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Thermal conductivityx of the organic superconductg(BDA-TTP),SbR; was studied down to 0.3 K in
magnetic fieldH of varying orientation with respect to the superconducting plane. Anomalous plateau shape
of the field dependence; vs H, is found for orientation of magnetic fields precisely parallel to the plane, in
contrast to usual behavior observed in the perpendicular fields. We show that the lack of magnetic-field effect
on the heat conduction results from coreless structure of vortices, causing both negligible scattering of phonons
and constant in field electronic conduction up to the fields close to the upper criticaHfieldsual behavior
is recovered on approachity, and on slight field inclination from parallel direction, when normal cores are
restored. This behavior points to the lack of bulk quasiparticle excitations induced by magnetic field, consistent
with the conventional superconducting state.

DOI: 10.1103/PhysRevB.71.024531 PACS nun®er74.25.Fy, 74.70.Kn

[. INTRODUCTION the mixed state correlates well with the density of quasipar-
. ~ticles in the bulk, as represented by the electronic specific
In a commonly accepted picture of heat conduction inpgatl?

clean conventional superconductors, thermal conductiity Notable deviations from both of these pictures were
at low temperaturesT<T,) is dominated by phonorts®  foynd recently in layered superconductors in the case when
The phonon contributior? decreases rapidly on application the magnetic field was aligned precisely parallel to the
of a magnetic fieldH, exceeding the lower critical field, plane!®® In organic superconductors-(BETS),GaCl,
so that thermal resistivityy=1/«9, increases linearly with  ang «-(BEDT-TTF),Cu(NC9),,1° the thermal conductivity
H due to scattering of phonons on the lattice of Abrikosovy; the owest temperaturés-0.3 K) remained almost inde-
vortices? The electronic part of thermal conductivif is — angent of magnetic field, in the former case up to the fields
dete_rmlned by the intervortex quasiparticle tunneling, so it iS¢ the order ofH, in stark contrast to the usual behavior
negI|g|_ny Sm".l" at the fields of the qrder bfc, and shqv_vs observed in the perpendicular field. Since configuration of
an activated increase o approaching the upper critical ema) conductivity measurements with magnetic fields par-

field He,. Since experimentally measured conductivity in- e to the plane is used for determination of the symmetry
cludes contributions of both electrons and phonomsx® ot the superconducting g&p;2* understanding of this un-
+ 9, it shows a field dependence with a minimum at a field ,sual field dependence is of notable importance.

Hinin Her < Himin<Heo, @s shown schematically in Fig. 1. The ¢ o4 he envisaged that the difference between the behav-
value ofHp, and the a_ctuaLshapegof theéH) curve are both 4 iy parallel and perpendicular fields may come from the
determined by the ratio of® and «°. difference in the structure of vortices in two-dimensional

In unconventional superconductors, variation of the therap) syperconductors. Penetration of a magnetic field into a
mal conductivity with magnetic field is more complicafe?.

Since quasiparticles in unconventional superconductors
spread from the vortex cores into the butind are delocal-
ized, the electronic contribution is generally more important
here® In the T=0 limit, «® rapidly increases with fielé;*3
while at higherT the thermal conductivity remains constant
in field, entering the so-called plateau regithd@his regime
was experimentally identified in the cuprates in the field
rangeH <Hg,>1* and is predicted to extend close kt,.*° 0.0k : :
The plateau was explained as caused by the electronic con- 00 ,?,/SH e

tribution, when an increase of the quasipartic@) density *

is compensated by the decrease of their mean-freé<pgéath FIG. 1. Schematic presentation of the field dependence of ther-
(this implicitly assumes negligible phonon conductivity asmal conductivity in isotropic conventional superconductors and in
compared to electronic contributior? < «€). When the pho- layered superconductors in magnetic field perpendicular to the su-
non contribution is not negligible, the phonon scattering inperconducting plane.
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Fig. 2(c), occupying half of the first Brillouin zone. Experi-
mental study of3-(BDA-TTP),SbF; indeed found the Fermi
surface in reasonable correspondence with this predi€tion
and determined a rather large effective mass of 2.4t

also revealed sizable warping of the Fermi surface perpen-
dicular to the plane, as indicated by observation of a rather
broad coherence magnetoresistance peak, with the ratio of
the Fermi energy in the plang to interplane transfer inte-
gral t, of 250-350(Ref. 30 [approximately one order of
magnitude smaller than the anisotropy 8700 found in
k-(BEDT-TTF),Cu(NCS),,3! and comparable to anisotropy
(1/280 of B-(BEDT-TTF),IBr, (Ref. 32]. The supercon-
ducting state of the material was described as anisotropic
three dimensional3D).33341t is essential for our study that
the upper critical field for orientation parallel to the plane,
Hey, is about 12 T2 so that the wholeH-T domain of su-
perconductivity can be covered with measurements in a su-
perconducting solenoid.

