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Twisted bilayer graphene (TBG) provides an example of a system in which the interplay of
interlayer interactions and superlattice structure impacts electron transport in a variety of non-trivial
ways and gives rise to a plethora of interesting effects. Understanding the mechanisms of electron
scattering in TBG has, however, proven challenging, raising many questions about the origins of
resistivity in this system. Here we show that TBG exhibits high-temperature magnetooscillations

originating from the scattering of charge carriers between TBG minivalleys.

The amplitude of

these oscillations reveals that interminivalley scattering is strong, and its characteristic time scale is
comparable to that of its intraminivalley counterpart. Furthermore, by exploring the temperature
dependence of these oscillations, we estimate the electron-electron collision rate in TBG and find that
it exceeds that of monolayer graphene. Our study demonstrates the consequences of the relatively
small size of the superlattice Brillouin zone and Fermi velocity reduction on lateral transport in

TBG.

Two graphene monolayers, placed on top of each other
with a small rotational misalignment between their crys-
tallographic axes, form a long-wavelength moir super-
lattice. The electronic properties of such a superlat-
tice depend on the relative twist angle, 6, between the
graphene layers as well as their interlayer hybridiza-
tion. A particularly interesting case is that of small-
angle (8 < 3°) TBG (SA-TBG), where hybridization
is strong, and which, for a certain range of angles, fea-
tures intriguing interaction-driven phenomena including,
but not limited to, superconductivity 1*4 correlated in-
sulator states® and orbital ferromagnetism#® The low-
energy single-particle band structure of SA-TBG resem-
bles that of monolayer graphene (MLG) but is charac-
terized by a decreased Fermi velocity, vp, and a reduced
Brillouin zone (BZ).® Like the BZ of MLG, the reduced
BZ is hexagonal and contains two minivalleys located at
the ky, and k!, high-symmetry points.” The minivalleys
are spaced apart by a relatively small (in comparison to
MLG) distance, Ak = (47 /a) sin(6/2), where a is the lat-
tice constant of MLG (Fig.[Th). In MLG, the intervalley
separation is sufficiently large so as to suppress interval-
ley electron scattering, provided that atomically-sharp
defects are absent® In this work, we show that the op-
posite is true for SA-TBG, where strong interminivalley
scattering significantly affects its transport properties.

Our devices are multi-terminal Hall bars composed
of SA-TBG encapsulated between two relatively thin
(< 100 nm thick) slabs of hexagonal boron nitride (hBN).
The Hall bars were produced by a combination of tear-
and-stack?Y and hot release™ methods, were endowed
with quasi-one-dimensional contacts’? and had typical

width of about 2 ym as shown in Fig.|[1lb (See Supplemen-
tal Material’®). Figure lc shows a typical dependence
of the longitudinal resistivity, pxx, versus the externally-
induced total carrier density n, measured in one of our
devices at two representative temperatures, 7. At small
n, the pyx(n) dependence resembles that of monolayer
graphene (MLG): namely, it exhibits a sharp peak of
about 2 k) at the charge neutrality point (CNP) that
rapidly drops to 20 — 50 Q with increasing |n|. Upon fur-
ther doping, pxx(n) exhibits a steep rise at |n| ~ 6 x 1012
cm ™2, which corresponds to full filling of the first super-
lattice miniband in accord with previous studies on SA-
TBG 21415 Three devices with 6 of 1.65°,2.24° and 2.3°,
respectively, were studied — all exhibiting similar trans-
port characteristics (see Supplemental Material'? for the
angle determination procedure).

