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We report a systematic study of temperature- and field-dependent charge (p) and entropy (S)
transport in the heavy-fermion superconductor Celrlns. Its large positive thermopower Sy, is
typical of Ce-based Kondo lattice systems, and strong electronic correlations play an important role
in enhancing the Nernst signal S.,. By separating the off-diagonal Peltier coefficient o,y from Sy,
we find that as, becomes positive and greatly enhanced at temperatures well above the bulk 7.
Compared with the non-magnetic analog Lalrlns, these results suggest vortex-like excitations in
a precursor state to unconventional superconductivity in Celrlns. This study sheds new light on
the similarity of heavy-fermion and cuprate superconductors and on the possibility of states not
characterized by an order parameter.

PACS numbers: 74.70.Tx, 74.25.fg, 74.25.Uv, 74.72.Kf

Typically, a disorder-order phase transition is de-
scribed within the context of Ginzburg-Landau theory
by an order parameter and identified by a spontaneously
broken symmetry. From this point of view, a supercon-
ducting transition might be special. The order parameter
of superconductivity (SC) is expressed by a complex func-
tion in the form W (r)=|¥,(r)|e?’™!. Gauge symmetry
is broken after phase coherence is established through-
out the system. When the phase stiffness is strong,
phase coherence develops concomitantly as Cooper pairs
form, and the superconducting critical temperature 7,
is mainly determined by M| the mean-field transition
temperature predicted by the BCS theory?. In contrast,
if the superfluid density is small (e.g. in underdoped
cuprates and organic superconductors), the phase stiff-
ness is low, and the phase coherence can be destroyed
by short-lived vortex-like excitations. In this situation,
bulk SC cannot be realized until the phases of Cooper
pairs are ordered, and TM¥ is simply the characteristic
temperature below which pairing becomes significantly
local (TME>T.)3. As learned from the cuprates, states
without a well-defined order parameter emerge above T,
and include phenomena such as superconducting phase
fluctuations, pre-formed Cooper pairs, and a pseudogap.

The CeMIns (M=Co, Rh and Ir) family of tetrago-
nal heavy-fermion compounds is useful platform to in-
vestigate the interplay among unconventional SC, anti-
ferromagnetic (AFM) order and spin fluctuations in the
vicinity of quantum criticality. The member CeRhlnjs is
an incommensurate antiferromagnet at ambient pressure
with Néel temperature Tn=3.8 K*® and can be pressur-
ized into a superconducting state with the highest T,~2.2
K achieved around 2.35 GPa where Tn(p) extrapolates
to zero%”. Textured SC was observed in the region where
SC and AFM coexist, characterized by vanishingly small
resistivity well above the bulk T, and the anisotropic re-
sistive 7.8, reminiscent of the nematic state observed in
cuprates. In this pressure range, nuclear quadrupole res-
onance (NQR) experiments suggested the presence of a
pseudogap that develops above T (P) and extrapolates
to the maximum in T.(P)°. Likewise, scanning tun-

neling spectroscopy revealed a pseudogap that coexists
with d-wave SC in CeColns'%!!, and replacing a small
amount of In by Cd induces coexisting AFM order and
SC in CeCo(Ing.99Cdg.01)5 where again a transition to
zero resistance appears well above the bulk 7.'2. Pris-
tine Celrlns shows filamentary SC'3'4 at atmospheric
pressure with a resistive onset temperature 7°"=1.38 K,
but a diamagnetic state appears only below T’~0.5 K
[This is also illustrated in Fig. 1(a)]. Although no di-
rect evidence of magnetic order has yet been identified,
chemical substitutions of Hg/Sn on the In site demon-
strate that the SC in CelrIns is in proximity to an AFM
quantum-critical point'®. Careful magnetoresistance and
Hall effect studies of Celrlns found evidence for a pre-
cursor state of unknown origin arising near 2 K in the
limit of zero field'®'7. Though the pressure dependence
of the precursor state is unknown, the resistive and bulk
T.s approach each other at the maximum in a dome of
bulk SC'8, suggesting the possibility that the precursor
state may be competing with SC. The complex inter-
play among states in the CeMIns superconductors bears
strikingly similarities to the cuprates, with pure Celrlns
at atmospheric pressure presenting an opportunity to ex-
amine more closely these similarities.

From electrical (p) and thermoelectric (S) transport
measurements in CelrIns and a comparison to its non-
4f counterpart LalrIng, we identify signatures of vortex-
like excitations well above T°" (T?). These findings sug-
gest the existence of a pseudogap-like state where Cooper
pairs start to form locally at a temperature well above
T?9", but phase coherence among pairs is destroyed by
thermally activated vortex-like excitations, pointing to a
common framework for the physics of such states in both
heavy-fermion and cuprate!.

