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Different mechanisms driving a linear temperature dependence of the resistivity
p ~ T at van Hove singularities (VHSs) or metal-insulator transitions when doping
a Mott insulator are being debated intensively with competing theoretical proposals.
We experimentally investigate this using the exceptional tunability of twisted bilayer
(TB) WSe, by tracking the parameter regions where linear-in- 7 resistivity is found in
dependency of displacement fields, filling, and magnetic fields. We find that even when
the VHSs are tuned rather far away from the half-filling point and the Mott insulating
transition is absent, the 7-linear resistivity persists at the VHSs. When doping away
from the VHSs, the T-linear behavior quickly transitions into a Fermi liquid behavior
with a 7* relation. No apparent dependency of the linear-in- 7T resistivity, besides a
rather strong change of prefactor, is found when applying displacement fields as long
as the filling is tuned to the VHSs, including D ~ 0.28 V/nm where a high-order VHS
is expected. Intriguingly, such non-Fermi liquid linear-in-7 resistivity persists even
when magnetic fields break the spin-degeneracy of the VHSs at which point two linear
in T regions emerge, for each of the split VHSs separately. This points to a mechanism
of enhanced scattering at generic VHSs rather than only at high-order VHSs or by a
quantum critical point during a Mott transition. Our findings provide insights into
the many-body consequences arising out of VHSs, especially the non-Fermi liquid
behavior found in moiré materials.

non-Fermi liquid behavior | van Hove singularity | twisted bilayer WSe, |
correlated phenomena | ab initio electronic structure

The electrical resistivity of metallic states at low temperatures (7) exhibits 7* dependence,
which follows the Landau-Fermi liquid theory where the average relaxation time for
electrons on the Fermi surface is inversely proportional to 7* (1-4). There are a few marked
exceptions in which the very general Fermi liquid behavior breaks down, for example, the
unconventional high- 7" superconductors above 7 (5-10) and Mott insulators doped to
their quantum critical points (11-13). In such systems, resistivity shows a linear 7"depend-
ence, referred to as a strange metal (9, 10, 14, 15), a strongly correlated phenomenon that
has not been yet well understood. Early considerations of van Hove singularities (VHSs)
led to the idea that enhanced electron—electron or electron—phonon scattering might also
led to linear in 7 resistivity (16, 17), however, at least for the electron—electron part, this
scenario was not supported by a dynamical mean field analysis (18). Intriguingly, recent
theories proposed that a 7-linear behavior can also result from special, extended types of
VHSs where the density of states (DOS) exhibits a power-law divergence in two-dimensional
systems, known as high-order van Hove singularities (hWHSs) (19-22). Due to its pro-
nounced divergence, an hVHS can also induce ordering instabilities and give rise to exotic
correlated phenomena, including supermetal, ferromagnetism, and chiral superconduc-
tivity (20, 23-25).

High-order VHSs have been theoretically reported in various conventional systems
before, like cuprate high- 7" superconductors (26, 27), Sr;Ru, 0, (28), and bilayer graphene
(19). However, a systematic transport experimental characterization of their properties
was up to recently hindered by the lack of sufficiently controlled material platforms. With
the advent of tunable moiré systems for which theory proposed the existence of hVHSs,
there is a unique opportunity to investigate hVHSs, since the flat band in these systems
has lower energy which enable us to access their band characteristics through transport
measurements. Among the various theoretical predictions regarding moiré systems
(21, 29-31), twisted homobilayer transition metal dichalcogenides (TMDs) systems have
unique advantages, they feature spin-valley locking simplifying the band degeneracy to
two, much simpler compared to twisted graphene systems. Moreover, in twisted homo-
bilayer TMDs exist both conventional VHSs and high-order VHSs, with one type easily
transitioning to the other by applying displacement fields, and allow for the exploration

of hVHSs (29, 32, 33).
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Significance

