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Abstract 
The superconductor to insulator or metal transition in two dimensions (2D) provides a 

valuable platform for studying continuous quantum phase transitions (QPTs) and critical 
phenomena1,2. Distinct theoretical models, including both fermionic and bosonic localization 
scenarios1–3, have been developed, but many questions remain unsettled despite decades of 
research1,2. Extending Nernst experiments down to millikelvin temperatures, we uncover 
anomalous quantum fluctuations and identify an unconventional superconducting quantum 
critical point (QCP) in a gate-tuned excitonic quantum spin Hall insulator (QSHI)4–11, the 
monolayer tungsten ditelluride (WTe2). The observed vortex Nernst effect reveals singular 
superconducting fluctuations in the resistive normal state induced by magnetic fields or 
temperature, even well above the transition. Near the doping-induced QCP, the Nernst signal 
driven by quantum fluctuations is exceptionally large in the millikelvin regime, with a 
coefficient of ~ 4,100 µV/KT at zero magnetic field, an indication of the proliferation of 
vortices. Surprisingly, the Nernst signal abruptly disappears when the doping falls below the 
critical value, in striking conflict with conventional expectations. This series of phenomena, 
which have no prior analogue, call for careful examinations of the mechanism of the QCP in 
the monolayer. Our experiments open a new avenue for studying unconventional QPTs and 
quantum critical matter. 

Main Text 
Monolayer WTe2 is an excellent system for investigating the 2D superconducting QPT in a 

clean crystalline material with minimal disorder. Distinct from all previous systems studied 
experimentally, the insulating state of the monolayer is a QSHI4–6, where recent experiments and 
theories have shown evidence for an excitonic insulator phase at its charge neutrality point9–13. 
With electrostatic gating, superconductivity occurs in this 2D crystal above a very low critical 
carrier density7,8, on the order of 1012 cm-2. Existing theories suggest that its pairing mechanism 
could be topological14 or spin-triplet15. Models investigating exotic phase transitions between a 
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QSHI and a superconductor exist16–18. The nature of the low-density superconductivity and the 
intriguing superconductor-to-QSHI quantum transition in monolayer WTe2 is currently unknown. 

Vortex Nernst effect in the monolayer 

We examine the superconducting QPT in monolayer WTe2 by measuring the Nernst effect. 
The Nernst experiment detects a transverse voltage in a material placed in a perpendicular 
magnetic field (B) when a thermal gradient is applied in the longitudinal direction (Fig. 1a). In the 
case of a type-II superconductor, a magnetic field generates vortices that carry quantized flux and 
entropy in the superfluid. A temperature gradient (-∇T) can then drive a flow of vortices, producing 
phase slippage that engenders a transverse electric field (E) due to the Josephson relation. Since 
its observation in cuprates19,20 above the critical temperature (Tc), the Nernst effect has been widely 
observed in various superconductors21. As a sensitive probe to vortices and superconducting 
fluctuations, it reveals critical information hidden from electrical transport. 

To detect the monolayer Nernst effect, we employ the geometry shown in Fig. 1a. The 
monolayer WTe2 is fully encapsulated between graphite/hexagonal boron nitride (hBN) stacks to 
avoid degradation and enable gate-dependent studies (see Methods and Extended Data Fig. 1). The 
carrier density in the monolayer is modified by gate voltages applied to the top (Vtg) and bottom 
(Vbg) graphite layers. The gate-induced carrier density is ng ≡ εrε0(Vtg/dtg+Vbg/dbg)/e, where dtg (dbg), 
εr, ε0, and e denotes, respectively, the thickness of top (bottom) hBN dielectric, its relative 
dielectric constant, vacuum permittivity, and elementary charge. Key to the Nernst experiments 
are the two microheaters fabricated next to the monolayer, each being a thin narrow metal stripe 
(~ 200 nm wide, ~ 8 nm thick, and ~ 1 kΩ resistance). We employ a dual-heater measurement 
scheme22–25, in which a low-frequency (ω ~ 13 Hz) alternating current is applied to the two 
microheaters, with a 90o phase shift between them, to produce an alternating ∇T with minimal 
perturbation to the sample temperature (T). The Nernst voltage drop (VN) across the two probes is 
detected at the frequency of 2ω. Unlike in previous thermoelectric measurements on 2D materials 
where the heater is typically located on the SiO2/Si substrate26–28, here we fabricate the heaters 
directly inside the van der Waals stack. This method, which produces a finite ∇T with minimal 
heater power (Ph) (see Methods and Extended Data Figs. 2-4), enables Nernst measurements at 
millikelvin temperatures. Our approach can be universally applied to study the thermoelectricity 
of various 2D crystals and moiré materials. 

