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We reveal a novel source of a giant Nernst response exhibiting strong nonlinear temperature and

magnetic field dependence, including the mysterious tilted-hill temperature profile observed in a pleiad of

materials. The phenomenon results directly from the formation of a chiral ground state, e.g., a chiral

d-density wave, which is compatible with the eventual observation of diamagnetism and is distinctly

different from the usual quasiparticle and vortex Nernst mechanisms. Our picture provides a unified

understanding of the anomalous thermoelectricity observed in materials as diverse as the hole-doped

cuprates and heavy-fermion compounds like URu2Si2.
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The quintessence of condensed matter physics resides in
finding an elegant way to describe the emergent universal-
ity in diverse quantum states of matter, ranging, for in-
stance, from the cuprate and heavy-fermion compounds
even up to the novel high-Tc iron-based superconductors.
The striking common characteristic of all these materials is
a giant Nernst signal [1–4], typically of the order of�V=K,
exhibiting strong nonlinear dependence on temperature
and occasionally on the applied field. In the majority of
these compounds, the origin of the anomalous thermoelec-
tricity still remains a puzzle, mainly due to the difficulty of
explaining the large Nernst magnitude, sign, and tempera-
ture evolution on an equal footing.

Up to now, the enhanced Nernst signal has been attrib-
uted to a quasiparticle [5] or a vortex origin [6]. In a single
band quasiparticle picture it is quite difficult to obtain a
large Nernst signal due to Sondheimer cancellation, that,
however, relaxes in a multiband system [7]. In this case one
may obtain an enhanced thermoelectric response that,
nevertheless, depends strongly on the detailed band struc-
ture characteristics without ensuring a hill-like profile. In
the vortex scenario the thermomagnetic forces generate
phase slippage that triggers a Nernst response with a
positive sign due to the entropy carried inside the normal
cores. Although there are mechanisms permitting a vortex
Nernst signal even outside superconducting regions [8], the
specific sign shortens the list of the possible materials that
could belong in this category.

Despite their differences, the missing link that binds
together these distinct classes of materials is the unconven-
tional character of pairing in both superconducting and
particle-hole channels. A characteristic example is the
idx2�y2 density wave (DDW) state, which constitutes a

prominent candidate for understanding the pseudogap re-
gime of the hole-doped cuprates [9]. This state violates
time reversal locally, since it generates a symmetric pattern
of current loops that yields a zero intrinsic orbital moment
when summed all over the sample [Fig. 1(a)].
Nevertheless, the application of a magnetic field along
the z axis induces a dxy density wave component [10,11],

that violates parity, destroying the symmetric distribution
of the current carrying loops. The emergent dxy þ idx2�y2

state is chiral, since it violates time reversal globally,
generating a macroscopic current loop and a concomitant
intrinsic orbital moment [Fig. 1(c)]. The field-induced
chiral DDW extends the well established DDW picture
for the pseudogap state, as it provides additional features
necessary for interpreting puzzling phenomena when an
external magnetic field is present, such as the polar Kerr
effect [12], the enhanced diamagnetism [13], and the giant
tilted-hill Nernst response, discussed here.
In this Letter, we demonstrate that a chiral ground state

is responsible for the enhanced Nernst response observed
in a number of compounds belonging to the aforemen-
tioned classes of materials. Since analogs of the DDW
state have been also proposed for CeCoIn5 [14], URu2Si2
[15], and the antiferromagnetic state of the iron pnictides
[16], the emergence of chiral orders similar to the chiral
DDW is anticipated, providing a unique understanding of
the magnetic field anomalous response. In our picture, the
giant transverse thermoelectricity is the consequence of a
finite Berry curvature [17], in a manner radically different
from the anomalous Nernst effect considered earlier [18].
Specifically, we consider that our chiral state is in the
vicinity of an insulator, which is crucial for obtaining the

