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Abstract

We present experimental findings on electron-electron scattering in two-dimensional moiré
heterostructures with tunable Fermi wave vector, reciprocal lattice vector, and band gap. We
achieve this in high-mobility aligned heterostructures of bilayer graphene (BLG) and hBN.
Around half-filling, the primary contribution to the resistance of these devices arises from
electron-electron Umklapp (Uee) scattering, making the resistance of graphene/hBN moiré
devices significantly larger than that of non-aligned devices (where Uee is forbidden). We find
that the strength of Uee scattering follows a universal scaling with Fermi energy and has a
non-monotonic dependence on superlattice period. The Uee scattering is electric field tunable
and is affected by layer-polarization of BLG. It has a strong particle-hole asymmetry — the

resistance when the chemical potential is in the conduction band is significantly lesser than
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when it is in the valence band, making the electron-doped regime more practical for potential

applications.
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In a Galilean-invariant electron liquid, normal electron—electron scattering does not cause a loss
of the momentum imparted to the electrons by the driving electric field; consequently, it can
not lead to electrical resistance. A realistic Fermi liquid is, however, not Galilean invariant —
a finite coupling to an underlying lattice provides a mechanism for the momentum relaxation
of the quasiparticles via the Umklapp process!. Umklapp electron-electron (Uee) scattering is
the fundamental mechanism that allows momentum transfer from electrons to lattice and imparts
electrical resistance to the metal®™®. In this process, the crystal lattice gives a momentum kick to
a pair of interacting electrons, backscattering them to the other side of the Fermi surface. Their

quasi-momentum is conserved, modulo a reciprocal lattice vector G,
ki +ks =ks + ks + G (D

Here hk; 2 and hikg 4 are the initial and final quasi-momenta of the two electrons near the Fermi
level, respectively, and G is a non-zero reciprocal lattice vector of the crystal. This stringent
conservation constraint, coupled with the lack of tunability of the Fermi wave vector, makes
experimental identification of Uee processes in normal metals challenging’~. Notable exceptions
are heavy-fermionic systems whose large effective quasiparticle mass leads to an appreciable Uee-

mediated resistance at very low temperatures (=~ 100 mK) .

In the limit of nearly free electrons, one can view the Uee scattering as a two-stage process: In
the first step, an electron-hole pair is excited into a virtual state by an electron, followed by the

scattering of one of these particles by the periodic lattice potential. The temperature dependence of



the Uee scattering process at a finite temperature is thus set by the size of the scattering phase space
(x kgT/Er) for each electron; only the quasiparticles residing within a width of order kT around
the Fermi energy E'r can undergo binary collisions. Consequently, the Uee contribution to the sheet

resistance in 2D goes as Roye. = fuT?!!. f, o< ER? is a material-dependent parameter 14,

Note, however, that Uee need not be the only source of T2 -resistivity in a material '>!>-18, A
claim that the dominant source of scattering is the Uee process should be backed up by a (1)
quantification of the prefactor f,,, (2) a demonstration of the scaling of f, o E;Q, and (3) ruling
out other competing mechanisms (e.g. electron-phonon scattering ') that can give T-dependent

charge scattering.

Graphene-based moiré superlattices 4619723

provide a system with precise tunability of the reciprocal
lattice vectors G (via the twist angle between the constituent layers) and the Fermi wave vectors
ky (by controlling the carrier density n through electrostatic gating). It thus provides a vast phase
space in which Eqn. 1 may be satisfied, and the scaling of f,, versus Fr can be verified. Recent
calculations (that treat both the electron—electron Coulomb interaction and the moiré superlattice

potential perturbatively) predict that in aligned heterostructures of Bernal bilayer graphene (BLG)

and hBN, Uee scattering processes should be the primary source of resistance>.