Figure 1b depicts the electronic phase diagram of the monolayer, based on four-probe 
resistance (Rxx) taken on the same device (device 1) (Extended Data Fig. 5). Consistent with 
previous reports7,8, it clearly shows both the superconducting and QSHI states with a critical carrier 
density, nc,R ~ 6.3×1012

 cm-2, at which dRxx/dT switches its sign. We characterize this gate-tuned 
2D superconductor by the Berezinskii–Kosterlitz–Thouless (BKT) transition temperature (TBKT), 
at which thermal fluctuations unbind vortex-antivortex pairs and produce a finite resistance. For 
each ng well above nc,R, we extract the corresponding TBKT from its I-V characteristics following 
the usual procedure29 (Extended Data Fig. 6). TBKT, represented by the white dots in Fig. 1b, 
decreases monotonically with decreasing ng and vanishes at a density slightly higher than nc,R, 
signifying the ng-tuned QPT. 
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We first present the Nernst data taken in the highly electron-doped regime (ng ~ 2.3×1013
 cm-

2), where the highest Tc is observed. Figure 1c plots the Nernst signal (VN) together with Rxx as a 
function of B, where VN clearly develops a peak at the field-induced transition to the normal state 
and vanishes near zero B (i.e., the vortex solid state) as well as at high B. With increasing T to high 
values, VN disappears (Figs. 1d and e). The Nernst signal, which is antisymmetric with respect to 
B and coincides with the change in Rxx, directly probes the motion of vortices in the vortex liquid 
state20,21,30. We further note that the absence of VN at high B and high T implies that the 
quasiparticle contributions to the Nernst signal are negligible in our measurements. 

Large quantum fluctuations in the underdoped regime 

Our key results are shown in Fig. 2a, where the Nernst signal is recorded at T ~ 45 mK as a 
function of ng, which is continuously tuned across the superconductor-to-QSHI transition. We 
discuss important findings near the ng-tuned QPT in three regimes. The first one is the large Nernst 
signal observed in the underdoped regime at unexpectedly high B (labeled as “I” in Fig. 2a). In 
Fig. 2b, we present Rxx map measured under the same condition, where the black dotted line 
represents BR,90%, at which Rxx drops to 90% of its saturated value at high B (Extended Data Fig. 
5). The same dotted line is also plotted in Fig. 2a. Substantial VN is observed in regime I, well 
above BR,90%, despite that the Rxx data appears to suggest a normal resistive state with no hint of 
superconductivity. The Nernst data implies that there is a critical field, Bc,N, above which VN 
vanishes (the white dashed line in Fig. 2c). Figures 2c & d highlight the gate dependence of Bc,N. 
In contrast to BR,90%, Bc,N increases rapidly with decreasing ng to the critical doping, where Bc,N, at 
least ~ 500 mT, is more than ten times higher than the corresponding BR,90%. Fig. 2e highlights the 
heater-power effect on VN. The implications of these observations will be further discussed below. 

