The corresponding beam spot
size (~1 mm when using Globar, the only
broadband infrared source) is much larger
than that of typical 2D material devices (29),
making infrared reflection and transmission
spectroscopy of moiré heterostructures ex-
tremely challenging. At the same time, infrared
absorption in the gate layers easily dominates
that from the layer of interest, making it harder
to extract a clean signal. So far, no infrared
spectroscopy has been applied to top-gated
2D moiré superlattices.

Here, we overcome these challenges by
adopting Fourier transform infrared (FTIR)-
photocurrent spectroscopy for the optical ab-
sorption measurement of an ABC-stacked
trilayer graphene/hexagonal boron nitride
moiré superlattice (TLG/hBN). The overall
methodology is similar to that described in
(29). However, a notable improvement of
signal-to-noise ratio has been achieved in this
study, which enables spectroscopy of corre-
lated states in moiré superlattices (30); we
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applied this technique to dual-gated TLG/hBN
(as illustrated in Fig. 1A).

Figure 1B shows the calculated band struc-
ture of TLG/hBN in the mini-Brillouin zone
using a tight-binding model, where a moiré
potential exists at the top layer of TLG (30).
Dashed curves represent the four lowest moiré
minibands at zero displacement field D, where
the bandgap at charge neutrality is zero. As
we apply a positive (negative) D by control-
ling bottom- and top-gate voltages, a positive
(negative) potential energy difference between
the bottom and top graphene layers is induced
(A = E, — Ey); the resulting minibands are
shown as solid curves. Here, we define the posi-
tive direction of D to be pointing from the bot-
tom gate to the top gate. This potential energy
asymmetry corresponds to a bandgap that is
slightly smaller than |A|. The highest valence
band is well separated from the other bands,
forming an obvious flat band that hosts corre-
lated insulating states when doped (27, 31, 32).
The lowest conduction band also features a
small bandwidth, but it partially overlaps with
the second-lowest conduction band. Interband
optical transitions can happen between these
moiré minibands, as indicated by arrows I; to
L. I; and I, have the largest oscillator strengths
because they are allowed even in the absence
of the moiré potential. By contrast, I, and I;
are allowed only by the moiré potential effect,
and they contribute less to optical conductiv-
ity. Figure 1C shows the experimental photo-
current spectrum at D = —0.71 V/nm, which
features a sharp and strong peak at ~72 meV.
The photocurrent signal is zero below this
peak. There is a second broader peak residing
at ~20 meV above the main peak. The sharp
peak at ~102 meV is caused by interlayer
electron-phonon coupling between hBN and
graphene and requires further study.

Using the calculated optical conductivity
spectrum in Fig. 1C as a reference, the ex-
perimental photocurrent spectrum can be
interpreted. The main peak at ~72 meV is
dominated by the interband transition I in
Fig. 1B, and the second peak at ~95 meV may
result from I3 and L, transitions. The separa-
tion between these two peaks corresponds to
the bandgap between the two valence bands,
supporting the important presumption that
the highest valence band is isolated when
considering correlation effects. The peak width
of the main peak is determined by the joint
density of states (DOS), which is closely related
to the peak width of the van Hove singular-
ities in the DOS (30) of the highest valence
band and the lowest conduction band. When
both bands are relatively flat as in bandgap-
opened TLG, the observed peak width serves
as a good indicator of the single-particle
bandwidth W.

In contrast to MATBLG, where W is deter-
mined mostly by the twisting angle, theory
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Fig. 1. Device structure and interband optical transitions in an ABC-stacked
TLG/hBN moiré superlattice. (A) lllustration of a dual-gated TLG device with

a moiré wavelength of ~15 nm. IR, infrared; V},, bottom-gate voltage; V;, top-gate
voltage; Vs, source-drain voltage. (B) Calculated band structure of TLG in the mini-
Brillouin zone under a moiré potential (30). Dashed curves represent minibands at
zero displacement field, whereas solid curves indicate minibands at a displacement
field induced by gates so that A = -87 meV. A represents the gate-induced
potential difference between the top and bottom layer of TLG. Arrows labeled
as |y to I, represent interband optical transitions when the Fermi level is inside

