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We have measured the thermal conductivity of the heavy-fermion superconductor €ebkvicinity of
the upper critical field, with the magnetic field perpendicular to ¢rexis. Thermal conductivity displays a
discontinuous jump at the superconducting phase boundary below critical tempéfigtuteK, indicating a
change from a second- to first-order transition and confirming the recent results of specific heat measurements
on CeColn. In addition, the thermal conductivity data as a function of field display a kink at aHigllow
the superconducting critical field, which closely coincides with the recently discovered anomaly in specific
heat, tentatively identified with the appearance of the spatially inhomogeneous Fulde-Ferrell-Larkin-
Ovchinnikov (FFLO) superconducting state. Our results indicate that the thermal conductivity is enhanced
within the FFLO state, and call for further theoretical investigations of the order parameter’s real-space
structure(and, in particular, the structure of vortigeand of the thermal transport within the inhomogeneous

FFLO state.
DOI: 10.1103/PhysRevB.70.134513 PACS nuni®er74.70.Tx, 71.2#a, 74.25.Fy, 75.40.Cx
[. INTRODUCTION and ug is the electron’s Bohr magnetdnwithin the calcu-

) lation of Ref. 4,a must be greater than 1.8 for the FFLO
Over the last several years there has been renewed intereghte to be realized.

in the spatially inhomogeneous Fulde-Ferrell-Larkin-  There are several classes of materials that are traditionally
Ovchinnikov(FFLO) state. The FFLO state was predicted asthought of as potential candidates for the formation of the
early as the mid-1966¢ to occur in a clean Type Il super- FFLQ states. These include low-dimensional organic super-
conductor in high magnetic fields, when the Zeeman energ¥onductors and heavy-fermion superconductors. The low-
becomes comparable to the condensation energy. Then, Pag|imensional organic superconductors are promising, because
limiting® plays an important role in defining both the super-when the field is applied within the conducting planes of a
conducting critical fieldH., and the temperaturg, below  two-dimensional2D) superconductor, the orbital limiting is
which the FFLO state is expected to appeakithin the  suppressed entirely, as the diamagnetic screening currents
FFLO state, spin-up and spin-down electrons of a spintan only flow within the plane. In such a case, Pauli limiting
singlet superconductor can only stay bound if the Coopefetermines the critical fielt,=H,, the Maki parameter

pair has a finite momentum. As a result, the FFLO state is-«, and the FFLO state should be stabilized below the criti-
formed with a spatially oscillating order parameter. The ex-a| temperaturd,~ 0.55T, for magnetic field close téig.

act description of the corresponding phase diagram for bothyhis straightforward prediction led to a number of experi-
s- andd-wave superconductoPs? as well as the stable spa- mental investigations of the superconducting properties of
tial structures in two and three dimensions in the presence Qbwer-dimensional organic superconductors. Several investi-
vortices?>*** are subjects of intense theoretical investiga-gators suggested the existence of FFLO states, e.g., based on

tions. _ . ~ the superconducting phase diagfdmor the magnetothermal
In spite of the straightforward nature of the theoreticaltransport propertie¥t

prediction, the eXperimental observation of the FFLO state Heavy_fermion Superconductors are also attractive be-
has turned out to be a difficult task. In fact, very few super-cause of their potentially large values of the Maki parameter.
conductors fulfill the necessary conditions for the formationHere, the heavy electron masses lead to low Fermi velocities
of an FFLO state. The relative importance of the Pauli antyf the quasiparticles and, in turn, to relatively ineffective
orbital limiting can be described by the so-called Maki pa-orhital limiting, or largeHS,. For this reason, heavy-fermion
rametera=\2(Hg,/Hp). Hg, is the orbital limiting field due  materials have had their deserved share of attention, and the
to the kinetic energy of the superconducting currents arounébatures in the magnetization of Ceffand the phase dia-
the vortex cores, commonly derived from the slope of thegram of UPgAI,® were taken as possible signatures of the
experimentally determine(H-I-_T phase boundary af;,, as FEFLO states.