The prominent Nernst signal in the underdoped regime is enhanced at the lowest T. Figure 2f 
plots the T-dependent VN, together with Rxx, at ng ~ 7.0×1012

 cm-2. At this doping, the zero-field 
Rxx displays only a slight drop below ~ 200 mK but doesn’t reach zero. At a B field of 150 mT, 
this low-T drop is completely suppressed, and an upturn is instead observed. Surprisingly, VN at 
this B field remains substantial and survives to temperatures as high as ~700 mK (Fig. 2f), where 
traces of superconductivity in Rxx vanish at all dopings in this device (Fig. 1b). The Nernst signal 
above Tc was first observed in cuprates, indicating vortex-like excitations in the pseudogap 
regime19,20. Our observation here occurs in the quantum regime. Figure 2f shows that VN increases 
strongly with decreasing T. By extrapolation, the Nernst signal is finite in the limit of zero kelvin. 
It thus arises from quantum fluctuations, instead of thermal fluctuations. 

Giant Nernst effect at the QCP and its sudden disappearance 

Remarkably, Fig. 2a clearly reveals a continuous evolution from the vortex liquid regime at 
high electron doping to the strongly quantum fluctuating regime near the ng-tuned QPT in a single 
device. Sharply located at the QPT (labeled as “II” in Fig. 2a), the quantum fluctuations produce 
a giant Nernst signal near zero B, which is another key finding. In Fig. 3a, we carefully examine 
this regime by plotting VN under very small B. One immediately observes that the Nernst signal is 
extremely sensitive to the QPT, i.e., a slight detuning of ng away from nmax ~ 7.2×1012 cm-2, where 
VN is maximized, completely suppresses the signal on both sides. To demonstrate that this signal 
reflects the zero-B property of the QCP, we plot VN/B in Fig. 3b (only the positive-B side is shown), 
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which may be interpreted as the mobility of the vortices and shows a strong enhancement when B 
is reduced to near zero. Figure 3c further plots VN versus B curves at selected ng, in which we 
confirm that the largest slope occurs at nmax near zero B. In Methods, we estimate ∇T to be ~ 5.3 
mK/μm, based on which we obtain the corresponding Nernst coefficient, ν ≡ (dE/dB)/∇T|B=0, to 
be ~ 4,100 µV/KT, among the largest values measured in all materials. As a comparison, this giant 
Nernst coefficient is at least one order of magnitude higher than the typicalν measured in other 
superconductors20,21,30,31. This large Nernst response near zero B indicates the proliferation of 
vortices and antivortices when the doping is reduced to the critical value. 

The large Nernst signal abruptly disappears right below nc,R ~ 6.3×1012 cm-2 (labeled as “III” 
in Fig. 2a, and also in Figs. 3a & b). While the vanishing of VN above nmax is expected in the vortex 
solid state, its sudden disappearance right below nc,R is a surprise. As a comparison, previous 
studies in disordered superconducting films have reported substantial Nernst signal deep inside the 
insulating phase after the transition31, in clear contrast to the monolayer WTe2. Note that the noisy 
data that appears below ~ 3.4×1012 cm-2 in Figs. 2a & 3a is not antisymmetric in B and hence not 
a Nernst signal (they likely arise due to bad contacts in the more insulating state). The absence of 
a Nernst signal in regime III is intrinsic, rather than a consequence of resolution limitations in the 
experiments. This can be seen in Fig. 2e, which reveals a clear contrast in the heater-power 
dependence of VN between regimes III and I’, and demonstrates that VN is invariably absent in 
regime III despite the 10-fold increase in heater power. This is true at all magnetic fields up to 500 
mT (see Figs. 2c & d). Regime III is also anomalous in electrical transport. Figure 3d plots Rxx, 
where nmax and nc,R are both indicated by the red dashed lines. One finds that while Rxx displays a 
dramatic T dependence on the superconducting side, its value in regime III, on the order of ~ kΩ 
at millikelvin, displays little changes with T. This indicates that a metallic-like state resides right 
below nc,R, before the QSHI/excitonic insulator6,9,10 is fully developed. The sudden disappearance 
of VN implies the complete absence of superconducting fluctuations in the metallic-like state 
directly abutting the QPT. The extreme asymmetry in VN is our key result. 