FIG. 1 (color online). (a) Symmetric current loops generated
from a dx2�y2 density wave. (b) Domains of current loops in a

masked chiral dxy þ idx2�y2 density wave. (c) In the previous

cases time reversal is violated only locally, while in the presence
of a field, macroscopic chirality is generated accompanied by a
strong paramagnetic or even diamagnetic response.
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tilted-hill temperature profile. In our case the Hall angle is
not negligible and one should keep the following full
expressions for the Nernst signal N � Ey=ð�@xTÞ ¼
ð�xx�xy � �xx�xyÞ=ð�xx�yy þ �2

xyÞ and the thermopower

S � Ex=ð@xTÞ ¼ ð�xx�yy þ �xy�xyÞ=ð�xx�yy þ �2
xyÞ.

To illustrate the chirality induced tilted-hill giant Nernst
signal we shall consider the chiral DDW, earlier invoked
for understanding the pseudogap regime of the underdoped
cuprates [10–13,18,19], while its realization with optical
lattices has also been proposed [20]. Our arguments apply
to all systems owing a similar nonzero Berry curvature. We
employ the Hamiltonian H ðkÞ ¼ gðkÞ � � ��, with � a
finite chemical potential and gðkÞ a vector in the space
spanned by the isospin � Pauli matrices. In this case, g1 ¼
�1 sinðkxaÞ sinðkyaÞ and g2 ¼ �2½cosðkxaÞ � cosðkyaÞ�
correspond to the dxy and dx2�y2 density wave gap func-

tions, respectively, while g3 ¼ �2t½cosðkxaÞ þ cosðkyaÞ�
represents the nearest neighbors hopping term. We must
remark that the above convention for g1;2ðkÞ will provide
�1;2 > 0 when solving the self-consistency equations in

the presence of an external magnetic field Bz [10]. This
Hamiltonian has two eigenenergies: E�ðkÞ ¼ ��� EðkÞ
with EðkÞ ¼ jgðkÞj. The nontrivial topological content of
this system generates a z-axis oriented Berry curvature
[10,18,21], defined as

�z
�ðkÞ ¼ � �

2E3ðkÞgðkÞ �
�
@gðkÞ
@kx

� @gðkÞ
@ky

�
; � ¼ �:

(1)

The existence of a nonzero Berry curvature creates an
effective magnetic field in the ground state leading to an
anomalous Hall response. Specifically, the electric and
thermoelectric Hall conductivities are both nonzero even
in the absence of a magnetic field and read [12,17,18,21]

�B
xy ¼ � 2e2

v@

X
k;�¼�

nF½EB
� ðkÞ��z

�ðkÞ; (2)

�B
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with nF the Fermi-Dirac distribution and v the number of
the lattice sites. The longitudinal electric and thermoelec-
tric conductivities are calculated within the Boltzmann
approximation, based on the equations
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with the prime denoting differentiation. We have intro-

duced the field dependent dispersions EB
� ðkÞ ¼ E�ðkÞ �

mðkÞ �B and the zero field velocities v�ðkÞ ¼ rkE�ðkÞ.
We have also incorporated the Berry phase correction to
the longitudinal conductivities through the modified den-
sity of states and relaxation time ��ðkÞ � � [17]. In addi-
tion, we have considered only the orbital coupling with the
field originating from the intrinsic orbital moment defined
as mðkÞ ¼ e

@
EðkÞ�þðkÞ. For the energy scales presented

here the Zeeman interaction is negligible, while for
stronger fields we expect it to become significant enough
to destroy the chiral state. For the numerical results we
have employed parameters relevant for the underdoped

cuprates: t ¼ 250 meV, � ¼ 0, a ¼ 5 �A, �2 ¼ 53 meV,

and �1ðBÞ ¼ 1:76þ 4:1
ffiffiffiffiffi
B

p
meV, a dependence previ-

ously extracted self-consistently in Ref. [10]. The relaxa-
tion time was set as � ¼ 10�13 s, i.e., of the same order
inferred from resistivity measurements [22]. Notice that in
stark contrast to the quasiparticle Nernst signal, chirality
driven Nernst response does not depend linearly on the re-

laxation time, since �B
xy and �B

xy have a topological origin.