H22:0-7(dHc2/dT)|TC-12 Hp=V2A0/gug is the Pauli limiting However, and not for the lack of effort, there is to date no
field due to the potential energy of the electron’s sfire-  accepted definitive proof of the existence of the FFLO state
man energy. Here Aq is the zero temperature value of the in any of the systems described above. In this paper we de-
superconducting gaf is the electron’s effectivg factor,  scribe the magnetothermal studies of a very strong candidate
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to possess the FFLO state, the heavy-fermion superconductor H

CeColn,. J
CeColn is a cleand-wave superconductdf, *with a T, -~

of 2.3 K, the highest among the Ce-based heavy fermions. It

exhibits a layered structure of alternating Getmd Colnp [010]

planes, suggesting a possible quasi-2D electronic nature of

this compound. This is supported by the experimental obser- [100]

vation of a quasicylindrical sheet in the Fermi surface of A /\

CeColn, via de Haas-van Alphen studiésThe estimated AN o—— L\ [+,

Maki paramete is about 3.6 for the field perpendicular to U U

the Celn planes(HIic),?* and close to 4.5 for the field-in-

the-plane orientatiofH L c).?2 Thus, CeColgis a good can- A(r) HT

didate for the formation of an FFLO state. As new results _J’

accumulate, there is growing evidence that the FFLO state q

may indeed be realized in CeCglrFirst, the superconduct- B

ing phase transition at low temperatures becomes first order, q

which is manifested by the sharp specific heat anomaly. at B>

in the specific heat for bothilic?* andH L c® orientations. o

In addition, steps in magnetostrict®drf* and in

magnetizatiorf>26and a step in the thermal conductivity for ~ FIG. 1. lllustration of the vortex structur@olid lineg and the

Hilc,'® are observed. The change of the superconductingFLO modulation(dashed lineswith the field parallel(top) and

anomaly from second to first ordérwas interpreted as a perpendiculagbottom to the heat current.

realization of the Maki scenario, which attributes this change

to a strong Pauli limiting effect in a Type Il super- normal quasiparticles, which are easily excited along the

conductor’?8 When the field was applied within the-b  nodal directions, do carry heat, whereas the superconducting

plane (H Lc), a second anomaly in the specific heat wasbackground does né?:343>The inherent anisotropy of the

observed within the superconducting st&%é’ indicating a LO state makes thermal conductivity an attractive tool for

phase transition into a new superconducting state, tentativelgentifying it. For the vast majority of clean superconductors,

identified as the FFLO state in CeCglin addition, steps in  thermal conductivity drops as the sample enters the super-

magnetization of CeColnwere observed by Radovaet  conducting state, due to the opening of the superconducting

al.,?® and were interpreted as an indication of the multiquangap over the entire Fermi surface and the resulting rapid

tum vortices expected under certain circumstances for the 20ecrease of the number of normal quasiparticles which carry

superconductors within the FFLO st&t@! The validity of  heat. One would then expect the thermal conductivity within

such an interpretation is at present under deffateOn the  the nodal planes to be higher than in the rest of the sample.

theoretical front, a recent analysis of a linearly increasingrThermal conductivity would then be larger when the heat

Hc, at the lowest temperaturéssuggested that this too can cyrrentQ flows along the nodal planes, and perpendicular to

be accounted for within an FFLO scenario for CeGoln . S
While these results make the FFLO scenario a very apt-he applied magnetic field | H), than when the heat flow

pealing one for CeColpthere is no clear evidence so far for iS parallel to the magnetic fielQI/H). Note that this aniso-
spatially inhomogeneous superconductivity in the secondopy is of the opposite sign from that due to the vortices,
low-temperature phase. A recent study revealed an increaseth higher thermal conductivity along the vortice3IIH),36
penetration depth at the lower transition, which was interand therefore the two contributions should be easily differ-
preted as a decrease of the superfluid density due to the fogntiated, especially if the contribution due to the 2D planes
mation of the FFLO stat& An ultrasound investigation of turns out to dominate that from the one-dimensiofidD)

the high-field state revealed the decrease of the sound velogertices. This picture unfortunately turns out to be too sim-
ity from that in the vortex state, which was also presented irplistic for the case of CeColrand is complicated by several
support of the FFLO nature of that stéfe. effects described below.