Many quantum materials exhibit
an intriguing strange metal
phase, characterized by a linear
in temperature resistivity. The
relation of this phase to other
emergent quantum many-

body phases, such as
superconductivity, triggers an
intense debate to this date. Here,
we study twisted bilayer (TB-)
WSe, and report on the tunability
of emergent phenomena driven
by the high density of states
caused by vanishing slopes in the
dispersion relation: so-called Van
Hove singularities (VHSs). We
observe that linear in
temperature resistivity closely
follows the positions of the VHSs
independent of the presence or
absence of quantum criticality
and seemingly agnostic of their
high-order nature. Our findings
establish TB-WSe, as a promising
platform to investigate the
relevance of VHSs for quantum
materials.
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Recently, quantum critical behavior near half-filling correlated
insulating state has been reported in 4.2° TB-WSe, device (13).
However, under such a twisted angle, theory suggests that the
VHS is also expected to appear right at the half-filling position
where the Mott insulator exists (33) and that a hVHS point is
nearby with respect to changing the displacement field. In this
case, disentangling the property of the VHSs, hVHSs, and the
Mott insulator physics can be challenging, as doping a Mott insu-
lator to the quantum critical point can also induce a 7-linear
behavior of the resistivity. In this paper, we choose smaller twisted
angles, for which the hVHSs are further away from the half-filling
correlated insulating state. This allows to access the unperturbed
VHSs and hVHSs physics and to tune in and out of the Mott
regime. Thus, our work can shed light on the mechanism driving
linear in 7 resistive behavior. We use the ‘tear and stack’ method
(34-306) to fabricate multiple TB-WSe, devices with AA stacking
order (37). This method combines prepatterned Hall bar-shaped
Pt leads (38) (SI Appendix, Fig. S1) and a dual-gate structure to
achieve a lower contact resistivity at low temperatures (39), similar
to previous works (13, 40). Multiple devices show similar results.
Here, we mainly focus on the 3.2° TB-WSe, device.

In Fig. 14, the top panel shows an illustration of a TB-WSe,
device with a dual-gate structure in which we can independently
tune the displacement fields D and carrier density n (36, 40). The
corresponding optical image of a real TB-WSe, device is displayed
in the bottom panel. Schematic illustrations of the moiré super-
lattice in real space (70p panel) and reciprocal space (Boztom panel)
are shown in Fig. 1B. We also calculate the band structure of
TB-WSe, with a twist angle of 3.15° (SI Appendix, Fig. S2).
Fig. 1C shows the longitudinal resistivity p as a function of the
normalized carrier density n/n, ata top gate voltage V,, of -4.3 V
and various temperatures. Here, n; denotes populate one hole in
each moiré unit cell. We can observe two prominent peaks, cor-
responding to a half-filling correlated state and a full-filling state,
respectively. Notably, both peak values decrease with increasing
temperature, confirming their insulating nature. Furthermore, we
also observe that the half-filling peak exhibits asymmetric behavior
at 1.5 K, which can be seen as the VHSs deviating slightly from
half-filling position.

To investigate the tunability of the VHSs in TB-WSe,, we meas-
ure the longitudinal resistivity p plotted against the normalized
carrier density n/n, at Vtg of -5.3V, -6.3V,-73V, and -8.3V,
respectively, as shown in Fig. 24. By applying a displacement field,
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we successfully achieve the tuning of the VHSs within a wider range
of carrier densities than that in previous work (13, 40) which can
be due to a smaller twisted angle here. Moreover, we notice that
the peak value of the VHSs sharply weakens with applying larger
top gate values. Similar phenomena have also been observed in
other TB-WSe, devices (SI Appendix, Fig. S3). Fig. 2B illustrates
the DOS calculated by the Tight-Binding method as a function of
the normalized carrier density n/n, and displacement field D, where
the dashed black line marks the DOS peak positions. When apply-
ing a displacement field D, the DOS peak position can be effec-
tively tuned, moving from below the half-filling to above the
half-filling, and then further toward the full filling. Moreover, we
notice that the strength of the DOS peak decreases monotonically
across the entire range of displacement fields. To compare with our
experimental results, we convert the top gate values in Fig. 24 into
displacement fields using the formula in previous works (13, 40).
We determine that applied displacement fields ranging from ~0.24
V/nm to ~0.5 V/nm in this 3.2° TB-WSe, device. Within this
range, the changes in resistivity peaks of the VHSs are consistent
with the changes observed in the DOS peak in the calculated phase
diagram.