Single crystalline Celrlns was grown from an indium
flux method!®. The crystal was pre-screened by both
resistivity and magnetic susceptibility measurements to
ensure the absence of free In. Thermoelectric measure-
ments were carried out by means of a steady-state tech-
nique. A pair of well calibrated differential Chromel-
Augg 939, Feq g79, thermocouples was used to measure the



temperature gradient. Upon a thermal gradient —V7T||x
and a magnetic field B|lz, both thermopower signal
Sez=—E,/|VT| and Nernst signal Sg,=E,/|VT| were
collected by scanning field at fixed temperatures. The
same contact geometry also was used to measure elec-
trical resistivity (ps.) and Hall resistivity (py.). Both
electrical and thermal currents were applied along the a-
axis, and the magnetic field was parallel to c. The same
measurements were performed on the non-magnetic ana-
log LalrIng for comparison. We adopt the sign conven-
tion as Ref.?, which defines a positive Nernst signal for
vortex motion?!+22,
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FIG. 1. (Color online) (a) Temperature dependence of

pzx (blue), xae (green) and Sy (red) of Celrlns, showing
T°"=1.38 K and T°=0.5 K. (b) Comparison of Siz.(T") for
Celrlns and Lalrlns.

In the presence of a temperature gradient —V7T, an
electric field E and a magnetic field B, the total current
density is J=0-E+a-(—VT), where o is the conductiv-
F2§%T%—Z|8:8F (kp is Boltzman con-
stant, ¢ is charge of carriers, p is chemical potential)
is the Peltier conductivity tensor?3. In an equilibrium
state without net current, the Boltzman-Mott transport
equation deduces the thermoelectric tensor

ity tensor, and a=

S=a-c'=a-p. (1)

We start with the temperature dependence of ther-
mopower Sy, (T) as shown in Fig. 1(b). Sy, (T) of
LalrIns is positive at room temperature and changes sign
near 150 K, characteristic of the expected multi-band
behavior?*. In contrast, S;.(T) of Celrlns is positive
in the full temperature range between 0.3 K and 300 K,
displaying a pronounced maximum at around 25 K with
the magnitude reaching 76 ¢V /K. This peak in S, (7T) is
associated with the onset of Kondo coherence?. These
features are comnsistent with a Ce-based Kondo lat-
tice in which the strong hybridization between 4 f- and
conduction-electrons forms a Kondo resonance with the
density of states N (¢) asymmetric with respect to 2627
(see below). At low temperatures, S, (7)) shows a small
kink at T2"=1.38 K, but drops sharply at 0.7 K and tends
to saturate below 7°=0.5 K [cf Fig. 1(a)]. Down to the
lowest temperature of 0.3 K, however, S,.(T) still re-
mains finite. We attribute this non-vanishing S,, in the
bulk superconducting state to the low T of CelrIns: even

a small temperature gradient may generate ungapped
quasiparticles that contribute transport entropy.
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FIG. 2. (Color online) (a) Field dependence of Sy of Celrlns
at selected temperatures. (b) and (c) display pz.(B) and
pya(B), respectively.

Figure 2(a) displays isothermal field dependence of
Sz at various temperatures. For all temperatures, the
magneto-thermopower is positive. One important fea-
ture of S,,(B) is a valley in the vicinity of zero field. As
temperature decreases, this valley deepens and evolves
into a cusp when T<3 K. At 0.3 K, S,, is small at
B=0 but recovers when the field is larger than 1.6 T.
With the field dependencies of p,, and p,, shown in
Fig. 2(b) and (c), respectively, it is reasonable to at-
tribute this small transport-entropy state to a SC state.
The cusp in S;;(B) occurring near 3 K is indicative of
the loss of transport entropy well above T?. The crit-
ical field recovering a normal state, however, is much
smaller than that determined from p,,(B) [Fig. 2(b)]
and py.(B) [Fig. 2(c)]. Systematic analysis of pg,(B)
and py.(B) by Nair et al.'®!7 showed that the mod-
ified Kohler’s scaling [Apyz(B)/pss(0)octan® 0, where
O p=arctan(pys/pze) is the Hall angle] breaks down prior
to T2, the region where we observe a large Nernst ef-
fect (see below). Similar phenomenon was observed in
CeColns and CeRhIns under pressure®®, as in cuprates,
and is reminiscent of a pseudogap-like precursor state?.

