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Universal bound to the amplitude of the vortex Nernst signal in superconductors
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Christopher Bell3,¶ Harold Y. Hwang3, Aharon Kapitulnik3, and Kamran Behnia1∗∗

(1) Laboratoire de Physique et d’Étude des Matériaux
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A liquid of superconducting vortices generates a transverse thermoelectric response. This Nernst
signal has a tail deep in the normal state due to superconducting fluctuations. Here, we present
a study of the Nernst effect in two-dimensional hetero-structures of Nb-doped strontium titanate
(STO) and in amorphous MoGe. The Nernst signal generated by ephemeral Cooper pairs above the
critical temperature has the magnitude expected by theory in STO. On the other hand, the peak
amplitude of the vortex Nernst signal below Tc is comparable in both and in numerous other super-
conductors despite the large distribution of the critical temperature and the critical magnetic fields.
In four superconductors belonging to different families, the maximum Nernst signal corresponds to
an entropy per vortex per layer of ≈ kBln2.

Superconducting vortices are quanta of magnetic flux
with a normal core surrounded by a whirling flow of
Cooper pairs [1]. In a ‘vortex liquid’ a charge current
and an electric field can be simultaneously present and
produce dissipation. This state of matter is prominent in
high-Tc cuprates [2]. One property of the vortex liquid
is a finite Nernst effect (the generation of a transverse
electric field by a longitudinal thermal gradient) [3]. To-
gether with its Ettingshausen counterpart (a transverse
thermal gradient produced by a longitudinal charge cur-
rent), it has been widely documented in both conven-
tional [4] and high-Tc superconductors [5–7]. In the latter
case, the debate has been mostly focused on interpret-
ing the persistence of a Nernst signal above the critical
temperature [7–9]. The vortex origin of the peak signal
below Tc remains undisputed and its quantitative ampli-
tude unexplained. Theoretical tradition has linked the
magnitude of the finite Nernst signal to the motion of
vortices under the influence of a thermal gradient due to
the excess entropy of the normal core [4, 10–12]. As
a consequence, the magnitude of the Nernst response is
expected to strongly vary among different superconduc-
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tors [10–12].

Here we present a study of the Nernst effect in
two superconductors, namely two-dimensional Nb-doped
SrTiO3 and α-MoGe. We will show that the magnitude
of the fluctuating Nernst response above Tc is in agree-
ment with theoretical expectations, but not the ampli-
tude of the vortex Nernst signal in the flux flow regime
below the critical temperature. Putting under scrutiny
available data for other superconductors (with a range of
critical temperatures extending over three orders of mag-
nitude), we find that the observed peak does not exceed a
few µV/K. Available theories [10–12] link the amplitude
of the vortex Nernst response in a given superconductor
to its material-dependent length scales in disagreement
with our observation.

Fig. 1 presents our data on two-dimensional Nb-doped
strontium titanate (STO). The heterostructure consisted
of 1% at. Nb:SrTiO3 (n2D= 8.6×1013cm−2) with a thick-
ness of 4.5 nm sandwiched by cap and buffer undoped
STO layers (see Fig. 1a). Previous studies documented
the normal-state [13, 14] and the superconducting prop-
erties [15] of such δ-doped samples in detail. Using a
standard two-thermometers-one-heater set-up (see Fig.
1b), we measured diagonal (resistivity and thermopower)
as well as off-diagonal (Nernst and Hall effects) transport
coefficients of the sample with the same electrodes (see
the supplement [16] for more details). As seen in pan-
els d-j of the same figure, a Nernst signal emerges in the
vortex state and its peak shifts with magnetic field and
remains close to the midpoint of the resistive transition.

Fig. 2a shows the evolution of the low-field Nernst
coefficient (ν = N/B) across Tc. Its magnitude is ex-
tremely sensitive to magnetic field. The Nernst coeffi-
cient of the normal quasi-particles detected in bulk crys-



2

c d

e f g h i

b

j

a

FIG. 1: Nernst effect in two-dimensional Nb-doped strontium titanate: a) Schematic view of the heterostructure. b)
Sketch of the two-thermometers-one-heater set-up used in these measurements. c) Resistivity ρxx as a function of temperature.
The midpoint resistive transition at Tc = 0.341 K shifts to lower temperatures with increasing magnetic field. The inset shows
the correlated evolution of this midpoint and the Nernst peak with temperature and magnetic field. d-j) The Nernst signal N
and ρxx vs. temperature at different magnetic fields, both the Nernst peak and the resistive transition vanish at B = 0.1 T.

tals of doped STO [20] is much smaller and has an op-
posite sign (ν = −0.04 µV/KT at B = 1 T and T = 0.5
K) [3, 20]. It is negligible at B = 0.005 T. As indicated by
a recent study on NbSe2 [21], confinement to two dimen-
sions facilitates the observation of the superconducting
contribution to the Nernst response.

