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The hexatic phase is an intermediate stage in the melting process of a 2D crystal due to topological
defects. Recently, this exotic phase was experimentally identified in the vortex lattice of 2D weakly
disordered superconducting MoGe by scanning tunneling microscopic measurements. Here, we study this
vortex state by the Nernst effect, which is an effective and sensitive tool to detect vortex motion, especially
in the superconducting fluctuation regime. We find a surprising Nernst sign reversal at the melting
transition of the hexatic phase. We propose that they are a consequence of vortex dislocations in the hexatic
state which diffuse preferably from the cold to hot.
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The melting process of a two-dimensional (2D) crystal
has been a fundamental topic in condensed matter phys-
icists’ research for decades. It is considered a topological
phase transition that is mediated by topological defects,
namely dislocations and disclinations. In two dimensions, a
dislocation is a point defect which is a local displacement of
one lattice point resulting in the disruption of translation
symmetry. It results in the creation of a pair of adjacent
lattice points with an incommensurate number of nearest
neighbors. A disclination, on the other hand, is a distortion
of a perfect lattice in which a lattice point gains or loses a
few nearest neighbors, breaking the orientational sym-
metry. Figure 1(a) shows the schematics of a dislocation
which contains two disclinations with fivefold and seven-
fold orientational symmetry, respectively.
The importance of these defects was recognized by

Berezinskii, Kosterlitz, and Thouless (BKT) [1–4] who
studied the topological long-range order in 2D solids and
superfluids and the topological solid-liquid phase transition
which is applicable to systems such as 2D electron gas, 2D
crystals, and neutral superfluids. In a 2D crystal, this
transition is manifested by dislocation proliferation due to
thermal excitations, resulting in the solid melting into an
isotropic liquid. By refining and extending the BKT theory,
Halperin, Nelson, and Young (HNY) predicted the possibil-
ity of an intermediate state [5–7] between the solid and the
liquid, rendering the 2D melting a two-step process. At the
BKT temperature TBKT, the solid melts due to thermally
excited dislocations into an exotic anisotropic “hexatic
fluid,” where the system loses its long-range translational
order but preserves the quasi-long-range orientational order.
In this phase, dislocations can glide along an easy crystalline
axis driven by local stress. At higher temperatures, each

dislocation unbinds into two independent disclinations and
the system transits into an isotropic liquid. This BKTHNY
process has beenverified experimentally bymeasurement of
shear modulus and colloidal motion in 2D crystal systems
[8–10] and theoretically by Monte Carlo simulations
[11–13].
Recently, the hexatic fluid phase was observed and

studied in another physical system, i.e., the melting process
of superconducting vortex lattice (VL) in a weakly disor-
dered amorphous MoGe (a-MoGe) thin film [14,15].
Electric transport and scanning tunneling spectroscopy
measurements established a phase diagram demonstrating
the solid-hexatic-liquid transition. It was found that the
hexatic phase is characterized by a very low resistance
plateau as a function ofmagnetic field.While the exact cause
for such dissipation is not completely understood, this
dissipationwas later found to be associatedwith the extreme
sensitivity of the hexatic fluid state when exposed to very
small external electromagnetic radiation [16,17]. As is well
known, the Nernst effect is a powerful tool to study vortex
dynamics in a superconductor [18]. In typical superconduc-
tors, the Nernst effect originates almost entirely due to the
motion of vortices and the contribution from electrons is
negligible. Hence, it seems advantageous to utilize the
Nernst effect to study the vortex dynamics in this state.
The Nernst effect refers to the transverse electric field that

develops on a conducting sample in the presence of a longi-
tudinal thermal gradient and a perpendicular magnetic field.
It has been proven to be a very sensitive experimental tool to
probe superconducting vortex motion in the fluctuation
regime. A substantial Nernst coefficient,N ¼ ðEy= −∇xTÞ,
was measured around TC in the underdoped regime of high-
TC superconductors [19,20] and in 2D disordered films
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[18,21,22]. Figures 1(b) and 1(c) present schematics of the
vortex Hall effect and vortex Nernst effect, respectively,
demonstrating that in the presence of a perpendicular
magnetic field, an electrical current or thermal gradient
driven vortex motion produces a transverse electric field,
E ¼ B × v, where v is the velocity of the mobile vortex.
Since the Nernst effect in superconductors is governed by
vortex motion, it is appealing to ask what would be the
Nernst effect of the hexatic phase in which it is dislocations
of vortices, rather than vortices themselves, which are
mobile. In this Letter, we present magnetotransport and
Nernst effect measurements on weakly disordered a-MoGe
thin films.We find a uniqueNernst signal sign reversal in the
hexatic phase regime.We compare this to theHall effect sign