Furthermore, we calculate the band structure for this TB-WSe,
device within the first moiré Brillouin zone at various displacement
fields, as shown in Fig. 2C. The purple (black) dashed lines within
each moiré Brillouin zone mark the Fermi surface at the van Hove
energy in the K (K') valley, respectively. By applying displacement
fields D, the VHSs can be evidently moved within the moiré
Brillouin zone. In particular, when D reaches a critical value Dc
of about 0.28 V/nm, three conventional VHSs can merge into a
high-order VHSs (21, 29, 32, 33, 41, 42) at the corners of the
Brillouin zone marked by purple (black) points in the K (K')
valley. In this case, the corresponding density of states exhibits a
power-law divergence with energy, as shown in the Leff panel of
Fig. 2D. As D further increases, i.e., when D equals 0.5 V/nm,
the high-order VHSs move toward the center of the Brillouin zone
and revert back to conventional VHSs, in which the density of
states exhibits a logarithmic divergence, as illustrated in the Righr
panel of Fig. 2D.

Next, we focus here on the temperature dependence of the
longitudinal resistivity around the half-filling correlated insulating
state and VHSs regions, to elaborate on the emergence of 7-linear
dependence in resistivity measurements. Fig. 3 A—D shows the p
as a function of n/n and 7 at top gate voltages of -4.3V, -5.3 'V,

C

V, =43V
9

-2 -1.6 -1.2 -0.8
n/ns

Fig. 1. Device structure and correlated insulating state in TB-WSe,. (A) Top panel: The illustration of the TB-WSe, device with a dual-gate structure. Bottom panel: The
optical image of a real TB-WSe, device. Black scale bar: 10 pm. “BG” and “TG” denote the back gate, and top gate respectively. (B) Top panel: real-space representation
of the moiré pattern that results from a AA stacking-order between the two WSe, layers. Bottom panel: Brillouin zones of the top (red line) and bottom (blue line)
layers. The resulting band structure in the moiré Brillouin zone (purple) is also displayed. (C) Longitudinal resistivity p plotted versus the normalized carrier density
n/n, at a top gate voltage Vi, of -4.3 V for different temperatures. It demonstrates that both the half-filling and full-filling states exhibit insulating behavior. The
asymmetrical part of the half-filling peak marked by a red arrow at 1.5 K can be attributed to the VHSs being slightly shifted away from the half-filling.
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Fig. 2. Tunable van Hove singularity and the Lifshitz transition in band structure induced by displacement fields in TB-WSe,. (A) Longitudinal resistivity p versus
normalized carrier density n/n, at various top gate voltages and T = 1.5 K. As the top gate voltage increases, the VHSs move toward the full-filling position. (B)
The evolution of the calculated DOS with the normalized carrier density n/n, and displacement field D, which provides a complete picture of the tunability of
VHSs by displacement fields. The dashed black lines trace the position of the VHSs. (C) The calculated band structure within the first moiré Brillouin zone for
3.15° TB-WSe, device at a variety of displacement fields D. The dashed purple (black) lines mark the Fermi contour at the van Hove energy in the K(K’) valley. The
purple (black) points mark VHSs in the K (K’) valley. (D) DOS plotted against energy E at displacement fields of 0.28 V/nm (Left panel) and 0.5 V/nm (Right panel),
respectively. The red curves represent fitting curves. In the Left panel of D, at D = 0.28 V/nm, the high-order VHSs form, resulting in a power-law divergence
with E. Conversely, in the Right panel of D, at D = 0.5 V/nm, the high-order VHSs revert back into conventional VHSs, exhibiting a logarithmic divergence with E.