Theoretically, the Nernst signal due to the Gaussian
fluctuations of the superconducting order parameter [22–
24] leads to a simple expression for the off-diagonal com-
ponent of the thermoelectric tensor, αxy:

αFlxy
B

(T ) =
kBe

2

6π~2
ξ2(T ). (1)

Here, ξ(T ) = ξ0/
√
ε is the superconducting coherence

length and ε = (T − Tc)/Tc is the reduced temperature.
Combining our Nernst and resistivity data, we can plot
αxy in Fig. 2b. Its magnitude at twice Tc is compatible
with what is expected by Eq. 1 and the zero-temperature
coherence length extracted from the upper critical field
(ξ0 = 60 nm) [13]. Similar observations were previously
reported for amorphous superconductors [17, 25, 26] and
in cuprates [18, 19]. Because of the long ξ, αxy found
here is larger than those studied previously (See the inset
in Fig. 2b and the supplement [16]).

We now turn our attention to the vortex Nernst sig-
nal below the critical temperature. The Nernst signal in
Nb:STO peaks to ≈ 11µV/K (see Fig. 1h,i and Fig. 4b).
At the temperature and magnetic field of this peak, the
measured resistivity is ≈ 100µΩcm. Therefore, the peak

transverse thermoelectric response is αxy = N/ρ = 11
A/Km. In the traditional approach to the vortex dy-
namics [3, 4, 6], this is set by a balance between the
thermal force (proportional to the entropy of each vor-
tex, Sd) and the Lorentz force proportional to its mag-
netic flux, φ0 = h/2e = 2.07×10−15 Tm2 [1]. This yields
Sd = φ0 × αxy ≈ 2.3× 10−14 J/K. m [16].

Sergeev and co-workers [12], after commenting the in-
adequacies of previous theories [10, 11], (See the supple-
ment for details) proposed the following expression for
vortex transport entropy:

Scored ' −πξ2 ∂

∂T

H2
c

8π
(2)

The right side of Eq.2 is the product of the vortex size
(ξ is the coherence length) and the entropy difference be-
tween the two competing phases. Indeed, the thermody-
namic critical field, Hc, is set by the difference between
the free energies of the normal, Fn and the supercon-

ducting, Fs phases set :
H2

c

8π = Fn−FS [1]. Using the ex-
perimentally known coherence length and critical fields,
Eq.2 yields Sd = 1.2×10−12 J/K. m (see the supplement
for details [16]), fifty times larger than the experimental
value and indicating the absence of a crucial ingredient.

Fig. 3 presents a study of the Nernst effect in an-
other two-dimensional superconductor, namely amor-
phous MoGe, a platform for studying superconductor-
insulator transitions [30]. The Nernst peak evolves con-
comitantly with the resistive transition with increasing
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FIG. 2: Nernst response in the normal state due to su-
perconducting fluctuations: a) The Nernst coefficient as
a function of temperature in two-dimensional Nb:STO across
the critical temperature at B = 5 mT. b) The off-diagonal
component of the thermoelectric tensor, αxy = N

ρ
a0 as a func-

tion of reduced temperature, ε = (T − Tc)/Tc. The dashed
line represents ε−1.3, the solid line what is expected by Eq.
1. The inset compares the magnitude of normal-state αxy (at
T = 1.5Tc) in different superconductors [17–19] as a function
of their upper critical field, Hc2. The dashed line represents
the magnitude expected by Eq. 1 and a coherence length
given by Hc2(0).