These highly reproducible findings (see Extended Data Fig. 7 for the data taken on device 2) 
highlight the intriguing nature of the ng-tuned QPT in monolayer WTe2. Fig. 4a sketches the phase 
diagrams based on our observations. To reinforce that the Nernst signal reflects the 
superconducting quantum fluctuations, in Fig. 4b, we plot the T-dependent VN, taken at a fixed 
small B (2 mT). The amplitude of the signal increases rapidly when T is lowered, suggesting that 
the Nernst coefficient (ν) attains its maximum at zero kelvin. The corresponding nmax shifts its 
values at different T, which traces precisely the TBKT determined from the transport measurement 
(the same as Fig. 1b). In the canonical phase diagram of a QPT, sketched in the inset of Fig. 4a 
lower panel, the BKT transition traces down to the QCP at absolute zero. The Nernst signal hence 
directly detects the superconducting QCP in the monolayer. Clearly, quantum fluctuations at the 
QCP produce the dramatic Nernst signal at the lowest T. 

Discussion 

This series of unusual phenomena observed here in monolayer WTe2 has no prior analogue 
in research on 2D superconducting transitions and challenges the conventional wisdom on QPTs. 
The standard Landau-Ginzburg-Wilson (LGW) theory32 describes a continuous transition between 
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an ordered state and a “disordered” state. The order parameter fluctuations are expected to be 
stronger on the “disordered” side reflecting the suppression of phase fluctuations on the ordered 
side. In a superconducting transition, a pronounced fluctuation tail penetrating into the normal 
state is expected and may be further enhanced in the presence of a vortex liquid state above the 
transition, as widely seen in cuprates20. Such conventional expectations of stronger fluctuations on 
the non-superconducting side (Fig. 4c upper panel) are general, independent of the tuning 
parameter used for inducing the transition.  

In our experiments, we observed three types of superconducting phase transitions in a single 
device (see Fig. 4a): (a) the T-tuned transition; (b) the B-tuned transition; and (c) the ng-tuned 
transition. Indeed, both (a) and (b) follow the above conventional expectations, i.e., pronounced 
Nernst signals are seen in the normal states (see, e.g., Fig. 2f for the T-tuned transition and Figs. 
2a & c for the B-tuned transition). However, the transition of (c), the ng-tuned QPT, is strikingly 
opposite to the conventional expectation (Fig. 4c lower panel). The sudden disappearance of the 
Nernst signal in the normal state below the critical doping nc (regime III in Fig. 2a) is not 
anticipated at all in the LGW picture. We conclude that the ng-tuned superconducting QCP in 
monolayer WTe2 is unconventional. 

We further summarize the key experimental features related to this unconventional QCP in 
Fig. 4d. In the regime ng > nc, Bc,N provides a measure of the pairing strength in the superconducting 
state. The increase of Bc,N implies that the pairing strength increases monotonically as ng → nc

+ 
(Fig. 4d upper panel), an unexpected behavior. Paradoxically, in spite of the increasing pairing 
strength, VN vanishes abruptly once ng is decreased below nc. One possible way to explain the 
sudden disappearance of VN is to assume that a new ordered phase emerges in regime III (ng < nc). 
This is suggested by the fluctuations in the following two limits. In the limit of B → 0 and T → 0 
(Fig. 4d middle panel), the giant Nernst response observed at nc separates two distinct phases with 
no detectable fluctuations on either side. On the right side, this is understood because the pairing 
leads to an ordered superconducting state. It is however challenging to explain the absence of 
fluctuations on the left side if it is treated as a usual metallic-like state. As a comparison, in the 
limit of large B and T → 0 (Fig. 4d lower panel), the right side is now in a normal metal state 
(above Bc,N). Reducing ng → nc

+, strong Nernst signal occurs and signifies the fluctuations, with a 
long tail appearing on the right metallic side. This is in sharp contrast to the sudden disappearance 
of VN on the left side, even though it displays a similar metallic-like resistivity. The highly 
asymmetric fluctuations (the lower panel) again seem to suggest a transition from the normal 
metallic phase (above nc) to an ordered phase (below nc) that does not superconduct. In Extended 
Data Fig. 8, we present experimental evidence for ruling out a first-order transition. Our 
experiments, without relying on any model, raise an intriguing question of whether a novel 
continuous QPT that directly connects two distinct ordered phases is realized here in the 
monolayer. Note that the metallic phase below nc (regime III) arises from doping electrons into the 
excitonic QSHI, which might be an important clue for uncovering its nature.  

