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Temperature-linear resistivity in twisted double bilayer graphene
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We report an experimental study of carrier density (n), displacement field, and twist angle () dependence of
temperature (7')-linear resistivity in twisted double-bilayer graphene (TDBG). For a large twist angle (6 > 1.5°)
where correlated insulating states are absent, we observe a T'-linear resistivity (with a slope on the order
of ~10 ©2/K) over a wide range of carrier densities, and its slope decreases with increasing n, which is in
agreement with the acoustic phonon scattering model semiquantitatively. The slope of T'-linear resistivity is
nonmonotonically dependent on the displacement field with a single peak structure. For a device with 6 ~ 1.23°
at which correlated states emerge, the slope of T'-linear resistivity is found to be a maximum (~ 100 /K)
at the boundary of the halo structure where phase transition occurs, with signatures of continuous phase
transition, Planckian dissipation, and diverging effective mass. These observations are in line with quantum
critical behaviors, which might be due to symmetry-breaking instability at the critical points. Our results shed
new light on correlated physics in TDBG and other twisted moiré systems.
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I. INTRODUCTION

Resistivity (p) is a measure of how electrons are trans-
ported and scattered in solids, and it gives rich and fundamen-
tal information of the underlying system. It usually shows a
power law dependence on temperature (7'), p o T, where
« is an exponent that differs for different scattering mecha-
nisms. Of particular interest is a linear regime where o = 1,
since it could originate from conventional acoustic phonon
couplings [Fig. 1(a)] [1], but also it might indicate unconven-
tional processes that are rooted in quantum criticality [2—4]
[Fig. 1(b)]. The latter strange metal behaviors are observed in
various correlated systems—for instance, cuprates [5], iron-
based compounds [6,7], heavy fermion systems [8,9], Kondo
lattices [10], and frustrated lattices [11,12], where quantum
critical points are found with the instabilities of order param-
eters. So far, most previous studies require multiple samples
to obtain a single phase diagram, and improved in situ sample
tunability is demanded.

Moir€ superlattices have emerged as a flat band system [13]
for realizing a variety of interaction-driven quantum phases
[14-19]. Large temperature-linear (7 -linear) resistivity has
been observed in twisted bilayer graphene (TBG) [20,21],
which bears a lot of similarity with that in optimally doped
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cuprates [22]. While the experiments in Ref. [20] support the
electron—phonon scatterings [23,24], those in Ref. [21] raise
the possibility of strange metal behavior with near-Planckian
dissipation in magic angle TBG, leaving the origin of the
T-linear resistivity in TBG still elusive. In twisted double-
bilayer graphene (TDBG), observations of halo structures
with field-tunable, symmetry-breaking correlated states, as
well as T-linear resistivity, have been reported [25-28]. The
phase transitions from normal metallic states to correlated
states occur at the boundaries of the halo structure in TDBG.
Compared to TBG, TDBG is advantageous in tuning electron
interactions in situ by displacement field. The displacement
field changes the flat bandwidth W and superlattice gap A in
the band structure of TDBG [29], and thus acts as an extra
parameter to control the relative strength of electron interac-
tions to kinetic energy. The previous reports mainly focus on
the nonlinear regime where p rapidly drops at low T, and the
linear behaviors at high 7' are observed yet barely explored,
demanding an in-depth and systematic exploration.

In this work, we systematically study 7-linear resistiv-
ity in TDBG. We found T -linear resistivity in devices with
twist angles from 1.23° to 1.91°. First, we study the devices
with large twist angles (6 > 1.5°) where correlated insulating
states are absent, and find that acoustic phonon scatterings can
fully account for the T -linear resistivity. Meanwhile, we also
demonstrate a displacement field tunable electron—phonon in-
teraction. Second, in devices with 8 ~ 1.23°, we reveal the
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FIG. 1. Schematics of T-linear resistivity originated from (a)
electron—phonon scattering and (b) the quantum critical point (QCP).
The Bloch-Griineisen temperature (7p) is defined when Fermi mo-
mentum ky is half of the maximum phonon wave vector g, and o« > 1
atT < TBG~

features beyond the phonon model and discuss the possibility
of quantum criticality.