magnetic field. The vortex Nernst signal peak is slightly
lower than the peak in Nb: STO. The extracted αxy (≈
14 A/Km) and Sd(≈ 2.8 ×10−14 J/K.m) are almost the
same. In other words, these two superconductors, despite
an almost 20-fold difference in their Tcs (6.2 K vs. 0.34
K) and their Hc2s (7 T vs. 0.1 T) have similar entropy
per vortex. Fig.4a) shows the Nernst data in a number
of superconductors. Some are layered, others isotropic.
Some are crystalline, others amorphous. Some are con-
ventional, others unconventional. Some were studied as
thin films, others as single crystals. In spite of the large
difference in the critical temperature, the Nernst signal
in all peaks to a few µV/K. Figs. 4b-d compares the
contours of N(T,B) in three different superconductors.
The field and the temperature scales differ by two orders
of magnitude, but the summit has a comparable magni-
tude of 4 -10 µV/K. This similarity in the magnitude of
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FIG. 3: Nernst effect in amorphous MoGe: a) Evolution
of the resistive superconducting transition in amorphous films
of MoGe with magnetic field. b) Nernst effect N in the same
sample. The color code for magnetic fields is identical to
the one used in the upper panel. The inset schematically
depicts the structure of the sample consisting of alternating
superconducting and insulating layers.

the vortex Nernst response below Tc is to be contrasted
with the material-dependent amplitude of the fluctuating
Nernst signal above Tc and the material-dependent am-
plitude of the quasi-particle Nernst signal. The latter is
known to spread over six orders of magnitude in different
metals [3, 8]. Theory gives a satisfactory account of the
amplitude of the quasi-particle or the fluctuating Nernst
signal but, as we saw above, not the vortex Nernst signal.

One defect of the common picture of the vortex Nernst
signal is its neglect of forces other than the thermal force
acting on a vortex as discussed in the supplement [16].
An upper boundary to N is equivalent to a lower bound-
ary to the viscosity-to-entropy density ratio for the vortex
liquid. Such a boundary is a subject of current inter-
est [31, 32] also discussed in the supplement [16].

Table I lists four different crystalline superconductors
and their largest value of the Nernst signal at any field
and temperature, Npeak. They belong each to a differ-
ent family and they are chosen because the resistivity
of the sample at N = Npeak (dubbed ρpeak) has been
reported, allowing to calculate the vortex entropy per
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FIG. 4: Peak Nernst signal in different superconductors: a) The Nernst signal as a function of temperature in
STO and MoGe (present work) compared with data on an amorphous film of InOx [26], on FeSe0.6Te0.4 [27], on κ-
(ET)2Cu[N(CN)2]Br [28], on La1.92Sr0.08CuO4 [29] and on Bi2Sr2CaCu2O8+δ [6]. For each system, the critical temperature is
indicated together with the magnetic field at which the observed peak was the largest. In all systems, this magnetic field is the
one at which the peak is largest, except in Bi2212 [6], for which the data was restricted to 12 T. The field and temperature
dependence of the Nernst signal are shown as color plots for b) Nb:STO, c) MoGe and d) FeSe0.6Te0.4 [27]. Note the similarity
in the peak amplitude in contrast to the large difference in the field and temperature scales.

TABLE I: The peak Nernst signal in superconductors belong-
ing to four different families: SrTi0.99Nb0.01O3 (Nb:STO),
FeSe0.6Te0.4(FeSeTe) [27], κ-(ET)2Cu[N(CN)2]Br(κ-ET) [28]
and La1.92Sr0.08CuO4(LSCO08) [29]. Also listed are sheet re-
sistance per layer (resistivity divided by the lattice parameter
along the orientation of magnetic field) measured at the tem-
perature and the magnetic field corresponding to N=Npeak

and the deduced entropy per vortex per layer (see the supple-
ment [16] for a discussion of the available Nernst data).

Compound Tc Npeak c ρpeak/c Ssheetd

[K] [µ/K] nm [kΩ] [10−23J/K]

Nb:STO 0.35 11 0.39 2.6 0.89

FeSeTe 14 4 0.58 0.86 0.96

κ-(ET) 11 6.1 2.9 1.31 0.96

LSCO08 29 9.1 1.2 2.12 0.88

layer, using the lattice parameter c: Ssheetd = Φ0
Npeak

ρpeak c.

As seen in the table, Ssheetd is similar and of the order of
kBln2 = 0.95 × 10−23J/K. In other words, despite the
dissimilarity in the coherence length and in the penetra-
tion depth, the entropy carried by each vortex per sheet
is of the order of a Boltzmann constant.