In Fig. 3 we present the field dependence of the Nernst
signal S;,, the off-diagonal term of the thermoelectric
tensor S. S;,(B) is both negative and linear in B at
20 K. The magnitude of S, (B) decreases with decreas-
ing T and changes sign near 15 K [Fig. 3(a)]. The non-
linearity of Sy, (B) becomes pronounced and the value
of Sy, rapidly increases with decreasing T'. At 2 K, Sgy
reaches 7 pV/K when B is 9 T. We will see that such
a large Sg,, even larger than that in the vortex-liquid
state of cuprates?'?2, is mainly due to the Kondo ef-
fect, albeit the vortex-like excitation contribution is also
non-negligible. A large Nernst effect also has been seen
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FIG. 3. (Color online) Nernst signal S, of CelrIns as a func-
tion of B at selected temperatures. (a), 0.3<7'<2.0 K; (b),
2<T<20 K.

in other Kondo-lattice compounds, like CeColns3°32,
CeCusSis??, URusSiz?* and SmBg°. In Celrlng Sy
starts to drop when 7' is lower than 2 K but remains posi-
tive down to 0.3 K, the base temperature of our measure-
ments [Fig. 3(b)]. At 0.3 K, which is below T, S.,(B)
increases slowly at small field but much more rapidly near
1.8 T. It is likely that this 1.8 T magnetic field defines a
melting field B,,, above which the vortex solid melts into
a vortex-liquid state. A large number of vortices start
to move in response to a temperature gradient and this
results in the abrupt increase in Sy, (B). Similar results
also have been seen in other type-II superconductors, like
cuprates?™?? and CeColns®!'. This vortex-lattice melt-
ing field disappears immediately when T exceeds 77, e.g.
0.55 K as shown in Fig. 3(b). This implies that a well-
defined Abrikosov- lattice of vortices only exists in the
bulk superconducting state of Celrlns.

Figure 4(a) shows the temperature dependence of the
Nernst coefficient vy=S,,/B. Here, the solid symbols
are obtained at B=9 T, and the open symbols represent
the initial slope of Sg,(B) as B—0. In both definitions,
vy above T2™ is large and sign-changes near 15 K. It is
well known that for a single-band, non-superconducting
and non-magnetic metal, the Nernst signal is vanishingly
small, due to so-called Sondheimer cancellation3%

Sy = Pralzy — Szetandy. (2)

A large Nernst effect has been observed in: (i) multi-band
systems such as NbSe,?7 in which the ambipolar effect vi-
olates Sondheimer cancellation; (ii) phase slip due to vor-
tex motion in type-II superconductors, as in underdoped
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FIG. 4. (Color online) (a) Temperature-dependent Nernst

coefficient v of Lalrlns and CelrIlns. For Celrlns, the open
symbols are the initial slopes of S, (B) as B—0. (b) and
(d) show the separation of przaqy from Sy, at T=6 K for
Celrlns and LalrIns, respectively. (c¢) Off-diagonal Peltier
coefficient oy as a function of B at selected temperatures.
(e) Contour plot of ay (B, T'), with the resistively determined
Be2(T) shown in the lower left corner. The black dash line is
the boundary where ay,=0.

cuprates?!:22; (iii) ferromagnets like CuCraSey . Br, in
which Sy, (B) scales to magnetization M (B), known as
anomalous Nernst effect®®; (iv) Kondo-lattice systems,
like CeCusSis, in which an enhanced vy is determined
by asymmetry of the on-site Kondo scattering rate33.

We can exclude the anomalous Nernst effect in Celrlng
because Sgy(B) does not scale with the magnetization,
which is essentially a linear function of B (data not
shown). From the negative Hall resistivity p,.(B) shown
in Fig. 2(c), we also rule out a substantive contribution
from skew scattering because, as discussed in Refs.2839
it generates a positive anomalous Hall effect for Ce ions.

To study a possible multiband contribution to the
Nernst signal of Celrlns, we performed the same mea-
surements on the non-4 f counterpart LalrIns. According
to quantum oscillation measurements and density func-



tional theory (DFT) calculations, LalrIns is electron-hole
compensated??4%, and a large Nernst effect is possible37.
The Nernst signal of Lalrlns, however, is surprisingly
both negative and linear in B [see Fig. 4(d) for instance],
and most importantly, the Nernst coefficient remains
small between 0.3 K and 20 K [Fig. 4(a)]. This demon-
strates that a multiband effect does not play an impor-
tant role in Lalrlns. Compared with LalrIns, Celrlns
has a somewhat larger Fermi surface due to a partially
itinerant 4 f-band?*, electron-hole compensation is rela-
tively unbalanced, and, therefore, a multiband contribu-
tion to the Nernst signal of CelrIns is expected to be even
weaker.