predicts that the moiré bandwidth in TLG/hBN
can be tuned in situ by D (32). Our measure-
ment allows a direct visualization of this elec-
trical tuning of the moiré flatband bandwidth.
Figure 2A shows photocurrent spectra of TLG/
hBN at several values of D, where the charge
density is fixed at zero. At D = —-0.38 V/nm, the
spectrum features a broad peak at ~35 meV
with a full width at half-maximum (FWHM) of
~20 meV. This wide peak width is caused by
the relative dispersive bands at small dis-
placement fields. As D changes from -0.38 to
—0.55 to —0.71 V/nm, this peak blue-shifts and
quickly sharpens monotonically. At positive
D and A, a similar broad peak is observed at
D = 0.33 V/nm. This peak sharpens at D =
0.49 V/nm and eventually broadens again at
D = 0.66 V/nm, showing a nonmonotonic
change of peak width. At the same time, a sec-
ond peak corresponding to I; and I, emerges
gradually as |D| increases in both directions.
Such trends are better seen in the color plot of
the photocurrent spectra in Fig. 2B when D is
continuously tuned. Dashed lines correspond
to the spectra in Fig. 2A with the same color.
We calculated optical conductivity spectra as a
function of D, as shown in Fig. 2C. By aligning
the lowest-energy peak position in both the
experimental photocurrent spectrum and the
calculated optical conductivity spectrum, we
established a conversion from D to A (30). This
allowed us to outline two regions by white
boxes in Fig. 2C that correspond to the ex-
perimental data in Fig. 2B. Major features
and trends in Fig. 2B are well reproduced by
calculation in Fig. 2C. The blue shift of the
I;-dominated optical transition peak indicates
the opening of the bandgap. At the same time,
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the bandwidth of the relevant moiré bands
continuously evolves.

Figure 2D summarizes the FWHM of the
I;-dominated peak as a function of A. Both
experimental and calculated FWHM decrease
monotonically to ~5 meV as A moves in the
negative direction. With A > 0, a minimum
FWHM of ~7 meV is observed experimentally
at A ~ 60 meV. The calculated peak width of
the DOS of the highest valence band (30) is
plotted as blue diamonds. It shows a trend
similar to that of the optical transition peak
FWHM, reaching a minimum of 5 meV. The
evolution of the optical transition peak width
largely reflects that of the bandwidth W of
the highest valence band, which is plotted as
green triangles. As the bandgap is opened, the
bandwidth Wis suppressed and eventually
approaches ~12 meV. This value is smaller than
the estimated on-site Coulomb repulsion en-
ergy U = ﬁ ~ 25 meV (wherely; = 15nm
is the moiré wavelength, and € = 4 is the
dielectric constant of hBN), making corre-
lation effects possible when partial doping
is induced by gates. Our data also indicated
a slightly broader peak width at A > 0 than
at A < 0 for the whole range (30). This ob-
served asymmetry of peak width implies a
bigger W for the A > 0 side, which agrees with
the fact that correlation effects are stronger
at negative D than at positive D in transport
experiments (8) as well as with the theoret-
ical calculation of bandwidth W, as shown in
Fig. 2D.

Next, we examine optical transitions in
the correlated insulating state when the flat
valence band is doped. Figure 3A shows the
device resistance as a function of top- and
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the gap. (C) The photocurrent spectrum of TLG/hBN at a displacement field

D =-0.71 V/nm and calculated optical conductivity spectrum at A = =87 meV.
Calculated contributions from transitions I; to I, are plotted as solid curves, and
the sum is plotted as a dashed curve. The prominent experimental peak at

~72 meV (indicated by the vertical dashed line) corresponds to transition I;. The
peak in the photocurrent spectrum indicated by a green arrow corresponds to
the peak in optical conductivity that is dominated by I3 and I4. All photocurrent
spectroscopy measurements were performed at a sample temperature of

2 K. a.u., arbitrary units; Cal., calculated; Expt., experimental.

bottom-gate voltages. At half-filling of the flat
valence band (v = -1%), a correlated insulating
state is formed, as indicated by a resistance
peak. Figure 3B shows the photocurrent spec-
trum at zero-filling of this hole band at D =
—0.44 V/nm, where a photocurrent peak cen-
tered at 45 meV corresponds to I, as illus-
trated by the inset. This peak has a FWHM
of ~13 meV; the calculations in Fig. 2D pre-
dict a DOS peak width of 10 meV at this D. At
v = =1 with a similar displacement field D =
—0.42 V/nm, the photocurrent spectrum is
dramatically changed, as shown in Fig. 3C.
We observed a new strong peak centered at
~18 meV. This energy is clearly below the
bandgap energy in Fig. 3B, yet it is bigger than
the DOS peak width of the flat valence band.
The FWHM of this new peak is ~18 meV, which
is substantially broader than the peak width in
Fig. 3B. The I;-dominated peak is merged into
the broad background.