In this Letter, we experimentally verify that in high-mobility moiré superlattices of BLG and hBN,
Uee is the dominant source of resistance near half-filling. Our studies show that the strength of
Uee depends non-monotonically on the superlattice period. This is at par with recent theoretical
predictions® and in sharp contrast to observations in single-layer graphene-based superlattices®.
We illustrate the tunability of strength of the Uee process (quantified by f,,) with displacement
field, D and carrier density, n. Additionally, we demonstrate a strong particle-hole asymmetry in
the strength of the Uee process, whose origin can be traced to the moiré potential having a much
stronger effect on the valence band than on the conduction band *°. Furthermore, we demonstrate
the high tunability of Umklapp resistivity with an external vertical electric field, emphasizing

the potential for precise control over the electronic properties of bilayer graphene superlattices.



Finally, we show that these processes are completely absent in non-aligned devices.

High-quality hBN/BLG/hBN heterostructures were fabricated using the dry transfer technique

(Supplementary Information, section S1)2°-%%

. The top hBN was aligned at nearly zero degrees
with BLG, and the bottom hBN was intentionally misaligned to a large angle to ensure that a
moiré pattern forms only between top hBN and BLG (Fig.1(a)). The device is in hall bar geometry
(Fig.1(b)) with dual gates to tune the carrier density n and the vertical displacement field D
independently via n = [(Cy,Vig + CiyVig) /e +n,| and D = [(CyyViy — CiyVig) /2 + D, ]. Here Gy,
(Cyy) is the back-gate (top-gate) capacitance, and V3, (V},) is the back-gate (top-gate) voltage. n,
and D, are the residual number density and displacement field in the graphene due to impurities.
The direction of the negative displacement field (D) is marked schematically in Fig.1(a). In the
main text, we provide the data for a device M1 (with twist angle ~ 0° and superlattice wavelength
14 nm), unless otherwise mentioned. The data for three more hBN/BLG/hBN superlattice devices,
labeled M2, M3 and M4 with twist angle ~ 0.26°,0.47° and 1.70° respectively, and with superlattice
wavelength ~ 13.64 nm, 12.73 nm and 7.20 nm respectively, are presented in Supplementary
Information. We also present data for a non-aligned hBN/BLG/hBN device (labeled N1) to compare

the T'-dependence of resistance between Uee-allowed (aligned devices) and Uee-forbidden (non-

aligned devices) systems.

The measured longitudinal resistance Ry, on device M1, at 2 K temperature shows a peak at
the charge neutrality point (CNP), ncyp = 0 and moiré satellite peaks at ny; = £2.30 X
10'® m~2 (Fig. 1(c)). The mobility at CNP is extracted to be 350,000 m?V~!s~1. Quantum Hall
measurements at a perpendicular magnetic field of B = 5 T establish that both spin and valley
degeneracies are lifted, indicating the high quality of the device (Supplementary Information,
section S5); these measurements are used to calibrate the values of (3, and C,,. The angle
homogeneity of the device is ascertained by comparing the Ry, data measured in different configurations

(Supplementary Information, section S2).

Our results for Ry, as a function of carrier density n and electric field D/eg, shown in Fig.1(d)



ascertain that the values of the moiré gap in carrier density n,, are independent of the applied
electric field. The plot can be divided into four quadrants labeled I-IV. In quadrants I (n > 0,
D/eg > 0)and Il (n < 0, D/ey < 0), at a finite D, the occupied electronic states near the Fermi
energy are predominantly localized (marked with a red color oval) in the bottom layer of BLG
(away from moiré interface) and are weakly localized (marked with a blue color oval) in the top
layer of BLG (close to moiré interface). This leads to the suppression of moiré effects and low
resistance value of satellite peak in these quadrants. The opposite effect is seen in quadrants II
(n>0,D/eg < 0)and IV (n < 0, D/ey > 0), the occupied electronic states are predominantly
localized in the top layer of BLG (close to moiré interface) leading to the enhancement of moiré
effects and higher resistance of the satellite peaks in these quadrants. Later in this Letter, we

explore the consequences of this displacement-field-induced layer polarization on Uee scattering.