To better understand the origin of a large Nernst effect
in Celrlns, we separate ppyag;, from the total Nernst
signal Sy, [cf Eq. (2)]. As an example, we show S,
PazOzy as well as —S,,tanfy at 6 K in Fig. 4(b). As
seen, —S;, tanfp is the dominant contribution to Sy, .
In a Kondo-lattice system, strong electronic correlations
build up a resonance in the density of states near the
chemical potential ep, and the scattering rate (1/7) is
now mainly determined by the very narrow, renormalized

4f-bands, i.e. Ny(e). As a result, the thermopower,
given by Eq. (3), becomes large*!
Olnt OIn Ny (e)
Saa e 85f le=er ®)

due to an asymmetric Ny (g) and is reflected in data plot-
ted in Fig. 1(b). This asymmetry of on-site Kondo scat-
tering also enters S, through the term —S,, tan g and
gives rise to the large Nernst effect in Celrlns and other
Kondo-lattice systems as well30:31:33:35,

We note that —S,,tanfg surpasses Sy, when B is
larger than 7.3 T at 6 K, and this leads to a sign change
in pypgy [Fig. 4(b)]. Figure 4(c) shows the field depen-
dent o, at various temperatures. Due to a large con-
tribution from asymmetric Kondo scattering in S, (B),
Oy (B) clearly differs from S;,(B) and, therefore, more
intrinsically describes the off-diagonal thermoelectric re-
sponse. vy (B) is negative and linear in B at 20 K. As
T decreases, an anomalous positive term gradually ap-
pears on top of the negative linear background. Similar
behavior was observed in CeColns and was interpreted
as a signature of phase-slip events caused by the passage
of individual vortices®'. To compare, we show py; 0, at
6 K for Lalrlns in Fig. 4(d). As expected, the unusual
behavior is absent in LalrIns where there is only a small
negative ppqQyy.

It is reasonable to write a, in the form3!

. n s
gy = axy + axya (4)
where oy, is the contribution from normal quasiparti-
cles and o, represents an anomalous term stemming

zy
from vortex excitations. The positive agy,(B) man-

ifests that vortex motion dominates the quasiparticle
term. We summarize these results in a contour plot
of agy(B, T) in Fig. 4(e). Below the ag;,=0 bound-

ary near 8 K, vortex-like excitations contribute and be-
come most pronounced in the “island” region below 4
K. These temperature scales are qualitatively different
from those in CeColns in which Nernst effect develops
at very low temperature near a field-induced quantum-
critical point32. We also note that the temperature de-
pendence of a3, /B in Celrlns cannot be reproduced
even approximately by assuming that it arises from
Gaussian superconducting fluctuations (data not shown)
which seems successful in describing the Nernst effect for
optimally-doped and overdoped cuprates but not under-
doped ones??. Taking T°"=1.38 K in simulation, the
calculated a3, /B by Gaussian model is an order of mag-
nitude smaller than the observed values. These find-
ings suggest that local Cooper pairs start to form at a
temperature well above 72" and that phase coherence
among them is destroyed by thermally activated vortex-
like excitations. We estimate the phase-order temper-
ature (above which the phase coherence is destroyed),
T ~4 K, if we adopt Emery’s model® to CelrIns with
lattice parameter ¢=7.515 A® and superconducting pen-
etration depth A(0)~10* A*3. The ratio Tj***/T~8 (or
Tgrer JTo"~2.9) is significantly smaller than that of con-
ventional superconductors (102~10°) but is comparable
to that of underdoped high-T, cuprates (<10)3 whose
phase stiffness is soft. Perhaps not coincidentally, T,"**
is comparable to the estimated zero-field temperature of a
precursor state found in magnetotransport'®!7. The fila-
mentary nature of SC'* also would imply a dilute super-
fluid density, which renders the phase fluctuations possi-
ble in CelrIns®. Finally, we note that the specific heat
(C/T) of Celrlns deviates from a —log7T dependence
below ~2-4 K where it rolls over to a weaker (nearly
constant) temperature dependence**. On a similar tem-
perature scale, ''°In nuclear spin-lattice relaxation rate
(1/Ty) also shows a weak inflection at around 6 K*°.
These evolutions prior to T, suggest formation of a par-
tial gap in N(¢) that is in parallel with ungapped heavy
quasiparticles. Whether these behaviors are the conse-
quences of a possible pseudogap or correlated with the
formation of local Cooper pairs is still an open question
and requires further investigation.

Thermoelectric measurements in combination with
charge transport in the heavy-fermion superconductor
Celrlns indicate the formation of an unusual state above
T. that is reminiscent of cuprate physics. By separating
the off-diagonal Peltier coefficient o, from S,,, we find
that ay, becomes positive and greatly enhanced at the
temperatures well above T.. Compared with the non-
magnetic analog LalrIns, these results suggest vortex-
like excitations in a precursor state of Celrlns. This
work sheds new light on bridging the similarity between
heavy-fermion and cuprate superconductors and is a step
towards uncovering the mechanism of the unconventional
superconductivity in the CeMIns family compounds.
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