Here we present our results of magnetothermal transport Motivated by the idea described above, we measured ther-
measurements in CeCglwith the field applied within the mal conductivity in CeColgnat low temperatures, in the vi-
Celn; planes(H L c). The LO structure, which emerged from cinity of the upper critical field, with the magnetic-field-
early theoretical work,is a collection of periodically spaced oriented in plane, using a dilution refrigerator in the 20 T
planes of nodes of the superconducting order parameter thatagnet of the NHMFL facility at LANL. The sample, a
are perpendicular to the direction of the applied field. Theneedle-like single crystal with dimensions of 2.18, 0.28, and
LO order parameter is described &)=, cogdr), oscil-  0.064 mm, was flux grown at LANL, as described in Ref. 17.
lating in space along the direction of vectiH, as illus-  After a chemical etch and polishing to remove the residual
trated in Fig. 1. In recent years, thermal conductivity wasfree indium, the sample had resistivity of 3.%) cm at
used effectively to probe the anisotropy of the order param4.2 K and a RRR 0fp(300 K)/p(4.2 K)=9.4. The experi-
eter in unconventional superconductors, specifically, themental setup for thermal conductivity consists of a heater
structure of the nodes ik space. This is due to the fact that attached to one end of the sample, and two Rti@rmom-
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FIG. 3. Thermal conductivity vs magnetic field of CeCglre-
FIG. 2. (a) Thermal conductivity vs temperature of CeCojmt ~ tween 8 and 12.5 T. Left paneti|lJ. Right panelH L J, (x) 1.07,
zero field and 12.5 T, with the field parall@®) and perpendicular (V) 0.81,(®) 0.67,(<) 0.57,(0J) 0.27,(O) 0.24,(A) 0.21, and*)
(0) to the heat current. Inseb) In-plane magnetoresistance of 0.15 K.
CeColry with field perpendiculastop curvg and parallel(bottom
curvg to the current.(c) Thermal conductivity of the present highlight the differences between the superconducting states
sample(A) and the sample used in Ref. 18), normalized to the  for the two orientations of the magnetic field studied, in what
value atTC of k=2 W/Km. (d) Thermal CondUCtiVity divided by fo“ows’ we often present the thermal Conductivity data
temperature for the field o_f 12 T par_aII(O) and perpendiculai]) scaled by the values in the normal state at 12.5 T.
to the heat current, showing divergingT asT— 0. The normal-state thermal conductivity for the field of
12.5 T, just above the superconducting critical field of 12 T,
eters in thermal contact with the sample at two points alongs displayed in Fig. @l) as «/T versusT on a log-log plot.
its length. A dc heat current flows along tfEOQ] direction  «/T appears to diverge, reflecting the possible presence of
of the sample(along its longest dimensignThe resulting  the quantum critical poin(QCP) in CeColn,, suggested by
temperatures of both thermometers are measured using &oth specific heat and resistivity measureméhts.similar
LR700 resistance bridge. The measurements were performéshavior with the QCP lying very close to the superconduct-
with magnetic field applied parallel and perpendicularing critical field was observed fad|I[001].38-40
(HII[010]) to the heat current. The two thermometers were |t is interesting to compare the zero-field thermal conduc-
calibrated at each field against a reference thermometeivity measurements on the present sample to the previously

placed in a field-free region. published data® in particular the zero-temperature limit of
kI/T. The zero-field data are displayed in FigcRas /T

Il. THERMAL CONDUCTIVITY IN THE NORMAL STATE versusTZ. In spite of the very large difference in the peak of