A notable feature of SA-TBG is that, by employing
a single- or dual-gated device architecture, one can se-
lectively populate the minivalleys by appropriately tun-
ing the top and bottom gate voltages!® (V;, and
Vbg respectively). This combination defines the rela-
tive displacement field between graphene layers, D =
(CrhgVhg — CigVig)/2, and total carrier density, n =
(CrhgVbg + CigVig)/e. Here Cig g are the top and bot-
tom gate capacitances per unit area, and e is the elec-
tron charge. Figure [Id shows the calculated band struc-
ture of the 1.65° SA-TBG for the case of zero and finite
D, which clearly demonstrates the gate-induced imbal-
ance in the population between the k, and k[, points in
the latter case. Intuitively, as the minivalleys are pre-
dominantly formed from the energy bands of different
graphene sheets, an applied electric field dopes the lay-
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FIG. 1. Interminivalley magnetooscillations in small-angle twisted bilayer graphene. (a) Schematic illustration of the mini-BZ
of the SA-TBG superlattice. Red and blue circles represent Fermi surfaces in different minivalleys, labelled k., and k. (b)
Optical photograph of an encapsulated SA-TBG device. Yellow - gold contacts, dull green - top gate, light brown - Hall bar
mesa. (c) pxx as a function of n for the 1.65° device at 4 K (black) and 40 K (blue). B =0, D = 0. (d) Calculated single-particle
band structure for the 1.65° SA-TBG: at low-energies two Dirac cones are formed in the vicinity of the k., and k7, points. The
horizontal black lines represent unevenly spaced LLs that form in the presence of a perpendicular magnetic field. When D # 0,
the cones are shifted with respect to each other. When LLs from different minivalleys get aligned inside the thermal window
around the Fermi level, interminivalley scattering (arrow) is enhanced resulting in excess resistivity. (e) Hall resistance, Ry,
as a function of B for two characteristic D = 0 and D/go = 0.35 V/nm yielding n = 0.7 x 10'? cm™? measured at T = 16 K.
(f) pxx (symmetrized) as a function of B for the same D, n and T as in (e). Inset: Derivative of the px(B) dependence for the

case of D/eg = 0.35 V/nm.

ers unequally resulting in such an imbalance 1618 In the
presence of a perpendicular magnetic field, B, the gate-
induced imbalance also determines the relative offset of
the Landau levels (LLs) hosted by each minivalley 2920 5
property that brings us a reliable method to explore the
effects of interminivalley electron scattering in SA-TBG,
as we now proceed to show.

Figure compares the magnetoresistance of one of
our devices measured at T = 16 K, for zero and finite
D/eg = 0.35 V/nm at the same total n (where g is the
vacuum permittivity). The carrier density was verified
via the Hall effect measurements presented in Fig. [Tk,
which shows that the Hall resistance, Ry, and, therefore,
n, is identical for both D values. At zero D, pyy grows
with increasing B but remains featureless: Shubnikov-
de-Haas oscillations (SAHO) in this device disappear at
15 K for this B rangé™® (see below). In striking con-
trast, a clear oscillatory pattern develops in pyx(B) data
when a finite D/eg = 0.35 V/nm is applied across the
graphene layers. The oscillations are even more visi-
ble in the derivative of the resistivity with respect to
B, dpxx/dB, (inset in Fig. [If) because of the eliminated
magnetoresistance background.

Figure [2p details our observations further by compar-
ing the low-field magnetoresistance of another SA-TBG
device (2.24°) at two characteristic T and D # 0. At
T = 4.2 K, pyx exhibits the 1/B-periodic pattern as-
cribed to SAHO. Because the applied displacement field

creates a small difference in the size of the Fermi sur-
faces associated with the ky and k!, minivalleys (see
Fig ), two oscillations of slightly different frequency
emerge. The sum of these produces a familiar beat-
ing pattern. At T > 20 K, a different oscillation se-
ries, characterized by a much lower frequency, dominates
the pyx(B) behaviour. In Fig. we plot the ampli-
tude, Apyx, of these oscillations as a function of the
inverse magnetic field 1/B and demonstrate their 1/B-
periodicity. This periodicity is further verified by plotting
the oscillations’ extrema indices, N, against the values of
the inverse magnetic field, 1/By, at which they appear:
all peaks (dips) fall onto straight lines, the slope of which
l[d(ld/ll\fN)]—1

defines the oscillation frequency as By = 3

(inset of Fig. 2p).