The moiré periodicity of the system is estimated from Brown-Zak oscillation measurements at 7" =
100 K (Fig.1(e)). Thermal broadening smears out Landau oscillations at this elevated temperature,
and only Bloch oscillations survive '>2°!. A Fourier spectrum of the oscillations yields the inverse
periodicity or the ‘frequency’ of the oscillations to be By = 24.2 T (Fig.1(f)). Observation of only
a single frequency rules out the double alignment of the BLG with hBN 32, Using the relation
S = h/eBy (S being the real space area of the moiré superlattice cell, h: Planck’s constant, e:
electronic charge), the moiré wavelength is calculated to be A = 14 nm and the carrier density
corresponding to filling the bands just up to the moiré gaps is 4/S = 2.30 x 10'® m~2; the factor
of 4 arises from the two-fold spin-and valley-degeneracy of graphene. This value of carrier density
matches nj, exactly, validating the number density corresponding to the moiré gap obtained from
zero-magnetic field Ry, measurements. The twist angle between BLG and hBN corresponding to
this moiré wavelength is approximately 0° indicating near-perfect alignment between the top hBN

and the BLG.

Fig. 2(a) shows the plots of the zero-magnetic field longitudinal sheet resistance Rg = Ry w/l (w

and [ are the width and length of the channel respectively with w/l = 1.5) versus the moiré band



filling fraction n/ny over a temperature range 5 K < 7" < 300 K at zero displacement field. Here,
no = 1/A = ny/4 is the carrier density at one-forth filling of the moiré band. With increasing
temperature, one notices a sharp increase in Ry around n/ng = —2 (Fig.2(d)); this feature is
completely absent in non-aligned BLG devices (Supplementary Information, section S3). As we

establish below, this rapid increase in Ry with 7" arises from the Umklapp scattering in the device.

At T = 0, Uee is suppressed, and the resistivity is dominated by disorder scattering '?. To mitigate
the effect of static disorder scattering, we henceforth focus on AR(7") = Rn(T") — Ro(5 K). The
magnitude of Ro(5 K) atn/ng = —2is ~ 140. In Fig. 2(b), we plot ARy /T? versus n/ng over a
temperature range from 30 K to 110 K — the data at all temperatures collapse onto a single curve in
the filling fraction range —2 < n/ny < —1 (marked by the dotted ellipse) showing that AR5 oc T2
over this range. This can be better appreciated from the inset, which shows the data over a narrow
range around n/nyg = —2. Fig. 2(c) plots the ARg versus 72 to better show the electron-hole
asymmetry over a range of n/ng. The linearity of the plots of sheet resistance versus 77 in this
carrier density regime persists till about 7' >~ 110 K, establishing Uee scattering as the source
of resistance (Fig. 2(c)). This temperature is of the order of the Bloch—Griineisen temperature
in graphene. Above this 7', electron-phonon scattering starts becoming the dominant source of
resistance, and the quadratic relation between AR5 and 7' breaks down®*3%. Fig. 2(d) shows
a comparison of AR for the five devices — the strong quadratic T-dependence seen in aligned
devices is completely absent in the non-aligned device where Uee is forbidden from phase-space
arguments. Inset in Fig. 2(d) shows f,, versus twist angle for the aligned devices, illustrating the

non-monotonicity of umklapp strength on the twist angle.

To understand the number density limits over which Umklapp processes are seen, recall that at
very low n/ng, transport in graphene is dominated by electron-hole puddles®*3¢37; this gives a
practical lower bound of n/ng at which e-e scattering is detectable®. A more accurate lower limit
is obtained by the constraint that the Uee process imposes on the Fermi wave vector kg (Eqn. 1),

this sets a lower bound on |n/ng| equal to 7/(2v/3) = 0.91. (see Supplementary Information,



section S4). At the other extreme, at high number densities, one begins to encounter electron-
hole scattering processes at the principal mini band edges because of the moiré induced van-Hove

singularity (Fig.3(b)), which masks the Umklapp scattering process’.

Before proceeding further, we eliminate the other probable causes that are known to lead to a T-
dependence of the resistance. In a system with different carrier types/masses (as is the case near
the primary and secondary gaps or van Hove singularities), the transfer of momentum between the
two carrier reservoirs can lead to a resistivity with 72 dependence®*°. This consideration guides
us to avoid filling fractions that lead to Fermi levels close to these regions of the moiré bands and
confine our analysis to the filling fraction range —2 < n/ny < —1, as shown in Fig.3(a). We
note that, in low-mobility dilute alloys, the thermal motion of impurity ions can also give rise to a

T?-dependent resistance *!; this scenario does not apply to our high-mobility heterostructures.