reversal seen in these systems as well and find them to be
unrelated. We discuss the findings and suggest that they are
due to dislocations in the vortex hexatic phase which move
from cold to hot.
To sensitively measure the Nernst effect, we adopt an on-

board ac heating technique with a heater and two ther-
mometers fabricated on a chip of MEMpax™ borosilicate
glass substrate characterized by low thermal conductivity
that made it an excellent choice for Nernst effect measure-
ments [see Fig. 1(d)]. The details of the measurement
technique are described elsewhere [23]. The heater and
electrodes are fabricated from 34 nm thick films of Cr/Au
using standard optical lithography techniques. Two thin
films of insulating amorphous indium oxide (InO) with
thickness 30 nm are e-beam evaporated with partial oxygen
pressure of ð3–4Þ × 10−5 torr, to be used as thermometers
that are characterized by excellent temperature sensitivity
in the desired measurement range (sheet resistance of 200–
10 kΩ at the temperature range of 1–5 K). The sample, a
25-nm thick a-MoGe is deposited between the two ther-
mometers via pulsed laser deposition. In order to easily
obtain a temperature gradient, the substrate is suspended
from the cold finger with only the edge far from the heater
thermally contacted to the thermal bath. All the measure-
ments were performed on two different samples in a
pumped helium-4 cryostat in the bore of a 9-T super-
conducting magnet.
Figure 2 shows the longitudinal and Hall resistance of

one of our a-MoGe films as a function of magnetic field for
several fixed temperatures. Similar results were obtained
for three more films. The results were symmetrized and

FIG. 1. Schematics of a dislocation (a), the vortex Hall effect
(b), vortex Nernst effect (c), and sample configuration (d). (a) A
dislocation in a hexagonal lattice is composed of two disclina-
tions [fivefold (orange) and sevenfold (green) orientational
symmetry]. Note that an additional lattice line is present on
the right side of the defect. The dashed circle is a vortex vacancy.
(b) In the flux-flow regime of a superconducting film, a current Ix
generates a collective vortex velocity v. The vortex motion
produces an electric field whose x component Ex contributes
to the dissipative longitudinal resistivity while the y component
Ey gives rise to the Hall effect. The Hall angle θ is defined as
tan θ ¼ ðEy=ExÞ. (c) The vortex Nernst effect is denoted as
superconducting vortices moving in the x direction with velocity
v antiparallel with a thermal gradient −∇vT, which generates a
transverse electric field Ey. (d) A thin film of a-MoGe is pulsed
laser deposited onto a chip of borosilicate glass. Electrodes are
connected for passing excitation current (Iþ, I−) and measuring
the longitudinal (Vlþ, Vl

−), Hall (VHþ , VH
− ), and Nernst voltages

(Nþ, N−). A meander made of 4-nm thick Cr and 30-nm thick Au
and two films of insulating InO are fabricated for heating and the
thermometry.

FIG. 2. Magnetoresistance of a 25-nm thick a-MoGe film
(sample S1) at different temperatures. At a low temperature
(2.3–3 K), system transits from a solid to a liquid through a wide
hexatic regime with increasing magnetic field. The pinning is
gradually overcome at higher temperatures so that it could not
reach solid phase. Inset: Hall resistanceRxy at several temperatures
is plotted as a function of the magnetic field. The Hall resistance
vanishes at a low field, and a sign reversal is captured to happen at
the transition between the hexatic phase to a liquid phase.
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antisymmetrized, respectively, with respect to the magnetic
field. At low temperature and magnetic field, the magneto-
resistance saturates at 4 mΩ which sets our zero resistance
baseline within our Nernst measurement-setup capability.
In this limit the sample is in the vortex solid phase where all
vortices are pinned and nondissipative. As the temperature
and magnetic field are increased, the resistance rises and
reaches an intermediate plateau, which is identified as the
hexatic fluid phase where vortex dislocations are mobile
(see [14]). At an even higher temperature or magnetic field
the resistance rises dramatically and saturates at the normal
state value. Between these two plateaus (identified as the
superconducting vortex liquid regime) the Hall resistance,
ρxy also changes significantly. Deep in the superconducting
state it vanishes, above HC it is constant at its normal state
value, and in-between it attains a positive sign followed by
a sign reversal by which the Hall coefficient remained
negative up to the normal state.
The Nernst signalN of sample S2 as a function of magne-