AND ZERO FIELD x/T below T, the low-temperature values below 70 mK are

rather close to each other. We take this as an indication that

Figure 2 shows the thermal conductivity of CeCpés a  the low-temperature behavior might be reflecting a universal,
function of temperature up to 2.5 K at zero field and atindependent of the impurity concentration, limit of thermal
12,5 T, for field oriented parallel and perpendicular to theconductivity expected for unconventional superconductors
heat current. One notices a substantial drop in thermal corwith lines of nodes in the superconducting energy gap, in
ductivity induced by the applied field abovi, well as a accordance with the original interpretation of the low-
significant difference between the two field orientations. It istemperature thermal transport in CeCptf
possible to account for the normal-state anisotropy by con-
sidering the magnetoresistance of CeGptfisplayed in the 1\ e o)Al CONDUCTIVITY IN THE VORTEX STATE
inset of Fig. 2. The longitudinal and transverse magnetore-
sistances at 2.5 K and 9 T, with an in-plane current, are 37% The thermal conductivity data in the low-temperature
and 60%, respectively. This gives a difference in magnetorehigh-field part of the phase diagram are displayed in Fig. 3.
sistance(p, —p;)/p(0) of 23% between the field oriented The transition to the normal state is marked by a pronounced
parallel and perpendicular to the electrical current. If we dejump in the thermal conductivity at the lowest temperatures.
termine the difference of thermal conductivity between bothThe jump in thermal conductivity confirms the first-order
field orientations,(x,—«,)/«(0) at 2.5 K and 12.5 T, we nature of the superconducting transition, reported previously
find a value of 21%, very close to the anisotropy of magne-on the basis of the specific heat measurem&nthe first-
toresistance. Thus, the anisotropy of the heat transport in therder nature of the superconducting transition Foi{001]
normal state can be accounted for by the difference in thevas deduced on the basis of the thermal conductivity mea-
quasiparticle scattering for the two field orientations. This issurements by Izawat al.l®
not surprising, because the quasiparticle contribution domi- The absolute slope of the thermal conductivity versus
nates the heat transport in CeCgltA Therefore, in order to  magnetic field in the vortex state is reduced as the tempera-
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FIG. 4. Temperature dependence of thermal conductiviin H(T) H(T)

CeColn; between 50 mK and 2.5 K(®) HIlJ; (OO) HLJ. (a . . L

10.8 T, inset: data normalized to thermal conductivity at 12.5 T in_ /G- 5. Normalized thermal conductivity vs.magnetlc field of
the normal statetb) 10 T, inset:k-iy Vs temperature at §0), 10~ CeColn for HIlJ (@) and H.L J (LJ). Upper left: 0.21 K, upper
(V), 10.4(%), and 10.8 T(A). The values ok at 12.5 T have been right: 0.27 K, lower left: 0.57 K, lower right: 0.81 K. The data for

used ascy, and the data for different fields have been shifted ver-POth orientations have been normalized by the corresponding
tically for clarity. normal-state values at 12.5 T. The arrows indicate the positions of

the kinks forHIIJ.
ture is lowered. This is likely a result of the competition

between the increase .with.magnetic f_ieId of both the den_sity]ounced stegsimilar to the data for the field sweepssso-

of states and the quasiparticle scattering rate, due to vorticegiaeq with the first-order nature of the superconducting tran-
The Volovik effect, or Doppler shift of the quasiparticle en- sition, which dominates at this field.

ergies, results in theH increase of the density of states in  gjg e 5 displays the thermal conductivity normalized by
d-wave superconductors in low magnetic fiet#$?As the e yalue in the normal state Bt at several temperatures for

field is increased, so is the number of scattering vortices, ang,« two field orientations between 8 and 12 T. The thermal
this has the effect of decreasing thermal conductivity inconqyctivity decreases with increasing field in the mixed

higher magnetic field. At higher temperature, the number Of4te and increases slightly in the normal state. The normal-
quasiparticles is largely determined by temperature and thgeq yajues of thermal conductivity fdillJ orientation are
contribution from the Volovik effect loses its significance. higher than that foH L J. At 0.21 and 0.27 K the difference
The vortex scattering effect then dominates thermal transi cjose to 129, and at higher temperatures it is significantly
port, resulting in the decrease of thermal conductivity W'threduced(only 4% at 0.57 K and 2% at 0.81)KThis aniso-