-6.3 V, and -7.3 V, respectively, where 7 linear and 7 regions
around the Mott insulator and VHSs regions are marked by black
dashed lines. When a top gate voltage is set to -4.3 V, we observe
that the 7-linear regions enclosing the half-filling correlated insu-
lating states (marked by gray shadow), which is consistent with
the previous findings of ref. 13. When the top gate voltage is
increased to -5.3 V, although the Mott insulator has already col-
lapsed due to the increasing bandwidth with increased displace-
ment fields (40), interestingly, we can still observe a 7-linear
region at low temperatures within the VHSs resistivity peak
region, as shown in Fig. 3B. As we dope away from the VHSs, 7°
regions of resistivity appear on both of its sides. Moreover, similar
phenomena are also observed in Fig. 3 Cand D but with a shrink-
ing T-linear region in both carrier density and temperature ranges,
which might be attributed to the weaker electron—electron or

PNAS 2024 Vol.121 No.16 2321665121

electron—phonon interaction since the bandwidth of the flat band
increased further under larger displacement fields.

To clarify this change, we plot resistivity p versus temperature
T for the doping range around the VHSs resistivity peak at top
gate voltages of -5.3 V, -6.3'V, and -7.3 V, respectively, as shown
in Fig. 3 F~G. Each curve corresponds to the point in the inset of
the figure with the same color. In Fig. 3E, as we approach the VHSs
resistivity peak from higher (Leff panel) or lower doping (Right
panel), Fermi-liquid behavior with a R ~ T relation gradually
transitions into a non-Fermi liquid behavior with a 7-linear
dependence. The other two plots, Fig. 3 Fand G, exhibit similar
tuning behavior with doping but show a slower resistivity decreas-
ing trend with decreasing temperature at low temperatures. In this
case, we also plot p of the VHSs against 7 at these three top gate
voltages of -5.3 V, -6.3 V, and -7.3 V, respectively, as displayed in
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Fig. 3. Non-Fermi liquid behavior in TB-WSe,. (A-D) Longitudinal resistivity p as a function of temperature T and normalized carrier density n/n, at a series of
top gate voltage of 4.3V, -5.3V, -6.3 V and -7.3 V respectively. Black dashed lines separate regions of Fermi liquid 7> and non-Fermi liquid T resistivity. (E-G)
p plot against T curves at Vi, of -5.3V, -6.3 V and -7.3 V respectively. Each curve corresponds to a point in the inset figure with the same color. These curves
are offset for clarity. As we approach the VHSs from higher (lower) doping, the temperature dependence of p changes from a Fermi-liquid behavior with a 7>
relation to a T-linear behavior. (H) The temperature dependence of p for a filling at the VHSs for three different top gate voltages of -5.3V, -6.3V, and -7.3V,
respectively. The purple dashed lines represent the corresponding linear fits at low T. The fitting ranges are from 1.5 K to approximately 19 K, 10 K.and 7 K for
Vig values of -5.3V, 6.3V, and 7.3V, respectively. From linear fitting, we obtained zero-temperature extrapolation values of 0.66 kQ, 0.64 kQ, and 0.36 kQ,

respectively, for Vi, values of -5.3V, -6.3V, and -7.3 V.

Fig. 3H, where the dashed purple lines indicate the corresponding
fitting curves. We observe a prominent change in the value of the
slope which is maximal ~221 Q/K at V, of -5.3 V and then
sharply decreases to a small value. Based on the understanding of
the band structure Fig. 2C, we deduce the sudden slope drop might
be a consequence of large bandwidth changes as we tune through
the hVHS condition. However, it is important to note that overall
T-linear resistivity behavior seems to closely follow the VHS filling
points, even when these filling are detuned from the Mott condi-
tion of half filling. Additionally, they prevail even when tuning into
or out of the hVHS condition. This renders a mechanism for the
non-Fermi liquid behavior that does not invoke quantum criticality
or the exact conditions of a hVHS to be the most promising (such
as VHS-enhanced phonon-scattering). Moreover, as the 7-linear
resistivity only persists at temperature less than a few tens of Kelvins
in all our TB-WSe, ranging from 3 to 6 degrees (Fig. 3 and
SI Appendix, Fig. S4), the physics underlying this mechanism may
differ from that of optimally doped high-Tc cuprates, where the
T-linear resistivity dependence extends to relatively high temper-
atures (10). Similar phenomena have also been observed in other
TB-WSe, devices (S Appendix, Fig. S4).