tic field with different temperatures, T ¼ 3.5–6.0 K, is
shown in Fig. 3. The data were antisymmetrized over the
field to remove parasitical background voltage. The sample
temperaturewas obtained by averaging the two thermometer
temperatures. It is seen that the Nernst signal displays a
strong peak (up to 10 μV=K) at high fields, which corre-
sponds to the vortex motion in the liquid phase. This is a
typical result for disordered superconductors [18,21,22].
The Nernst peak shifts toward smaller fields as the temper-
ature is raised due to suppression of superconductivity.
The main result of this work is shown in Fig. 3(b) which

focuses on the Nernst signal in the low field regime.
Here, we observe an unusual negative Nernst signal
with a magnitude of several tens of nV=K. This result is
very counterintuitive implying a vortex diffusion direction
against the temperature gradient, from cold to hot.
Obviously, such a picture would violate the second law
of thermodynamics. With increasing temperature, the field
range at which this sign reversal is observed deceases, but it
remains finite for all temperatures below TC.
Figure 4(a) compares N, ρxx, and ρxy of sample S1 at

T ¼ 2.3 K. Notably, the negative N appears at the same
field regime as the plateau of resistance, which is associated
with the hexatic state [14,15]. At this regime the Hall
resistance is immeasurable within our measurement reso-
lution. On the other hand, a measurable Hall sign-reversal
effect is seen at higher field which is identified with the
transition from hexatic state to vortex liquid, where the
Nernst signal is uniquely positive.
A Hall effect sign reversal, such as that seen in Figs. 2

and 4 has been widely reported both in conventional type-II
superconductors [24,25] and in high-TC superconductors
[26–28]. The cause of the Hall sign reversal in the flux-flow
regime of superconductors, unpredictable from the standard
model of superconducting vortex by Bardeen and Stephen
[29], is still under debate and a number of physical origins

have been suggested, such as backflow of vortices in a
clean superconductivity limit [30–32], interlayer vortex
coupling [33–35], and moving vortex charge [26,36,37],
etc. But each of these has its drawbacks and a complete
understanding is still lacking.
Since, within the linear response approximation, N is

expressed as [38]

N ¼ ρxxαxy þ ρxyαxx ð1Þ

(αxx and αxy are the diagonal and off-diagonal elements of
the thermoelectric matrix, respectively) a natural cause for
the N sign reversal could be the sign reversal in ρxy.
Mathematically, there is nothing that prevents the Nernst
effect from being negative. However, ρxx is always positive,
and αxy, which is interpreted as the entropy carried by
each flux quantum (αxy ¼ ðSvortex=h=2eÞ) [38,39], is also

FIG. 3. (a) Nernst signals of sample S2 as a function of
magnetic field at different temperatures with ac technique.
Because of the vortex pinning, Nernst signals are small at a
low field while typical Nernst peaks show up in the super-
conducting transition regime. (b) By closing in on the regime in
the red box in (a), negative Nernst signals are detected. Notably,
the slope of the Nernst signal monotonously increases with
increasing temperature.
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positive in order to obey the second law of thermodynam-
ics. Therefore, the second term ρxyαxx is a suspected
candidate for the cause of the Nernst sign reversal.
In order to explore this possibility we recall that the

Seebeck effect S (longitudinal electric field divided by a
temperature gradient) is given by

S ¼ −ρxxαxx þ ρxyαxy: ð2Þ

We have complemented our Nernst effect measurements by
Seebeck experiments (see Supplemental Material [40])
using the same ac technique, in order to extract αxx and
αxy. We find that in the hexatic phase, αxx has the same
order of magnitude as αxy. At this regime, ρxy is at least 3–4
orders of magnitude smaller than ρxy (see Fig. 4) thus
rendering the right term of Eq. (1) negligible compared to
the left term. This, together with the fact that the observable