magnetic field. On the other hand, at low temperature, oy of thermal conductivity is due to the vortex scattering
Volovik effect dominates the thermal broadening and effi-of the quasiparticles. More precisely, in a semiclassical ap-
ciently competes with the reduction of thermal conductivity, proach the scattering off the vortex is maximal when the
due to the vortex scattering. In CeCelthis results in a qyasiparticle velocity is perpendicular to it, resulting in a
slower decrease of thermal conductivity with increasingqyyer thermal conductivity when the field is perpendicular to
magnetic field at lower temperatures, as displayed in Fig. 3¢ heat current. This anisotropy is naturally expected to van-
Thermal conductivity for both parallel and perpendicularigy, atH, when the vortices overlas. The same calculation
field orientations is depicted in Fig. 4 as a function of tem- . qicts that the anisotropy of will change sign at tha
perature for several values of field between 50 mK ande jimjt, where the excitation of the quasiparticles perpen-
2.5 K. The inset in Fig. @) shows the data for 10.8 T, after gicyjar to the vorticegvolovik effect) becomes the dominant
it was normalized by the thermal conductivity at 12.8i  gffect and enhances the heat current in the direction perpen-
the normal stateto highlight the step-like increase @fas  gicyjar to the magnetic field. Our data show that the aniso-
the system goes into the superconduptlng state. The inset {fopy of thermal conductivity in CeColris growing to the
Fig. 4(b) shows the data after subtraction of the normal-stai§,,yest temperature measured, once again indicating the need
12.5-T data. The enhancement of thermal conductivity below, g4 1o Jower temperature to test the theoretical prediction.
T, at zero field, due to an increased quasiparticle mean frégnere are no similar calculations for tdewave case. More

path, shown in Fig. @), can still be clearly resolved at 9 T. o retical work is needed to help us understand the magne-
An apparent small rise in thermal conductivity at the superyginermal transport in the vortex state of CeGoln
conducting transition at 10 and 10.4 T is due to the compe-

tition between the increase of the thermal conductivity in the
normal state with increasing magnetic field and a drop in |\, THE SUPERCONDUCTING PHASE DIAGRAM

thermal conductivity as the system becomes superconducting OF CeColng
when magnetic field is swepsee Fig. 3. When temperature
is swept, the effect of the increasingin the normal state The upper critical fieldH,, determined from both the

prevails at 10 and 10.4 T. The data for 10.8 T show a protemperature and the field sweeps, is displayed in Fig. 6, to-
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0182 T V. FULDE-FERRELL-LARKIN-OVCHINNIKOV (FFLO)
E L ‘i:\ o HU TRANSITION
w0121 " . :
. 5 | An additional feature in th& versusH curves displayed
I~ o . . . .
l % 006k Oe in Fig. 5 is resolved at the lowest temperatures. A kink ap-
)\ < . pears in the data at a field, for HllJ, and the thermal
l I conductivity is nearly constant betweely andH,, for tem-

peratures below 0.27 K. Given the sharpness of the jump at
H., and the first-order nature of the transition, this feature is
clearly distinct from theH,, anomaly. This anomaly is not
present in the data at 0.57 K and above, where the thermal
conductivity continues to decrease upHg,. We therefore
interpret the region of the flat(H) preceding the sharp jump
at H,, as an enhancement of thermal conductivity. Further,
H, decreases as the temperature is reduced. Figure 6 displays
H, in the H-T plane, together with the phase diagram de-
duced from the specific heat measureméhihe H, points
coincide well with the second low-temperature phase-
transition line found in the specific heat beld¥y,. The ab-
sence of such a flat portion at high temperatures, where the
thermal conductivity is monotonously decreasing ugHte,
L . and the good agreementidf, with the specific heat anomaly,
10 LS lead us to speculate that the enhancement of thermal conduc-
tivity is due to the formation of the second low-temperature
FIG. 6. Magnetic field vs temperature phase diagram ofsuperconducting state in CeCglridentified as a potential
CeColny deduced from thermal conductivity and specific heat meaFFLQO state?32° There is a good agreement between the
surements(Solid line) He, and (x) Ter o are deduced from the FFLO phase diagrams obtained by different groups with dif-
specific heat data of Ref. 2Ble; (A) andHy (V) are obtained from  ferent CeColg sample€32°3233This indicates that all of
the thermal conductivity datedetails are in the text The arrow  these samples, grown from flux, are of high quality, with the
indicates the critical temperature where superconducting transitiopghegn-free path much larger than expedts@d—1000 A for
changes from secon_d to first_c_nrder. Inset: _the size of the jumgp in the modulation period of the FFLO state in CeGplRea-
::Ktjh(em)stpirgonductmg transition for the field sweepS@®rHIJ o in the thermal conductivity of an organic supercon-
' ductor near the superconducting critical field were also inter-