II. T-LINEAR RESISTIVITY AND FIELD-TUNABLE
ELECTRON-PHONON COUPLING

The TDBG samples are prepared by a “cut and stack”
technique [30-33], and the devices are fabricated with a
dual-gate Hall bar geometry in bubble-free region of the
samples. The dual-gate geometry enables independent tun-
ing of carrier density (n) and electric displacement field
(D), via n = (CpcVpc +CrcVrg)/e and D = (CpsVps —
CrcVrg)/2¢e9, where Cpg(Crg) is the geometrical capaci-

tance per area for bottom/top dielectric layer, Vg (Vrg) is the
bottom/top gate voltage, e is the elementary charge, and & is
the vacuum permittivity. Figure 2(a) shows p(n, D) at T =
1.8 K in a 1.55° device, revealing the charge-neutral point
(CNP) and moiré gaps on electron branches (4.7). The moiré
filling factor v = 4n/n, corresponds to the number of carriers
per moiré unit cell, where n; = 4/A ~ 802 /+/3a? is the carrier
density at full filling and a is the graphene lattice constant.

We first focus on the 1.55° device in Fig. 2, where corre-
lated states are absent at 7 = 1.8 K. Figure 2(b) shows the
p(T) curves for fillings v from 0.5 to 2.5 at D =0 V/nm.
T-linear resistivity with p o« A|T is observed at T > T*,
indicated by the orange dashed lines in Fig. 2(b). Here, A,
is the linear slope and T* is the characteristic temperature
that separates the linear regime at 7 > T* and the nonlinear
regime at T < T*. The A; is plotted against n in Fig. 2(c), with
values of about 10 to 30 ©2/K, and it decreases as n increases.
The onset temperature 7* can be obtained in a quadratic plot
p—T? (see Supplemental Material) [34], and it increases with
n as shown in Fig. 2(d).

Our experimental data are captured quantitatively by an
electron—phonon scattering model in TDBG [35]. In this
model, acoustic phonon scattering [36-39] is enhanced due
to a reduced Fermi velocity in TDBG moiré bands, and it
predicts a crossover from 7 at a high temperature to T4 at
a low temperature. If electron—electron Umklapp scattering
[40] dominates over phonon scattering at a low tempera-
ture, the nonlinear term could become T2, as shown by the
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FIG. 2. T-linear resistivity and field-tunable electron (el)-phonon (ph) interactions in 1.55° TDBG. (a) A color mapping of p(n, D) at
T =18K. (b) p(T) at D =0 V/nm for v from 0.5 to 2.5, with a step of 0.5. The black arrow marks the 7*. (c) Experimental A, (n) at
D = 0 V/nm (blue dotted line), and phonon model prediction (orange dashed line) with m* = 0.15m, calculated from the continuum minimal
model. We set the error bar of the simulation to 40%, mainly due to the uncertainty of the acoustic phonon deformation potential and effective
mass. (d) One-fourth of theoretical Bloch-Griineisen temperature (7 /4) and experimental 7 -linear onset temperature (7*) for a 1.55° device
at D =0 V/nm. (e) p(T) at v = 2 for D from 0 to —0.7 V/nm, with a step of 0.1 V/nm and offset 200 2 between curves. The positions of
these p—T curves in (b) and (e) are marked as colored dots in (a). (f) A;(D) at v = 0.5, 1, 1.5 and 2, with an offset of 5 /K for clarity. The
light-blue dashed arrow illustrates the shift of the A, peak with decreasing v.
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FIG. 3. T-linear resistivity and critical behaviors at the bound-
aries of halo structures in 1.23° TDBG. (a) Plots of p(T") outside
the halo at v = 2. The dashed line is T2 dependence-fitted by the
experimental curve at 7 < T*. The pink dashed lines show the T'-
linear resistivity at 7 > T*. (b) Plots of p(T) near critical points at
v = 2.(c) Plots of A{ (D) and p(D) at v = 2, where p(D) is measured
at T = 1.8 K. Here, and “CI” denotes “correlated insulator.” (d) A
mapping of the numerical dp/dT at v = 2. T* is marked by black
dots. The upper temperature boundaries of T'-linear resistivity are
marked by yellow dots. The cyan arrows indicate the critical points.
(e) D-dependent A, and T* at v = 2. (f) Thermal excitation gap at
v = 2 as a function of displacement field.

black dashed lines in Fig. 2(b). In the linear regime, the
slope A; resulting from acoustic phonon scattering [35] is
given by