Hall effect sign reversal occurs at high fields, in a regime
where the Nernst coefficient is entirely positive, rules out
the Hall effect as the origin for the Nernst sign reversal.
The fact that the negative Nernst signal regime coincides

with the hexatic state MR plateau, implies that the two are
closely related. A sign change in the Nernst signal can
imply one of two scenarios. First, it is possible that vortex
contribution to the Nernst signal is totally suppressed in the
hexatic state, and what we measure is the electronic
contribution to the Nernst effect originating in the leads.
Second, it is also possible that the effective direction of
motion of the vortices in a thermal gradient has been
reversed due to the hexatic order [41,42]. To rule out the
first possibility, we have conducted experiments to measure
the Nernst effect of the leads alone under conditions
identical to those used while measuring MoGe. The results
(see Supplemental Material [40]) indicate that the Nernst
effect of the leads are too small to measure even for our
sensitive experimental setup. The second scenario may be
realized if instead of vortices, it is the vacancies or voids in
the otherwise perfect vortex lattice that are on the move
from the region of high temperature to the region of low
temperature. A mechanism that explains such motion of
vacancies is “dislocation climb” [43–45], which describes
the movement of a dislocation mediated by the thermal
motion of vacancies. In the hexatic state, the vortices are
still pinned to their locations, but defects, mostly disloca-
tions, are free to move within the lattice. The motion of
these dislocations constitutes the major dissipation mecha-
nism in the hexatic state [46]. Naturally, movement of these
dislocations also plays an important role in the origin of the
Nernst effect. In the dislocation climb, vortices from the
dislocation overcome the potential barriers due to thermal
energy and migrate to fill nearby thermally activated vortex
vacancies to attain a lower energy state as schematically
described in Figs. 4(b) and 4(c). In the presence of a
nonequilibrium distribution of vacancies generated by an
external temperature gradient (i.e., an increased concen-
tration of vortex vacancies at higher temperatures), vortex
dislocations in the hexatic phase move preferably in the
direction opposite to the applied temperature gradient,
resulting in a net flow of vortices from cold to hot and a
negative Nernst effect, while the overall vortex lattice
remains nearly frozen. Meanwhile, a line of vortex vacan-
cies is accumulated at the tail of the moving dislocation.
Upon immediate relaxation of VL, vacancies are occupied
by the vortices which were squeezed out by the original
dislocation. A perfect lattice structure is then formed on the
cold side of the dislocation after the climb takes place as
sketched in Fig. 4(c). This scenario is consistent with the
increasing slope of the Nernst coefficient with increasing
temperature [shown in Fig. 3(b)], since the density of both
vortex dislocations and vacancies are expected to increase
with increasing temperature. Hence, the motion of dis-
locations and the arrangement of the VL play a crucial role

FIG. 4. (a) Nernst effect N, longitudinal resistance Rxx, and
Hall resistance Rxy of sample S1 measured at 2.3 K are plotted as
functions of magnetic field. In the hexatic phase, vortices start to
move in the form of dislocations. As a result, Rxx is driven in a
plateau, where the Nernst effect abnormally tends negative. In the
liquid phase, the Nernst effect turns to be positive and shoots up
with Rxx where Rxy exhibits a sign reversal, the blue dashed line
indicates zero resistance in Rxy. (b) In the hexatic state, vortices
near a dislocation diffuse to fill the vacancies (dashed circles),
resulting in a dislocation climb into (c) with a net flow of vortices
from cold (left) to hot (right) and leading to a negative Nernst
effect. This phenomenon occurs due to the increased concen-
tration of vortex vacancies at higher temperatures. The direction
of vortex diffusion is indicated by the red arrows. On the other
hand, the position of vacancies accumulated on the dislocation
line is occupied by the surrounding vortices due to lattice
relaxation, which leads to a perfect lattice forming to the left
of dislocation in (c).
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in the emergence of the negative Nernst effect in the
hexatic phase.
In conclusion, Nernst sign reversal and Hall sign reversal

were both observed in weakly disordered superconducting
a-MoGe films. While the Hall sign reversal happens in the
isotropic vortex fluid phase, the negative Nernst signal and
its sign reversal occurs in the hexatic phase. The unusual
negative Nernst effect is attributed to the motion of the
vortex dislocations and their anomalous diffusion against
the temperature gradient. One possibility for such an effect
is via dislocation climb through thermally activated vortex
vacancies of nonequilibrium concentration under a temper-
ature gradient, which leads to a net backflow of vortices and
a negative Nernst effect. The 2D dislocation climb has been
experimentally demonstrated in 2D transition metal dichal-
cogenides [47] in a study of migration of dopant atoms and
indirectly evidenced in some colloidal systems [48], but has
not yet been detected in vortex lattice systems. Therefore,
further experimental and theoretical studies are needed to
confirm the scenario and fully understand this proposed
mechanism.
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