gether with the critical field deduced from the specific heatPreted as possible signatures of the FFLO stte.
Note that there is no difference i, for the field parallel The enhancement of thermal conductivity betwegrand
and perpendicular to the heat current, as expected for a télc; manifests itself clearly in thelllJ data. It is more diffi-
tragonal compound, since the additional in-plane anisotropgult to make a definitive statement for the data in the J
due to thed-wave gap is zero upon the 90° rotation. The geometry since data beloM;, is rounded and a gradual rise
shape oH,,, as well as the first-order nature of the transitioniS present in the data for higher temperature, outside of the
at low temperatures, is in agreement with previousFFLO phase.
reports?%23 The strong temperature dependenceHyf at The enhancement of thermal conductivity for th&J ori-
low temperatures, as opposed to the saturated behavior e®dtation is contrary to our original simple-minded expecta-
pected in the BCS theory, is an important observation suption, since in this geometry the nodal planes in the LO phase
porting the existence of the FFLO state in CeG@fin fact, ~ are perpendicular to the direction of the heat current, and
this is a common feature for a number of other superconductherefore would not be expected to enhance thermal conduc-
ors suggested to be in the Pauli-paramagnetic limit, such dévity. There are several possible explanations of our results.
UBe,* and x-(BEDT-TTF),Cu(CSN),.44 Recer_nt theoretical wofR sugggsts thgt the Iowest. energy
The amplitude of the jump in thermal conductivity is State |sanot a pure LO state with a single modulation wave
comparable for both field orientations and decreases almosector Q, but a modified LO state with a combination of
linearly with increasing temperature, as shown in the inset othree modulation wave vectors. If so, one would not expect
Fig. 6. This is in contrast to the sharp decrease in the teman additional anisotropy with respect to the direction of the
perature step, associated with the first-order transition, obmagnetic field due to FFLO nodal planes. The contribution to
served at the critical point in magnetocaloric measurementiermal conductivity from the nodal planes of the LO state is
for the field along the axis?? It would be difficult to locate  not a priori dominant over that from the vortices, and must
precisely the critical point where the order of the superconbe investigated theoreticatf. Another scenarfy suggests
ducting phase transition changes from second to first, fothat the bottleneck for the heat transport along the field di-
HIlJ, because the transition occurs gradually. Neverthelessection is the vortex cores. One would expect the structure of
the critical point is consistent with that determined from spe-the vortices to be modulated by the nodal planes. The vortex
cific heat measurements. core’s size might increase at the nodal planes, reducing the

0.0 0.5

T (K)
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bottleneck and leading to the enhancement of thermal cometic field applied within thea-b plane of this tetragonal
ductivity. The interplay between the vortex and FFLO statecompound. Our data demonstrate that the superconducting
was theoretically studied for 2D superconductdr$he re- phase transition becomes first order between roughly 10 T
sulting spatial structures can be alternating nodal planes arehd the superconducting critical field, in accordance with
lines of vortices, or more intricate structures, depending omrevious specific heat measurements, indicating the impor-
the Landau level quantization number of the order parametetance of the Pauli limiting effect in CeCaJnin addition, we
More theoretical work on the vortex structure within the observed a kink in thermal conductivity for the field parallel
FFLO state for three-dimension@D) superconductors, and to the direction of the heat current, coincident with the phase
its effect on the thermal transport in particular, is called fortransition in the second low-temperature state of Cegoln
and should clarify whether such new structures can accoursiuggested previously to be an FFLO st&té& Thermal trans-
for the observed enhancement of the thermal conductivity iport within the FFLO state at present remains unexplored
the low-temperature superconducting state. theoretically, and the observed enhancement of thermal con-
ductivity within the FFLO state of CeCoins puzzling. Our
experimental results present a challenge for the understand-
VI. CONCLUSION ing of inhomogeneous superconductivity.

. Thermal transport is a powerful probe _of a superconduct- ACKNOWLEDGMENTS
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