As a result of this study we found quite unusual field
dependence of thermal conductivity in a parallel field, show-
ing the plateau regime up to the fields as high as-Q.6and
an anomalous minimum close Hy,. This was in stark con-

FIG. 2. Molecule of BDA-TTRa). Solid dots indicate positions  trast to the usual dependence, observed on the same crystals
of sulfur atoms. In the crystal lattice g8-(BDA-TTP),;SbF; (b),  in jdentical conditions in the perpendicular field. By studying
layers of donor molecules in the crystallograpaicplane alternate  trgnsformation of thex(H) dependence with inclination of
alongb axis with layers of Sbfanions, leading to two-dimensional the field from parallel orientation and on variation of tem-
electronic structure with simple cylindrical Fermi surface, shown inperature, we show that the anomalous dependence can be
panel(c) (Ref. 28. understood in the usual scheme for conventional supercon-

superconductor induces a flow of a supercurrent, tending tguctors, adjusted for vortices without normal core. The lack
diverge at the flux line. At a distance-£/2 (where ¢ is  of quasiparticles in the core brings simultaneously two ef-
coherence lengitfrom the center, the supercurrent exceeds dects, namely, negligible scattering of phonons on vortices,
critical value and the normal core is formé&brikosov vor-  and negligible electronic contribution, both of these features
tex). In layered superconductors this scheme works whetbeing at odds with the expectations for unconventional
field is perpendicular to the plane. However, when field issuperconductor® Formation of the normal cores close to
parallel to the layer, the flow of supercurrent is restricted byH., and on field inclination restores both finite phonon scat-
the interplane tunneling, so that in case of weak coupling itering and electronic conductivity.
never exceeds the critical value, resulting in no normal core
(Josephson vortgxsee Ref. 25 for a review For inclined Il. EXPERIMENT
fields, the two vortex systems form crossed vortex lattf€es.
Since the properties of the vortices in parallel field are nota- Single crystals of3-(BDA-TTP),SbF; were grown by a
bly different from those in bulk superconductors studied untilstandard electrochemical technique, as described in detail
recently, it is of interest to follow systematically the effect of elsewheré? Contrary to the crystals of most of organic com-
the vortex structure on heat conduction. pounds, the samples @F(BDA-TTP),SbF; are very bulky
Most efficiently this study can be done on materials ofin nature, with typical dimensions in the rangex2
intermediate anisotropy. Here, the amplitude of the order pax 0.5 mn?. For thermal conductivity measurements we se-
rameter inside the core, despite being suppressed as cofected crystals with a shape close to an elongated bar. A
pared to the bulk, remains finité.In this case, with increase notable problem in measurements BA(BDA-TTP),SbF;
of temperature and field, the core of vortex can change t@omes from the difficulty of making low resistance contacts.
normal, and thus the effect of this transformation on thermaEven the best contacts, made by gold evaporation on the side
conductivity can be studieih situ. surface of fresh samples, gave resistance values at low tem-
In this paper we study the thermal conductivity of the peratures of about 100, which is two to three orders of
organic superconductor8-(BDA-TTP),SbF;, possessing magnitude higher than usual contact resistance obtained with
relatively high transition temperatui& of above 6 K2 As  this technique on another conducting organic charge-transfer
usual for two-dimensional molecular conductétshe donor  salts!®3¢ Therefore the thermal resistance of the contacts
molecules of BDA-TTHFig. 2(a)] are packed in layers al- was determined mainly by phonon conductivity. This limited
ternating with the layers of hexafluoroantimonate anionghe temperature range of thermal conductivity measurements
[Fig. 2(b)]. This structure brings about notable anisotropy ofdown to 0.3 K andin situ resistance measurements in the
the electronic structure: simple extended Huickel model calvacuum cell down to approximately 1.5 K, which was caused
culation predicts two-dimensional cylindrical Fermi surface,by strong sample overheating with measuring current.
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1.4 ‘ ‘ ‘ ‘ ‘ In the simplest form, the thermal conductivity can be rep-
1.2 /’V\ Hiae 1o N Hijae 714 resented ag'=3v'C\|', where superscrifitrepresents differ-
Lol N ] ent groups of heat carrier@lectrons and phonopsv is
o~ N r Fermi velocity for electrons and sound velocity for phonons,
—.}’; 0.8+ o \ 1 | is mean free pass ar@, contribution to the specific heat of
2 o6l W i respective carriers. The superconducting condensation re-
g duces the density of electronic carriers participating in the
0.4 I heat transporithe condensate itself does not carry heat
0.2 . | Y while the density of phonons remains unaltered. Therefore
x ] T ﬁ q 1os the increase of/T below T, originates only from an in-
' 2 4 6 82 4 P crease of the mean free path of heat carripth electrons
Temperature (K) and phonons which is caused by the suppression of scatter-