Our observation implies that Eq.2 does not give an
accurate account of the mobile entropy of a supercon-
ducting vortex and the problem should be deeply recon-
sidered. At this stage, we can identify two obvious short-

comings with equation. First it assumes that the entropy
density in the vortex core is identical to the entropy den-
sity in the normal phase. This neglects the existence of
the Caroli–de Gennes–Matricon [33] levels in the core.
Second, it takes for granted that all core entropy is mo-
bile and does not distinguish between what is bound to
a mobile flux line and what is not.

To sum up, we find that in four superconductors with
different normal states, pairing symmetries and critical
temperatures, the Nernst transport entropy per vortex
per layer is of the order of kB . We expect this to motivate
experimental studies of the vortex Nernst signal in other
superconductors of interest [34–36].
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M. Putti, A. Siri, F. Federici, and A. Varlamov, Phys.
Rev. B 55, R14745 (1997).

[41] X. Lin, G. Bridoux, A. Gourgout, G. Seyfarth,
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Leyraud, F. Laliberté, B. Pingault, B. J. Ramshaw,
R. Liang, D. A. Bonn, et al., Phys. Rev. Lett. 104,
057005 (2010).

[50] National Institute of Standards and Technology
database, see https://webbook.nist.gov/chemistry/fluid
(2020).



6

A. Experimental technique

The two-thermometers-one-heater setup shown in Fig.
1b of the main text permits the measurement of all trans-
verse and longitudinal electric and thermoelectric trans-
port coefficients in the same conditions. A longitudinal
thermal gradient ∇xT is generated by gluing one end of
the sample with silver paste to a cold finger and con-
necting the other end to a heater. The thermal gradient
∇xT = (Thot−Tcold)/s was measured by two RuO2 ther-
mometers Thot and Tcold attached to the sample with
electric leads, separated by a distance s, that allowed as
well to measure the longitudinal and transverse voltage
drops, Vx and Vy, respectively. The Nernst coefficient is
obtained using N = Ey/∇xT with Ey = Vy/w and the
sample width w. By applying an electric current instead
of a heat current, the same experimental setup also al-
lows to measure the longitudinal resistance and the Hall
effect. The magnetic field was applied perpendicular to
the orientation of both the applied heat current and the
measured voltage drops. The setup was mounted on a
3He-dilution probe as well as on a home-built measure-
ment stick for a Physical Property Measurement System
(PPMS) that allowed to access temperatures down to 1.7
K.

Prior to the Nernst measurements, we determined the
thermal conductivity κ of the insulating substrate by
measuring the temperature gradient introduced by a
measured heat current. Fig. S 5 compares the measured
κ of the substrate (i.e., an insulating SrTiO3 crystal) with
previous measurements of bulk SrTiO3 above 1.8 K [37].
The two data sets appear to join each other smoothly.
This agreement confirms the accuracy of our quantifica-
tion of the thermal gradient.

The presence of a sub-micronic thick δ-doped
SrTi0.99Nb0.01O3 sample on the substrate does not al-
ter heat transport in any detectable way. Knowing the
thermal conductivity, which remains unchanged by the
application of magnetic fields smaller than 0.1 T, allowed
us to quantify the Nernst signal by measuring the trans-
verse electric field Ey produced by a specific longitudinal
thermal current at a specific temperature.

B. The Nernst signal generated by short-lived
Cooper pairs

Fluctuations of the superconducting order parameter
above the critical temperature generate a Nernst sig-
nal. This was first theoretically described by Ussishkin,
Sondhi and Huse (USH) [22] and was then elaborated
in more detail and extended to finite magnetic fields
by Serbyn and co-workers [23] and by Michaeli and
Finkel′stein [24]. Its experimental relevance was tested
in both amorphous superconductors [3, 17, 25, 38] and
in high-Tc cuprates [9, 18, 19]. In this section, we com-
pare the magnitude of the Nernst signal above Tc in the
Nb-doped STO film of the present study with previous
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FIG. 5: Thermal conductivity Thermal conductivity κ as
a function of temperature T in comparison to previous data
on SrTiO3 by Martelli et al. [37].
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A/K
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FIG. 6: Fluctuating Nernst signal in different su-
perconductors: The transverse thermoelectric conductiv-
ity divided by magnetic field (αxy/B) for the Nb-doped STO
hetero-structure, Nb0.15Si0.85 [17], Pr1.83Ce0.17Cu4O (PCCO)
[19] and La1.69Eu0.2Sr0.11CuO4 (Eu-LSCO) [18]. Solid lines
show linear fits to the data as expected by Eqs. B1 and B2.