Having revealed the 1/B—character of the high-T resis-
tance oscillations, it is instructive to explore these mag-
netooscillations in SA-TBG by FFT analysis. As ex-
pected from the beating pattern, the FFT spectrum at
T = 4.2 K is dominated by two closely-spaced peaks,
labeled as By and B, (Fig. ), containing informa-
tion on the carrier density in each minivalley, nq 2, via
Bi,2 = n1,.2h/ge, where h is Planck’s constant and g = 4
is the minivalley degeneracy ™ At 7' = 20 K, the FFT
spectrum consists of a single peak at By (labeled ac-
cordingly) that matches the periodicity determined from
the 1/Bn(N) fit (inset of Fig. [2p). Interestingly, the By
peak is also visible at T' = 4.2 K and 11 K in the FFT
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FIG. 2. Fundamental frequency of the interminivalley magnetooscillations in SA-TBG. (a) pxx as a function of B for two
characteristic T = 4.2 and 20 K measured in 2.24° SA-TBG. D/ey = 0.25 V/nm and n = 2.76 x 10'* cm™2. (b) Amplitude
of interminivalley magnetooscillations Apxx in our 2.24° device at 20 K after the subtraction of a smooth non-oscillating back-
ground. Inset: Symbols show resonant values of the inverse magnetic field 1/ By plotted against N for different n corresponding
to the matching symbols in (b). Lines: Fits to the linear dependence yielding Bg (see text). (c¢) Examples of the FFT spectra of
the SA-TBG magnetooscillations for characteristic 7. By and Bz determine the SAHO periodicity in different minivalleys and
By is the frequency of interminivalley magnetooscillations. Inset: By as a function of population imbalance An for SA-TBG of
different angles. Solid line is the expected By = hAn/4e dependence.

spectra, but, because of the complicated beating pattern
in pxx(B), these oscillations were obscured in previous
magnetotransport studies on SA-TBG, whereas in large
6 > 3° non-encapsulated devices, they were presumably
absent 2! Critically, we find that the obtained By is iden-
tical to the difference By — B; indicating that the period
of the high—T magnetooscillations is controlled by the
carrier density imbalance, An = ny — nj, between the
minivalleys (see below).

Figure [3h shows the dpy,/dBy for # = 2.24° mapped
onto a (B,T) plane. Such representation allows for a
convenient illustration of the evolution of magnetooscil-
lation patterns in SA-TBG as a function of T": fast SAHO,
clearly visible at liquid helium 7, vanish at ~ 15 K
whereas the slow high-T" oscillations persist even above
50 K. We also studied the effect of in-plane dc current,
I4c, on magnetoresistance and found that, in contrast to
SAHO, which are readily damped by the application of
only Iq. ~ 10 uA because of Joule heating, the amplitude
of the high-T magnetooscillations is resilient to Iy, up to
at least 75 pA. Interestingly, we also observed that upon
increasing 4., the phase of these oscillations flips several
times, additionally distinguishing them from SAdHO (see
below and Supplemental Material’?).

Taken together, the high-T character, peculiar fre-
quency, and fragile phase identify these oscillations as
an SA-TBG analogue of magneto-intersubband oscilla-
tions (MISO) discovered in wide quantum wells (QW)
and studied in related systemsZ¥5l In QW, the oscil-
lations emerge when a two-dimensional electron system
(2DES) occupies two or more energy bands capable of

electron exchange 232651 Tn particular, when the LLs

from different subbands become aligned within the ther-
mal window around the Fermi level, elastic interband
scattering gives rise to excess resistivity. In the oppo-
site case, when the subbands are misaligned, interband
scattering is suppressed. As a result, the resistance expe-
riences 1/B—periodic oscillations with a period propor-
tional to the difference in filling factors between the two
subbands. In the assumption that the intraband scat-
tering time, 7, does not depend on the subband index,

the oscillations’ functional form in the limit of small Iy,
readd26i27i3T

2T

Ap = P00102 cos(2mAv/g). (1)