These observations at v = —14 all point to a
picture that is much more complicated than
that in a doped band insulator, where electron
correlation effects can be neglected. For a half-
doped single-band Hubbard model, theoret-
ical calculations (33-35) predicted a broad peak
in the optical conductivity spectrum center-
ing around on-site Coulomb repulsion energy
U. Such features have been observed by opti-
cal spectroscopy experiments in conventional
strongly correlated materials (33, 36, 37).
We believe that the strong peak at 18 meV in
Fig. 3C indicates the formation of upper and
lower Hubbard bands with an optical exci-
tation across the Mott gap, as illustrated by
the inset of Fig. 3C. In the final state of this
optical excitation, a hole is left at one site
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Fig. 2. Displacement field-dependent interband
optical transitions at zero doping. (A) Photocurrent
spectra at several representative displacement

fields and zero doping at 2 K. The spectra are shifted
vertically for clarity. At D = -0.38 V/nm, the low-
energy peak is very broad in energy, indicating a large
dispersion of both conduction and valence bands.

As D becomes more negative and the bandgap
increases, this peak blue-shifts and narrows, indicating
that the lowest conduction and valence bands are
being squeezed by the bandgap. At positive D, the
peak position also blue-shifts monotonically, whereas
the peak width first narrows and then broadens.

(B) The 2D color plot of the photocurrent (P.C.)
spectra as a function of D. Dashed lines correspond to
the spectra in (A) with the same colors. (C) The 2D
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Fig. 3. Optical transitions in the correlated insulating state. (A) Device
resistance (R) as a function of the top- and bottom-gate voltages. The dashed
line indicates the constant D direction. Resistance peaks corresponding to
full-filling, half-filling, and zero-filling of the highest valence band are labeled

as v = -1, =%, and 0, respectively. (B) The photocurrent spectrum taken at the
purple dot position in (A). The spectrum is dominated by a sharp peak at

~45 meV, which corresponds to the I; transition, as illustrated by the inset.

C, conduction band; E, Fermi energy; V, valence band. (C) Photocurrent spectrum

while an extra electron is added to another
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taken at the green dot position in (A). In contrast to the spectrum in (B), a broad
peak at ~18 meV emerges, corresponding to an optical transition across the
Mott gap, as illustrated by the solid arrow in the inset on the left. The final state
of such optical excitation contains a hole at one site and an extra electron at
another site in the triangular moiré superlattice, as illustrated in the inset on
the right. The I; peak (indicated by the dashed arrow in the inset on the left) is
merged into the background. LHB, lower Hubbard band; UHB, upper Hubbard
band. The spectra in (B) and (C) are taken at 2 K.

site on the triangular moiré superlattice of
TLG/hBN. For the moiré superlattice in our
device, ﬁ ~25meV is expected to be a
good estimate of the onsite Coulomb repulsion
energy U (38). This energy is close to the peak
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position of 18 meV in Fig. 3C. The second piece
of evidence of correlation effects is the large
broadening of the low-energy peak. The FWMH
of 18 meV is several times bigger than expected
from the simple uncorrelated band picture:
Without correlations, one expects a peak width
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of ~6.5 meV, as inferred from the experimental
spectrum in Fig. 3B, and ~5 meV from calcu-
lations. Thirdly, the interband transition from
the lower Hubbard band to the lowest con-
duction miniband (illustrated by the dashed
arrow in the inset of Fig. 3C) is difficult to
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distinguish from the broad continuous back-
ground. It is likely that the DOS distribution of
the lowest conduction band, which is remote
to the flat valence band, also gets substantially
broadened and prevents an easy identifica-
tion of the transition from the experimental
spectrum. The broadening of both the flat
band and remote band is similar to what hap-
pens in MATBLG (21, 22, 24), indicating that
strong correlation effects play a key role in
our system.