reports.
The USH expression for superconducting fluctuations

for a 2D superconductor is remarkably simple. The off-
diagonal component of the thermoelectric tensor is ex-
pected to have an additional contribution which scales
with the superconducting coherence length ξ. Provided
that the magnetic field is small enough (i.e., B <<
φ0/2πξ

2), one expects:

αFlxy
B

=
kBe

2

6π~2
ξ2 (B1)
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The Ginzburg-Landau superconducting correlation
length in the normal state [39] is:

ξ =
ξ0√
ε

(B2)

Here, ξ0 is the temperature-independent superconduct-
ing coherence length and ε = (T − Tc)/Tc is the reduced
temperature. Thus, the USH expression expects a fluc-
tuating signal proportional to 1/ε.

Fig. S 6 compares the experimental αxy/B(ε) in Nb-
doped STO with three other superconductors, namely
Nb0.15Si0.85 [17], Pr1.83Ce0.17Cu4O (PCCO) [19] and
La1.69Eu0.2Sr0.11CuO4 (Eu-LSCO) [18]. In all supercon-
ductors, the data roughly follows a 1/ε-dependence con-
firming USH theory.

The deviation from this behavior at low ε may result
from short wavelength effects around ε = 0.25 [40].

According to Eq. B2, αFlxy(ε = 1) should be larger in a
superconductor with longer ξ0. As seen in Fig. S6, this
is indeed the case. The signal in Nb-doped STO is two
orders of magnitude larger than in Eu-LSCO. The latter
has an upper critical field which is almost two orders of
magnitude larger.

It is instructive to compare the superconducting coher-
ence lengths extracted from three distinct experimental
sources:

i) The expression for the coherence length in a dirty
superconductor, ξ0d, extracted from Fermi velocity vF
and mean-free path `, [39]:

ξ0d = 0.36

√
3~vF `
2kBTc

(B3)

ii) The zero-temperature upper critical field:

ξ0 =

√
φ0

2πHc2(0)
(B4)

iii) The Nernst data using equations B1 and B2:

ξN =

√
6π~2
kBe2

αFlxy(ε = 1)

B
(B5)

Table II presents such a comparison. As seen in the ta-
ble, the three numbers are close but not identical. For
Nb-doped STO, vF l was estimated via vF l = 3κ/γeT =
(πkB/e)

2σ/γe with the measured conductivity σ = 1/ρxx
and the electronic specific heat taken from ref. [41].

C. Entropy per vortex in doped strontium titanate

Sergeev and co-workers [12], revisiting earlier theories
[10, 11], contested the validity of the following expression
for the vortex transport entropy derived by Stephen [10]:

SEMd = −φ0
4π

∂Hc1

∂T
(C1)

Such an expression is derived by assuming that the
entropy of the vortex is set by the temperature derivative
of the energy cost to introduce a vortex at the lower
critical field, Hc1. According to ref. [12], this energy cost
includes supercurrents, which do not transport entropy.
Therefore, the correct expression for entropy is:

Scored ' −πξ2(
∂Hc

∂T
)2 (C2)

Here, Hc is the thermodynamic critical field and ξ is
the coherence length. Scored excludes the supercurrent
contribution and is therefore smaller than SEMd by a fac-

tor of 2ln(λξ ) (λ is the penetration depth).

The lower critical field of bulk superconducting STO
has been the subject of a detailed study [42]. For a sam-
ple doped with 1% of Nb (n3D = 1.9 × 1020 cm−3), it
was found to be Hc1(0)= 4.8 Oe. The Hc1(T ) curve al-
lows to extract the slope (∂Hc1

∂T (T = 0.2k) = −25 Oe/K).
Inserting this in Eq. C1, one finds :

SEMd = 5.2× 10−12 J/K. m (C3)

The Ginzburg-Landau parameter of STO at this car-
rier concentration was estimated to be λ

ξ ' 8.5 [42].