A phenomenological treatment, based on the Rice-Kadowaki—Woods scaling analysis'*!* yields:
ho(kp\?
n X = | = 2
oty (32) @

In Fig.3(b), we plot A = f,t (t = 0.8 nm is the thickness of BLG) as a function of the Fermi
energy Er along with the compilation of data on several different materials'2. A very good match

is obtained, emphasizing the universality of the value of f,,.

Having established Uee as the source of quasiparticle scattering in bilayer graphene/hBN moiré
near half-filling (n/no = —2), we now shift our focus on the effect of inter-layer potential asymmetry
(tuned using D) on the Umklapp scattering in the quadrant III and IV of Fig. 1(d). Fig. 4(a)
plots ARq/T?(n/ng = —2) versus T for several different values of D/e;. We find that the
temperature exponent of the resistance &« = dIln(ARp)/dIn(T") ~ 2 for —0.3 V/nm < D/ey <
0.3 V/nm (Fig. 4(b)). In this range of D/e;, we find a substantial increase in the scattering
strength with increasing D/¢eq in conformity with theoretical predictions® (Fig. 4(c)). Fig. 4(d)

plots f,,(D,n/ng = —2) versus D /ey over the temperature range 60 K— 100 K. These data points



collapse on top of each other with f,, growing quadratically with D /e.

Note that f,, has a slight asymmetry under sign-reversal of D /€. To understand this, we recall
that the sign of layer polarization in BLG depends on the direction of D. A positive D—field (as
defined in Fig. 1(a)) increases the potential energy of electronic states in the lower layer of BLG
as compared to those in the upper layer of BLG. For negative n, the occupied electronic states are
mainly localized in the top layer of the BLG (that forms the moiré with the hBN)?. For the negative
D-field, on the other hand, the occupied electronic states are mainly localized in the bottom layer
of the BLG (that does not form the moiré with the hBN). We postulate that the combined effect
of this asymmetry of layer polarization on the sign of D and the asymmetry of the moiré potential

inherent in this device architecture ultimately manifests as f,,(D) # f,.(—D).

With further increase in the displacement field, o deviates from two, indicating a suppression
of Umklapp processes for |D/eg| > 0.3 V/nm. We do not have a clear understanding of the
origin of this. One plausible reason can be that at large D, the trigonal warping becomes strong,
severely limiting the phase space over which Eqn. 1 may be satisfied*>. A related effect of the
trigonal warping is the formation of overlapping electron-hole bands at certain number densities
— the scattering between thermally excited electrons and holes then masks Uee processes™*?. A
second possible cause of the suppression of Uee at high D can be the strong modification of the
BLG band by the displacement field (this includes layer-polarization, the opening of a band gap,
and enhanced trigonal warping) leading to strong Zitterbewegung, which becomes the relevant
scattering mechanism at large |D|*. Further experimental and theoretical studies are required to

verify if any of these is indeed the cause for suppression of Umklapp scattering with increasing D.

To conclude, our experiments unequivocally establish Umklapp scattering to be the leading source
of resistance in hBN/BLG superlattices in certain filling fraction ranges. Our findings on hBN/BLG
superlattice differ from recent studies on hBN/SLG superlattice* in several significant aspects. In
SLG hBN moiré, Ry increases monotonically with increasing superlattice period and charge

carrier density?. In contrast, Ry, in BLG moiré superlattice is predicted to have a non-monotonic



dependence on superlattice period®. In this Letter, we have experimentally verified this prediction.
Additionally, bilayer-based systems provide strong electric field tunability of the band gap and
layer polarization and thus have an enormous scope for room-temperature applications 7. We
have shown that the strength of Uee increases rapidly with the increasing strength of the displacement
field; this fact must be factored in when designing any D-field controlled superlattice device
architectures. Additionally, we find the strength of Uee scattering to be stronger in BLG/hBN

superlattice than in SLG/hBN superlattice (Supplementary Information, section S6).