As expected from the strongly insulating character of
our state, we obtain a large constant Hall conductivity for
all the temperatures considered here. In the same time, the
longitudinal conductivities grow very slowly with an ex-
ponential temperature law, while the Hall angle tan�H �
�xy=�xx is very large. In this temperature region, the

thermopower and Nernst are provided by the approximate
relations S ’ �xy=�xy andN ’ ��xx=�xy. Consequently

they both increase exponentially for low temperatures, as
the only contributions to �xy and �xx come from thermally

excited quasiparticles, producing the left half of the hill
profile [Fig. 2(a)]. Upon raising the temperature, we pass
from the large Hall regime to the one dominated by sig-
nificant dissipative longitudinal transport. In this case, the
usual expressions S ¼ �xx=�xx and N ¼ �xy=�xx apply.

In the course from high to low Hall angle, the system
unavoidably crosses the �xy ¼ �xx point for a specific

temperature [point I in Fig. 2(a)]. At this crossing point
there are three possible scenarios that depend on the ratio
of the thermoelectric conductivities. When �xy � �xx

(�xy � �xx) the thermopower and the Nernst signal have

the same (opposite) sign while their magnitudes become
equal to j�xy=2�xxj (j�xx=2�xxj) [point II in Fig. 2(a)].

Taking into account that the chiral state is enhanced by the
field and the Hall conductivity remains approximately
constant, we understand that the behavior of the Nernst
signal and thermopower are mainly determined by the
thermoelectric coefficients. Finally, if �xy ’ �xx, the

Nernst signal vanishes.
In the first two cases, the emergence of a large number of

excited quasiparticles strongly enhances the initially ex-
ponentially increasing �xx and �xy, opening the channel of

the giant Nernst signal. As a matter of fact, the key that
unlocks the anomalous thermoelectricity is the existence of
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this crossing point at which the Nernst signal becomes
equal to the thermopower. In this manner the usually large
magnitude of the thermopower carries the Nernst response
along to high values. However, very soon after the giant
Nernst signal has been built up, the dominance of the Hall
conductivity is ruined. This suppresses again the Nernst
signal, leading to the characteristic tilted-hill temperature
profile. In addition to this intricate temperature evolution,
there is also a delicate interplay of the signal’s sign upon
doping. In Fig. 2(b) we demonstrate that tuning a chemical
potential can controllably invert the sign of the Nernst
response. The sign inversion is a straightforward conse-
quence of the linear dependence of the thermoelectric
conductivities �xx and �xy on doping. The arising mag-

netic field evolution of the tilted-hill temperature profile is
presented in Fig. 3, with a magnitude that reaches the
enormous values of 50 �V=K in the high-field limit. As
it is apparent from Fig. 3(b), the magnetic field enhances
the signal while it also shifts the temperature of the Nernst
peak to higher values. In contrast, as we notice in Fig. 3(c),
the Nernst coefficient diminishes with the increase of the
magnetic field something that is in full accordance with the
experimental findings in the cuprates.

As far as the magnetic field dependence of the Nernst
signal is concerned, Fig. 4 shares some common features
with the available experimental data for underdoped
La2�xSrxCuO4 (LSCO) and Bi2Sr2CaCu2O8þ� (Bi2212)
with hole densities x ¼ 0:07 and x	 0:09, respectively
[1]. The temperature scales of the Nernst signal presented
here fit nicely with the scales encountered in Bi2212. Note
that the Nernst signal in our case is more than 1 order of
magnitude larger than the one observed. The field evolu-
tion presented here for 40< T < 50 K matches well the
experimental in the same interval for Bi2212. Moreover,