Tinter

Here pg is the Drude resistivity, 61,2 = exp(—7/weTq1,2)
are the Dingle factors of the two subbands labeled by
indices 1 and 2 and expressed in terms of the cyclotron
frequency, w,, and the quantum scattering times 7; and
Tq2, g is the subband degeneracy, Av = vy — 1 is the
difference in filling factors, 14 2 = n1.2h/Be, of the sub-
bands, and Tipter is the interband scattering time. Note,
while initially derived for 2DES with parabolic spectrum,
Eq. (1) becomes generally applicable when expressed in
terms of the filling factors. Indeed, Av/g universally de-
termines the condition where the LLs in both subbands
are aligned. In addition, we mention that the conditions
of our experiments actually correspond to high filling fac-
tors and low T" where the effects of non-parabolicity and
associated non-equidistant LL spectrum are negligible.
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FIG. 3. Temperature dependence of the interminivalley magnetooscillations in SA-TBG. (a) dpxx/dB mapped against T' and
1/B at n = 2.76 x 10*2cm™2 and % = 0.25 V/nm. (b) FFT amplitude of the SdAHO and MP oscillations as a function of 7T'.
Red dashed line: Fit of the high-T region with exp(—yT?), where v = 11.5 x 10™* K2, Purple dashed line: LK law fit of
SdHO. (c) Experimentally-derived e-e scattering rate (1/7e.) versus T' (red dots). Blue and green dashed lines are the 1/7ec(T)
dependence for MLG taken from Ref52 and the results (green dashed curve) of its renormalization accounting for reduced vr

and eight-fold degeneracy in SA-TBG at small fillings.

To validate the interpretation of the observed high-T
magnetooscillations in SA-TBG in the context of MISO
physics, we plot the experimentally determined By (from
Fig. ) as a function of An in the inset of Fig. . This
difference in carrier density, An, was obtained by a sim-
ple electrostatics argument that accounts for the partial
screening of the applied field by the graphene layers 71
(Supplemental Material'¥). Additionally, for some D, we
also verified the aforementioned An values by FFT analy-
sis at liquid helium 7" as well, where the beating of SAHO
can be used to determine An. For all our devices, the ob-
tained Bo(An) dependence was found to be linear over a
wide range of An and accurately followed the functional
form By = hAn/4e, where 4 represents the degeneracy of
each minivalley. This substantiates the interpretation of
the observed oscillations in terms of MISO, where mini-
valleys now take on the role of the subbands.

Another important characteristic of MISO is its frag-
ile phase with respect to dc bias2#38 In the presence of
magnetic field, an electric current, I4., of high density
generates a substantial Hall field perpendicular to the
current flow that initiates additional impurity-assisted
tunneling of electrons between the tilted LLsB739 The
probability of such tunneling events oscillates with mag-
netic field and is maximized when the Hall voltage drop
across the cyclotron diameter matches an integer multiple
of the cyclotron energy 3 This leads to the modification
of the resonant condition for MISO which manifests itself
in multiple phase reversals upon ramping I4.. This inter-
esting behaviour was also found in our SA-TBG devices,
which exhibited the aforementioned phase flips with re-
spect to Iq. (Supplemental Material and Fig. S233! fyr-
ther supporting the origin of the observed oscillations.

Moreover, unlike SAHO, which also emerge as a re-
sult of the Landau quantization, the intersubband oscil-
lations are not sensitive to the smearing of the Fermi
distribution, and therefore are damped only through the
broadening of LLs, parameterized via the Dingle fac-
tors in Eq. IEBZI Our data reveals this expected be-
haviour too: namely, the FFT amplitude of the inter-
minivalley oscillations features a slow exp(—’yTQ) decay
(v = 11.5 x 10~* K~2), as compared to the relatively
fast SAHO thermal damping governed by the conven-
tional Lifshitz-Kosevich (LK) law (dashed purple line
in Fig. Bp). This behaviour is also consistent with the
robustness of the interminivalley oscillations to heating
induced by large I4. (See Supplemental Material and
Fig. S2 for details™).

The observed high-T' magnetooscillations provide a
convenient tool to estimate the relative ratio between
inter- and intraminivalley scattering rates in SA-TBG by
fitting them with Eq. [Il From the exponential damping
of the oscillations’ amplitude with decreasing B, one can
extract the quantum scattering time, while py can be ob-
tained from the zero-B data leaving 7/Tinter as the only
fitting parameter. We have performed such an analysis
for our smallest angle device and, from the data shown in
Fig.[If, found that at T' = 16 K, 7 and Tinter are compara-
ble, indicating the significance of interminivalley scatter-
ing processes at small 6 (see Supplemental Material and
Fig. S3 for detailsﬁ:ﬂ). We also note a drop in the oscil-
lations’ amplitude with increasing #. This indicates the
suppression of interminivalley scattering at larger twist
angles likely because a larger momentum gain, ~ Ak, is
required to initiate such transitions. However, more ac-
curate comparison on samples with identical quality is



needed to verify such conclusion.