With the presently available technology, the best quality BLG field effect devices are formed when
encapsulated between a crystalline insulator, like hBN %2, As the growth of graphene in hBN

leads to aligned layers >33

, itis imperative to understand the significant sources of Joule heating in
such systems for optimal room-temperature operations. Our present study achieves this and should
motivate further studies in related systems like twisted bilayer graphene and twisted bilayers of

transition metal dichalcogenides.

t56

While this manuscript was under review, we became aware of a preprint °° which demonstrates

that at n/ng = —2, transport in BLG/hBN moiré is dominated by Umklapp scattering.
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Figure 1: Characteristics of the moiré device M1. (a) Schematic of the device layers, indicating
moiré (no-moiré) superlattice formation between top hBN (bottom hBN) and the BLG. (b) An
optical image of the device labeled with the measurement configuration (scale bar: 5um). (c) Plot
of the longitudinal resistance R, (B = 0) at T = 2 K as a function of n. Dotted gray lines mark
the moiré satellite peaks with carrier density ny; = +2.30 x 10'® m~2. (d) 2D map of R, as a
function of n and D. Labels I-IV mark the four quadrants in the n — D plane. The four insets show
schematically the charge distribution in the two layers of BLG in these four regimes at high D.
The red (blue) ovals indicate the layers of BLG with the higher (lower) occupation of the electronic
states. The upper bound on R, is set to be 2 k) for better visibility of the satellite peak (for the
complete data, see Supplementary Information, section S2). (e) Plot of Brown-Zak oscillations
Gz versus 1/ B for different carrier densities (units of 10*® m~2) measured at 7' = 100 K. (f) The
Fourier spectrum of the Brown-Zak oscillations measured at n = 4.05 x 106 m~2 shows a single
prominent peak at By = 24.2 T.
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Figure 2: Umklapp scattering at D /ey = 0 V/nm. (a) Plot of sheet resistance Ry as a function
of filling fraction n/ny over a range of temperature from 5 K (blue) to 300 K (red). (b) Plot of
ARp/T? = (Ro(T) — Ra(5K))/T? versus n/ng over a range of temperature from 30 K (blue)
to 110 K (red). The dotted ellipse marks the region where Umklapp is the dominant scattering
mechanism. The negative value of ARn/T? around n/ng = —4 is a consequence of the fact that
at these number densities, the value of Ry decreases with increasing 7. Inset: Zoomed-in view
of the region around n/nyg = —2. (c) Plot of ARg as a function of 7% for six different values of
n/ng. (d) Comparison of plots of AR versus temperature at n/ny = —2 for four aligned devices
(M1, M2, M3 and M4) with twist angle (0°,0.26°,0.47°,1.70°) and the non-aligned device N1 at
n = —1 x 10'® m~2. Inset: Dependence of f, on the moiré twist angle § (measured in degrees).
The dashed line is a guide to the eyes.
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Figure 3: Universal scaling of Umklapp scattering. (a) Plot of the calculated density of states
(DOS) versus n/ng. The shaded area marks the number density range, away from band edges and
van Hove singularities, where Uee processes can be unambiguously detected. (b) Plot of A = f,,t
versus Er/kg. The open circles are the data from the current study on M1 and M2 superlattice
devices. The filled triangles are the data from Ref 2.
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Figure 4: Electric field dependence of Umklapp scattering. (a) Plots of AR5/T? versus T for
different values of D /¢, the data are for n/ny = —2. The numbers on the plots are values of
the D/ey. The data have been vertically offset for clarity. (b) Plot of the resistance exponent «
(v = dIn(ARp)/dIn(T)) versus D /ey at n/ng = —2. (c) Plot of AR versus filling fraction n/n,
at temperature 7' = 80 K for different values of D/¢q. (d) Plots of f,, = ARg/T? versus D /¢ at
a few representative values of 7" in the Umklapp region at n/ny = —2.
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