JTDikBZoo

A = ——ABe
2858v€* PV}, v

ey

where g;(g,) are spin (valley) degeneracies, p,, is the mass
density of graphene, D, is acoustic phonon deformation po-
tential, vpp and vp are phonon velocity and Fermi velocity,
and z is the integral concerning phonon occupation and other
scattering details in TDBG. We plot the calculated A; as a
function of n for & = 1.55° in Fig. 2(c) (orange dashed line),
using p, = 7.6 x 107 kg/m?, vy, = 2.1 x 10* m/s, Dy =
25 eV, 7o, = 1.55 [20,35], and vy = +/ (hznn/Z)/m*, with
effective mass m* ~ 0.15m, calculated from the band struc-
ture in the continuum minimal model [13,41]. The calculated
A and the measured value in Fig. 2(c) are in good agreement.
Moreover, the measured 7* matches well with 1/4 of the
Bloch-Griineisen temperature 7gg in Fig. 2(d), which further
supports the phonon model [35]. Here, Tgg is defined as
2hvpnkr [k, where kr = /mn/2 is the effective Fermi wave
vector.
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FIG. 4. T-linear resistivity near halo boundaries in 1.23° TDBG.
(a) A and Hall coefficient as a function of displacement field. Ry, is
measured at B = 0.1 T. The vertical dashed lines mark the positions
of A; peaks, which are located near the abrupt change of Ryyy. (b)
D-dependent A, and T*. The black arrows indicate the critical points,
and the gray areas are the regime of correlated ground states inside
the halo “SBM” denotes the “symmetry broken metal.” (¢) Quadratic
temperature dependence of resistivity at constant displacement field
in 1.23° TDBG. T*(A,) decreases (increases) approaching the halo
boundary, consistent with the observation at constant carrier density
measurements in Fig. 3. (d) The positions of A; peaks for different v
in the p(v, D) mapping, marked as colored dots.

We also demonstrate that the electron—phonon scatterings
are tunable by D field. Figure 2(e) shows the p(T') curves at
v = 2 for different D fields from O to —0.7 V/nm in the 1.55°
device, with the linear behaviors well preserved. Figure 2(f)
presents the curves of extracted A; as a function of D at
different v, which shows a nonmonotonical dependence with
peaks at finite D. Since A; oc m*? at a fixed v, the D-dependent
A suggests a field-tunable moiré-band dispersion in TDBG
[42]. As indicated by the arrow in Fig. 2(f), the peak position
in D shifts with v, demonstrating the electron filling effect on
band structure [26,43].

III. ENHANCEMENT OF T-LINEAR RESISTIVITY
AT THE HALO BOUNDARY

Next, we turn to the 1.23° device with correlated insulating
states and concomitant halo structure in a moiré conduction
band. T -linear resistivity with p ~ AT is observed at v = 2
for T > T* in Figs. 3(a) and 3(b). Sublinear behaviors at
higher temperatures are also observed, which might be due to
thermal excitations of remote dispersive bands [20]. The ex-
tracted A; is plotted against the D field as red dots in Fig. 3(c),
and it is strongly field tunable with a large magnitude of
~100 €2/K. The nonmonotonical dependent A; (D) shows two
peaks with an M-shaped structure in Fig. 3(c), and the peaks
are located at the critical point of the metal-insulator transi-
tion. The two M-shaped peaks of A; are also observed at v =
1.8 [Fig. 4(a)] and other fillings (see Supplemental Material
Fig. S6) [34]. At v = 1.8, the A; peaks are found concurrent
with a sharp change of Hall coefficient, indicating phase
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FIG. 5. Quadratic-in-T resistivity in 1.28° TDBG. (a) A color mapping of dp/dT as a function of displacement field and temperature.
(b) Resistivity as a function of T2 at v = 1.8. The positions of the displacement fields are marked by colored dots in (a). The red dashed
lines show the increasing A, as it approaches the boundary of the halo. (c) The field dependence of T* and A, extracted from p—T? plots in
(b). (d) Temperature-dependent Shubnikov de Haas (SdH) oscillation amplitude. (e) Normalized oscillation amplitude as a function of 7/B at
representative displacement fields. (f) Extracted effective mass at different displacement fields.

transitions between metallic phases with broken symmetry
and those without [28]. Moreover, these A peaks are found
following the boundary of the halo structure in Fig. 4(d),
implying the correlation between the enhancement of A; and
phase transitions. From the phonon model, the increase of A;
at the halo boundary suggests the enhancement of effective
mass.