The interminivalley oscillations also provide an addi-
tional insight into the electronic properties of SA-TBG:
the observed exp(—7T2) behaviour of the FFT ampli-
tude (Fig. ) suggests LL broadening induced by e-
e scattering®! and thus, its rate, 1/7e, can be con-
veniently estimated via an analysis of the oscillations’
thermal damping#? Assuming that this thermal damp-
ing is solely encoded in §105 through the temperature
dependence of the quantum scattering times (see Eq. ,
and that these are identical in both minivalleys (a rea-
sonable assumption when An < n),%" one obtains the
T—dependent amplitude of the interminivalley oscilla-
tions: 010y = e 2™/wTa(T) Since i H(T) = o+
71 (T), where 7y is the T—independent elastic quantum
scattering time, one can extract 7o, from the FFT mag-
nitude of the interminivalley oscillations. Figure 3 shows
the results of such an analysis and plots the 7,51 (T') de-
pendence. For 0 = 2.24°, we find that the obtained esti-
mates exceed the e-e scattering rate in MLG (blue dashed
curve in Fig. ) at identical n 32442 We attribute this
enhancement to the reduced vg = 0.75vq in the SA-TBG
of this § as compared to that of MLG, vy = 10° m/s. In-
deed, by renormalizing the 1/7..(T") dependence for MLG
from Fig. 3 by the ratio of the Fermi velocities in these
systems and accounting for the two fold increase in the
degeneracy of SA-TBG as compared to MLG, we obtain
the scattering rate for SA-TBG close to that found ex-
perimentally.

Our experiments also raise important questions about
scattering processes in twisted moiré systems. The
observed high-T" oscillations indicate the presence of
some scattering mechanism(s) enabling electrons to gain
enough momentum (~ Ak) to escape from their mini-
valley and scatter to another one (ky, < kJ,). This, in
turn, may imply the presence of scatterers with a spa-
tial scale of the order of 1/Ak ~ Ay, where A, is the
superlattice period. A possible candidate is twist an-
gle disorder, regularly observed in devices fabricated by
the methods used here#? An alternative scenario involves
acoustic phonon-assisted processes. 2448 However, in our
data, the interminivalley oscillations are present even at
liquid helium T (Fig. Bp), at which the allowed phase
space for phonon momenta is not sufficient to ensure the
momentum mismatch Ak. At T = 4.2 K, phonons with
momenta ¢ < kgT/hs ~ 4 x 10" m~! are populated
(where s &~ 20 km/s is the characteristic speed of sound
in graphene), i.e., those having momenta over an order
of magnitude smaller than Ak at the studied twist an-
gles. The only phonon branch that at such low T can
be populated up to the required momenta, is the breath-
ing mode*? however, little is known on its impact on
SA-TBG resistivity.4®

To conclude, we have observed high-T" magnetooscil-
lations in SA-TBG when a finite displacement field is
applied across the graphene layers. Although similarly

periodic in 1/B, these oscillations show a clearly distinct
temperature and dc current dependence from SAHO and
are controlled by the difference in the minivalleys’ filling
factors. Drawing a parallel with MISO, we have shown
that the observed oscillations originate from interminival-
ley scattering, allowed by the reduced size of the mini-
Brillouin zone in SA-TBG. By analyzing the amplitude
of these high-T oscillations, we estimated the relative ra-
tio between interminivalley and intraminivalley scatter-
ing times, 7 /Tinter, which we found to be of similar order
in the # = 1.65° device. Finally, from the temperature
dependence of the oscillations, we obtained information
on 7., which we found to exceed that of MLG due to
a reduced v in this system. Our study points to the
presence of a scattering mechanism(s) of unknown na-
ture with large momentum transfer and highlights the
importance of interminivalley momentum relaxation in
the resistivity of twisted moiré systems** 3 that has to
be accounted for in future studies.
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