We now briefly discuss the implication of
this low-energy optical transition on the de-
tailed nature of the Mott insulator state at
v = —1% of the valence flat band. We can rule
out spin- and valley-polarized ferromagnetic
ground states, because optical transitions are
forbidden in such states owing to the conserva-
tion of spin and valley pseudospin. This is also
supported by transport measurements where
magnetism is absent from the topologically
trivial side of TLG/hBN (72). Other candidate
ground states such as antiferromagnetic and
intervalley-coherent Mott insulators on a tri-
angular lattice (36, 38) allow optical transi-
tions across the charge gap. They both agree
with our experimental results, but a more pre-
cise identification requires further experi-
mental and theoretical studies. In particular,
continuous tuning of A and intersite coupling
parameters in TLG/hBN facilitate experimental
exploration of multiple ground states.

Besides the correlated insulating state at v =
-14 of the flat valence band, we also explored
magnetic field-induced insulating states when
the Fermi level is shifted into the lowest con-
duction band at D > 0. Figure 4A shows the
transport signature of such states when D is
positive. At zero magnetic field, the device re-

sistance features a single peak corresponding
to filling factor v = 0, whereas the electron-
doped side is featureless. However, at mag-
netic field B = 7.5 T, resistance peaks appear
at v = 14 and 1% of the lowest conduction
band. These features mimic the transport
signatures of correlated insulating states at
-14 and -1 filling of the flat valence band
when D is negative. Figure 4B shows the photo-
current spectra corresponding to these
two new insulating states. At v = 0, a peak
located at ~50 meV indicates interband tran-
sition across the displacement field-induced
bandgap. By contrast, at quarter- and half-
filling, a peak located at ~22 meV emerges
and dominates both spectra; no obvious peak
can be identified near 50 meV at quarter- and
half-filling.

Because v = 14 and % correspond to one
electron and two electrons per site on the
moiré superlattice, we believe that these two
states are also driven by electron correlation,
as in the Mott insulator state of the flat valence
band at v = —14. The exact role of the magnetic
field is to be clarified by further measurements.
Phenomenologically, the peak positions and
widths in photocurrent spectra at these two
magnetic field-induced insulating states are
similar to those of the peak in Fig. 3C. We
believe that a correlation-driven band splitting
similar to that in Fig. 3C is present in this
scenario, as illustrated by the inset of Fig. 4B.
In both cases, the optical excitation energy is
largely determined by the onsite Coulomb
repulsion energy U, which is set by the same
moiré wavelength and independent of the
displacement field and the doping type.

Our measurements provide spectroscopic
evidence of electron correlation effects in a
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Fig. 4. Optical transitions in magnetic field-induced correlated insulating states. (A) Top gate-dependent
device resistance at a fixed bottom-gate voltage V,, = +38 V. At zero magnetic field, a single resistance peak
appears at filling factor v = 0. At B = 7.5 T, additional peaks appear at v = % and %, corresponding to
quarter- and half-fillings of the lowest conduction band. (B) Photocurrent spectra corresponding to the

three resistance peaks at 7.5 T in (A). The v = % and %2 spectra are shifted by 3 and 6 a.u. respectively for
clarity. At charge density n = 0, a peak centered at 50 meV indicates the optical transition across the main gap.
At both v = % and Y%, a peak centered at around ~22 meV appears, whereas the interband transition is
merged into background. This low-energy peak mimics the peak in Fig. 3C (shown as a dashed curve for
comparison) in both peak position and peak width, implying similar band-splitting physics as that in a Mott
insulator. All the transport data in (A) and optical spectra in (B) are measured at 2 K.
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TLG/hBN moiré superlattice. We have ex-
perimentally determined energy scales for
relevant parameters of the Hubbard model,
which form a basis for accurate theoretical
modeling and understanding of both observed
(8, 12, 27) and predicted correlated ground
states (36-38) in this moiré superlattice.
These observations open up opportunities
to explore the doping and temperature de-
pendence of the optical spectrum, sum rules
for optical conductivity (28, 33), and bound
excitons of holon and doublon (28, 39), which
all call for further systematic study and the-
oretical calculations. The FTIR photocurrent
spectroscopy technique used here can be
readily generalized to other encapsulated
and (dual-)gated 2D moiré superlattice de-
vices for a better understanding of correlated
electron physics in this designer material
platform.
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