Thus, the core entropy Scored would be 2 lnκ ' 4.3 times
smaller :

Scored ≈ 1.2× 10−12 J/K. m (C4)

This is close to a generic estimation by Sergeev et al. [12]
(SEMd = 1.6 × 10−7 erg/K. cm). It is also forty times
larger than what the experiment would imply if one com-
bines the measured amplitudes of the Nernst signal and
resistivity (Sd(exp.) ≈ 3× 10−14J/K. m), which was dis-
cussed in the main text. This discrepancy calls for a
re-examination of the standard picture.

D. The Ettingshausen effect and its non-universal
amplitude

The Ettingshausen coefficient is the transverse ther-
mal gradient caused by the application of a longitudi-

nal charge flow: Ett =
∇yT
Jx

. In a pioneering study
of thermomagnetic effects in cuprates, Palstra and co-
workers directly measured the Ettingshausen coefficient
of optimally-doped YBCO up to B=12 T [5]. Their data
is shown in Fig. S 7.

The Bridgman relation [45, 46] is the off-diagonal coun-
terpart of the Kelvin relation and is derived from the
Onsager reciprocity [47]. It links the Ettinghausen coef-
ficient, the Nernst coefficient and the thermal conductiv-
ity, κ:
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TABLE II: A comparison of four superconductors: Physical properties of superconductors in which a fluctuating Nernst
signal above Tc has been detected. The superconducting coherence length has been extracted using three distinct equations
Eq. B3, Eq. B4 and Eq. B5.

Compound Tc Hc2 vF l ξ0 ξ0d ξN

[K] [T] [m2/s] [nm] [nm] [nm]

SrTi0.99Nb0.01O3 (present study) 0.32 0.085 9.3 × 10−4 62 64 52

Nb0.15Si0.85 [25] 0.38 1.1 4.35 × 10−5 17 13 10

Pr1.83Ce0.17Cu4O (PCCO) [19] 19.5 3 4.5 × 10−3 10 18 14

La1.69Eu0.2Sr0.11CuO4 (Eu-LSCO) [18] 3.86 6 - 7 - 3.8
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FIG. 7: The Ettingshausen coefficient in three differ-
ent superconductors: The temperature dependence of the
Ettingshausen coefficient in STO and LSCO, using the Nernst
data shown in Fig. 1 of the main text, the published ther-
mal conductivity data [43, 44] and the Bridgman relation.
Also shown is the directly measured Ettingshausen coefficient
in optimally doped YBa2Cu3O7 [5]. Upper and lower plots
show the same data in logarithmic and linear scales.

Ett =
NT

κ
(D1)

In the case of YBCO, the combination of the Etting-
shausen and the Nernst data reported in ref. [5], points
to a Nernst peak of 4 µV/K comparable with what has
been directly measured [6, 48, 49].

Inversely, one can use the Bridgman relation to ex-
tract the Ettingshausen coefficient from the Nernst data.
In La1−xSrxCuO2, the Nernst data (x = 0.08) [29] com-
bined with the thermal conductivity data at slightly lower
doping (x = 0.04) [43] allows one to quantify the Etting-
shausen coefficient. Using the thermal conductivity of
optimally-doped STO [44] and our present Nernst data,
we can also quantify the Ettingshausen coefficient and its

peak value in STO. As seen in Fig. S 7, the latter peak is
twenty times larger than what is seen in cuprates. This is
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h
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FIG. 8: η/s ratio in supercritical liquids: The temper-
ature dependence of the ratio of dynamic viscosity to en-
tropy density in H2O and 4He and H2O at two different pres-
sures [50]. In both cases there is a minimum in η/s larger than
~/kB which remains roughly the same at both pressures.

in sharp contrast with the Nernst peak which has a com-
parable magnitude in the two family of superconductors.

E. Bound to the viscosity-entropy ratio in common
liquids

The existence of a minimum in the ratio of viscosity
to entropy density of common liquids is visible in the
available data [50] shown in Fig. S 8 for two supercriti-
cal liquids, namely 4He and H2O. In both, η/s(T ) has a
minimum which is 1.3 (3.3) ~/kB in He (H2O). A recent
theoretical work [32] has argued that this minimum arises
because of a universal bound to the kinematic viscosity
of liquids.