The unconventional quantum fluctuations detected in monolayer WTe2 highlight again the 
unusual electronic properties of this material, in which deep connections between its topological 
and correlated physics remain to be resolved. Several other 2D systems have also shown interesting 
quantum criticality33–36, while the physics is distinct from the case reported here. Our experiments 
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show that, in general, fluctuations in the vicinity of a QCP provide a powerful probe to the nature 
of a QPT.  
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Fig. 1 

 

Fig. 1 | Vortex Nernst effect and electronic phase diagram of monolayer WTe2. a, Cartoon 
illustration of the device structure for measuring Nernst signal. Current is applied to the two 
microheaters to produce a temperature gradient on the monolayer WTe2. The inset shows the 
optical microscope image of device 1. The monolayer WTe2 flake is outlined in red. b, Four-
probe resistance as a function of ng and T, measured on the same device. For each ng, Rxx is 
normalized to its value at 900 mK to highlight its temperature dependence (also see Extended 
Data Fig. 5). The white dots represent TBKT. c, Nernst signal (red) and Rxx (blue) as a function 
of magnetic field (B) for ng = 22.84×1012 cm-2. The dual-heater power (Ph) is 128 pW. d, B-
dependence of VN as a function of T for the same ng. e, T-dependence of VN (red) and Rxx (blue) 
measured at 30 mT for ng = 22.27×1012 cm-2. The zero-field Rxx is shown as a reference (light 
blue). 
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Fig. 2 

 

Fig. 2 | Gate-tuned Nernst effect and superconducting fluctuations well above critical 
magnetic field and critical temperature. a, Nernst signal as a function of ng and B. Three 
different regimes of interest are labeled as I, II, III, respectively. b, Rxx as a function of ng and 
B measured under the same condition as a. The black dotted line represents BR,90%, at which 
Rxx drops to 90% of its saturated value at high B. c, Nernst signal measured up to high B, with 
a higher power (Ph = 511 pW). The white dashed line indicates the critical field, Bc,N, above 
which VN vanishes. d, ng-dependence of the Nernst signal versus B. VN is normalized to its peak 
value. e, Heater-power effect on the Nernst signal. The data are horizontal line cuts of a and c, 
respectively, at B = 60 mT. f, T-dependence of VN (red) and Rxx (blue) measured at 150 mT for 
a selected low density near the QPT (ng = 7.00×1012 cm-2). The zero-field Rxx is shown as a 
reference (light blue). 
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Fig. 3 

 

Fig. 3 | Giant Nernst effect at the QCP and its sudden disappearance. a, Nernst signal as a 
function of ng under very small B. b, VN/B as a function of ng and B, calculated from a. Only 
the positive-B side is shown. Inset displays selected line cuts of the same data. c, VN versus B 
curves at selected ng. The dashed line extracts the largest slope, which occurs at nmax near zero 
B. The estimated ν is indicated. d, T-dependence of Rxx versus ng. The two red dashed lines 
indicate nc,R and nmax, respectively. 
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Fig. 4 

 

Fig. 4 | QPT and anomalous quantum fluctuations detected by Nernst effect. a, Schematic 
phase diagrams showing three types of superconducting phase transitions observed in our 
device. b, Nernst signal as a function of ng and T. The white dots represent TBKT. The inset 
sketches the typical phase diagram of a QPT, where the tuning parameter (g) is realized by ng 
in our case. c, Contrast between the Nernst signal (lower panel, data extracted from Fig. 2a) 
and the expected fluctuations from the conventional LGW theory (upper panel). d, Illustrations 
of some key findings summarized from Figs. 2 and 3. 