To reveal the effective mass better, we analyze the tem-
perature dependence of resistivity at 7 < T*. For the metals
outside the halo structure, we observe signatures of quadratic
resistivity p ~ A,T? at T < T*, as shown in Fig. 3(a). The
D-dependent 7* and A, are plotted in Figs. 3(d) and 3(e). We
find a decreasing 7" and an increasing A, when approaching
the critical displacement field. The quadratic power law at
low temperature indicates Landau Fermi liquid behavior, in

. k * . .
which A, « E—% o 7, with o and B being the exponents

that depend on the details of band structure [44]. It is worth
noting that the A, (D) also qualitatively agrees with the A (D)
in the phonon scatterings model, since A; oc 1/v2 o m*?/n.
The increased m™ at the halo boundary is also revealed in the
carrier density—dependent A, (n) at a fixed D [Fig. 4(c)]. Such
quadratic dependence of resistivity is also well reproduced
from another TDBG device with & = 1.28° in Figs. 5(a) and
5(b), and the corresponding field-dependent A, also tends to
diverge at the halo boundary in Fig. 5(c), similar to those
observations in Fig. 4. For reference, direct measurement of
m* by the Lifshitz-Kosevich method is also carried out for the
1.28° device in Figs. 5(d)-5(f).

IV. DICUSSION OF POSSIBLE QUANTUM
CRITICAL BEHAVIOR

One important question is why the m* tends to diverge
at the boundaries of the halo structure. Though the change
of m* could explain the change of A; and A, based on the
electron—phonon scattering model and Fermi liquid scenario,
the observation of diverging m* is unusual by itself, and
it may call for the possibility of quantum criticality. Given
the correlation between diverging m* and symmetry-breaking
phase transition at the critical points of the halo structure,
the diverging m* suggests the possible existence of quantum
critical behaviors [45,46], which we discuss next. First, the
phase transitions at the critical points of the halo structure
are continuous in the temperature range we studied, indicated
by the vanishing thermal activation gap [Fig. 3(f)]. Second,
the decreasing 7* and the increasing A, when approaching
the critical displacement field outside the halo structure in
Fig. 3(d) and Fig. 4(b) are also signatures of quantum critical
behaviors [45]. Last, we find the large T -linear resistivity falls
into the Planckian dissipation regime where the scattering rate
is proportional to temperature, /i/t = CkgT and the coeffi-
cient C approaches O(1). In a graphene moiré system [21],
the number C can be extracted from 7 -linear resistivity slope
Ay by C = he’nA; /kgm*. In our cases, we obtain C ~ 1.8 for
the A; peaks at v = 2 in Fig. 3(c) by taking m* = 0.3 m,, n =
1.75 x 10" /cm?, and A; = 146 Q/K. All these facts suggest
the possible existence of quantum criticality at the boundaries
of the halo structure.
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At continuous phase transition critical points, quantum
fluctuations associated with symmetry-breaking order param-
eters can be significant. In TDBG, the boundary of the halo
structure separates states with different symmetry, which is
likely to generate quantum fluctuations. More specifically, we
suspect it is the spin fluctuations [47] that contribute to the
T-linear resistivity. While spin-up electrons and spin-down
electrons are equally filled outside the halo, one is more fa-
vored than the other inside the halo structure [26]. However,
more experimental and theoretical investigations are required
for a better understanding.

V. CONCLUSION

In conclusion, we systematically investigate the carrier
density, displacement field, and twist angle dependences of
T -linear resistivity in TDBG. We demonstrate a dominant role
played by acoustic phonons when correlated states are ab-
sent at & > 1.5°. The T'-linear resistivity has a nonmonotonic
displacement field dependence with a single A; peak, reveal-
ing the field-tunable electron—phonon interaction in TDBG.
Moreover, we observe an M-shaped two-peak structure in
the presence of correlated states at 6 ~ 1.23°. These peaks
are located at the halo boundary, separating states with dif-
ferent symmetries. We propose the possible existence of
quantum criticality, supported by the evidence of continu-
ous phase transition, vanishing 7, Planckian dissipation, and
the diverging effective mass at the critical points. Our ob-
servations establish a close link between high temperature
T-linear resistivity and low-temperature ground states, and
hopefully inspire more work about the nature of quantum
criticality and ground-state instability in TDBG [48]. Similar
phenomena may also be expected in other field-tunable sys-

tems such as twisted monolayer—bilayer graphene [49-51] and
an rhombohedral trilayer graphene/hexagonal boron nitride
moiré system [52].
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