there is a qualitative fit between the range T < 12 K for
LSCO and our case for T < 56 K. In this range, the Nernst
signal is strongly nonlinear. For T > 56 K our Nernst
signal starts decreasing, accompanied by a change in the
curve’s slope. This is a behavior generally compatible with
the experimental observations. However, the emerging
field dependence does not fit very well with the linear trend
observed in experiments. This discrepancy could originate
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FIG. 3 (color online). (a) Magnetic field evolution of the tilted-
hill Nernst signal temperature profile. The chirality driven
Nernst response may reach the enormous values of 50 �V=K
in the high-field limit. (b) The magnetic field enhances the
Nernst signal while it shifts the Nernst peak to high tempera-
tures. (c) The Nernst coefficient decreases upon raising the field.
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FIG. 2 (color online). (a) For low temperatures the Nernst
signal and thermopower increase exponentially while the Hall
angle is large. At the crossing point (I) where �xx ¼ �xy, the

Nernst signal equals the thermopower (II) while their sign may
be the same or opposite. At this crossover regime, the usually
large magnitude of the thermopower ensures that the Nernst
signal will be enhanced since they necessarily become equal.
Just after the crossing temperature, �xx � �xy forces the Nernst

signal to decrease rapidly, giving rise to the tilted-hill Nernst
profile. (b) Nernst signal dependence on doping. Tuning of the
chemical potential inverts the Nernst signal’s sign. The Nernst
signal is symmetric around an offset � ’ �0:8 meV needed to
compensate the term �mzB (B ¼ 5 T).
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FIG. 4 (color online). Magnetic field dependence of the Nernst
response for different temperatures. The Nernst signal demon-
strates a strong nonlinearity for T < 56 K that is qualitatively
very similar to the data of underdoped La1:93Sr0:07CuO4 for T <
12 K. The slope change after a critical temperature (T ¼ 56 K
here) is consistent with the experimental findings.
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from not having taken into account the quasiparticle con-

tributions to �B
xy and �B

xy. These contributions depend

linearly on the magnetic field and we expect them to
have a ‘‘linearizing’’ impact on the Nernst signal evolution,
especially in the high-field case.

Our picture is also fully compatible with the observed
enhanced diamagnetism [1] in the nonsuperconducting
pseudogap regime of the hole-doped cuprates. In fact, the
chiral DDW may exhibit strong diamagnetism that in the
ideal case becomes a Meissner effect [13]. In the specific
case reported here, we have verified that the giant positive
Nernst signal is accompanied by an enhanced orbital dia-
magnetism. This implies that the presence of chiral states
could have been misrecognized as vortices in several ma-
terials, as in many cases they combine enhanced diamag-
netism and Nernst response. Finally, our arguments find
further support in the recent tantalizing observations [23–
25] demonstrating that, at least for some cuprate super-
conductors, employing a vortex Nernst scenario is not
essential for a large Nernst signal, as this can be enhanced
by striped or nematic phases. A chiral DDW is certainly in
accordance with these findings, in terms of a striped or a
nematic chiral DDW, with the latter state arising from the
coexistence of a chiral DDW with a Pomeranchuk state
[26].

In conclusion, we have proposed a novel mechanism for
generating a tilted-hill giant Nernst signal that could shed
light on the connection of anomalous thermoelectricity in a
plethora of materials, including high-Tc superconductors.
From our point of view, the Nernst signal emerges from a
magnetic-field-induced chiral order due to the presence of
an unconventional particle-hole condensate. The arising
Nersnt signal has a nonlinear temperature and magnetic
field dependence while it is enhanced upon increasing the
field. The induced chiral states responsible for the anoma-
lous thermoelectricity may also demonstrate enhanced
diamagnetism, properties so far considered as definite
signatures of vortex Nernst signal. Nevertheless, the origin
of the Nernst signal may be distinguished in this case. The
vortex Nernst signal is always positive while a chirality
induced thermoelectric response changes sign by varying
doping. Our results indicate that the giant Nernst effect in
various materials not only shares a common chiral origin
but it may also be considered as the fingerprint for the
existence of unconventional ordered states such as the
d-density wave in the cuprates.
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