Finally, we apply a perpendicular magnetic field to lift the
two-fold spin degeneracy in TB-WSe, in order to study the corre-
lation of the T-linear behavior as the VHSs split. Fig. 4 A and B
show the longitudinal resistivity p and Hall resistivity p,, as a func-
tion of normalized carrier density n/n, and temperature 7"at V,, of
-5.3 V under a magnetic field of 2 T, and a line cut of Fig. 44 at
1.5 K is shown in Fig. 4C. In Fig. 44, we observe that the resistivity
peak of the VHSs splits into two, which is marked as VHS,, and
VHS,,.» respectively. Moreover, the resistivity peaks of both

40f6 https://doi.org/10.1073/pnas.2321665121

VHS,, and VHS,,,, broaden and enhance with increasing tem-
peratures. The corresponding p,, displayed in Fig. 4B exhibits two
sign changes at the lowest temperature. One of the sign changes
occurs at the full filling due to the charge carriers change from
hole-like to electron-like when the Fermi level passes through the
band gap. The other the sign change appears at the VHS position.
This is because the carrier type also changes when crossing a VHS
due to the sign change of the band curvature. However, when the
magnetic field splits one VHS into two, the overall carrier type
depends on the details of the overlap between different carrier types
determined from each VHS, which could result in only one sign
change in the p,, at one of the VHSs as we observed in experiments.
Similar phenomena are also observed at other V,, values in this
device (SI Appendix, Fig. S5). Further, we plot the temperature
dependence of the p for VHS,, and VHS,,, respectively, as shown
in Fig. 4D together with the B = 0 T curve for comparison. We
observe that each single VHS also exhibits a non-Fermi liquid
behavior. Additionally, using the linear fitting, we notice that the
slope values for both the VHS  and VHS,,,, reduce by about half
compared to the 0 T twofold (fegenerate case.

In conclusion, we demonstrate the tunability of the VHSs by
applying displacement fields in multiple TB-WSe, devices via
transport measurements. Our band structure calculations reveal
that when the displacement field reaches a critical value of ~0.28
V/nm in 3.2° TB-WSe, device, a Lifshitz transition occurs, result-
ing in the formation of high-order VHSs. Using displacement and
magnetic fields as well as control over the filling we analyze the
relevance of quantum critical points, the presence of high-order
VHSs and regular VHSs for the emergence of non-Fermi liquid,
linear in 7 resistivity. We find that the non-Fermi liquid behavior

pnas.org
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Fig. 4. Correlation of the T-linear behavior of VHSs under a small magnetic
field in TB-WSe,. (A and B) Longitudinal resistivity p and Hall resistivity p,,
as a function of temperature T and normalized carrier density n/n, at a top
gate voltage of -5.3 V (B = 2 T). When a magnetic field is applied, the spin
degeneracy is lifted, resulting in two single VHSs denoted as VHS,, and VHS,,
respectively. (C) A line-cut of (A) at T = 1.5 K. (D) p plotted against temperature
T at a top gate voltage of -5.3 V for the VHSs, VHS, and VHS ., respectively.
The dashed purple lines represent the corresponding fitting lines.

seems to be induced by the presence of VHSs independent of the
presence or absence of quantum criticality and seems to be agnos-
tic of their high-order nature. Furthermore, when a small magnetic
field is applied to break the spin degeneracy and split the VHSs
into two, each individual VHS also shows a strong 7-linear
dependence with a twofold decrease in the slope value. Our find-
ings underline that twisted homobilayer TMDs systems are prom-
ising platform for investigating quantum criticality and regular or
high-order van Hove singularity and their interplay with high
tunability. Moiré materials engineering can therefore shed light
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on the driving physics of non-Fermi liquids which allows us to
access and simulate regimes, which could be relevant to broader
quantum materials research endeavors. For example, these results
should be helpful to a similar debate on the origin of non-Fermi
liquid behavior and the relevance of VHSs in SRO compounds,
such as Sr,RuO, (43-46).
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