FIG. 3.(a) T wre d d £ th | conductivity i ing on conduction electrons. The density of phonons changes
- 3. (@) Temperature dependence of thermal conductivity Ir'smoothly throughl; and since the phonon-electron scatter-

magnetic fields of 0, 0.5, 1, and 4.3 (fop to bottom applied . " : . S
perpendicular to the conducting plane. The shaded area at the b(igg is the dominant scattering mechanism in the normal state

g i 1
tom shows estimated electronic contribution in the normal sthte. or most of the metalsx® usually increases beloW..” The

. o . s
Temperature dependence of thermal conductivity in parallel fielgdncrease of In the superconducting st_ate IS more sgbtle'
of 0, 4, and 6 T(top to botton); the curves are offset to avoid The condensation decreases the density of electronic heat

overlapping. The determination @, was made in two ways: as a C&lTiers, so the increase &f/T below T, can be observed

crossing point of linear extrapolations of tkéT) above and below  ONly if the rate of the mean free path increase is higher than

T,, we designate this &, and from the point where(T) starts to  the rate of the density of quasiparticle@P) decrease. This
deviate from the curve in the normal stalg,q, requires domination of an inelastic scatteringrgta condi-

tion met only in very clean samples with relatively high

Measurements of thermal conductivity were made by aThe electronic maximum was first well-documented in the

standard steady-state one-heater-two-thermometers tecﬁlJprate§ dami[i was _trr(]ac?ntly o_bs?ervt(_ad n tStO”."e .ogjer cllean
nique, using Ru@ thick-film resistor’ as both heater and superconductors with strong inelastic scattering: CegBin

42
thermometers. The vacuum ambient was created by a minizfi‘-nd .the p'urest samples Of,BUO,, . .
ture rotatable cefl The cell was set into a goniometer al- Since in organic superconductors the inelastic electron-

lowing double-axis rotation in magnetic fields up to 17 T in €IECtToN scattering is usually strong, as seen inTtheem-
a top-loading®He refrigerator. The alignment of the field perature dependence of the resistivity immediately above

34,43 i iori ibili
direction parallel to the conducting plane was done by mea-—rc' we cannot d|sregar_a priori the possibility of the
ectronic nature of the/T increase belowl.. However, in

suring an angular dependence of sample resistance in a may- o .
g g b P -(BDA-TTP),SbF;, similar to other organic compounds,

netic field slightly belowH,. The resistive minimum was S | o
sharp enough to ensure alignment with the accuracy of abo{ff€ Phonon contributior? is strongly dominating measured

0.1°. More precise alignment was done by measusifig) at at all temperatures _covered by our experiment._ This is
P g Y caused by a combination of lowf, due to low density of

0.3 K with an angular step of 0.02°, corresponding to the lectroni ars in th terial d arich oh
angular resolution of our system. Measurements were peP— ectronic carriers in thése materiais, and a rich phonon Spec-

: ; - L ; trum leaving the density of phonons high even at low tem-
formed for three field orientations within the plane with re- . ; .
spect to the heat curre® (with H and Q perpendicular, peratures, ensuring higtf. In 5-(BDA-TTP),SbF this gen-

parallel and at 45° to each other, respectivetjth the re- eral trend can be verified from both the estimation «6f

sults being the same within experimental scatter. In the fo|_through the rESiSti\I’% Valu? in thhe norma_l state via the
lowing we discuss all the data fotlQ configuration. Wiedemann-Franz and from the magnitude ok(H)

increase neaHg, at low temperaturefshown with dashed
Ill. RESULTS area in Fig. 83)], giving «® of about 16% of the normal state
x at 0.3 K. In the superconducting staté is always higher
than in the normal state, so we can conclude that here the

In Fig. 3(a) we show the temperature dependence of therthermal conductivity is arising mostly from phonons.

mal conductivity, taken in zero field and under magnetic On application of magnetic field perpendicular to the
fields of 0.5, 1, and 4.3 Thormal statgapplied perpendicu- plane, the rate of initiak/T increase belowT, is rapidly
lar to the conducting plane. Above6.5 K all curves overlap  diminished, resulting in suppression of the maximum. This
within experimental scatter. On cooling, the curves at 0, 0.5¢clearly shows that perpendicular field rapidly restores pho-
and 1 T deviate upward from the normal-state curve, with thenon scattering on conduction electrons. On the contrary, the
point of deviation corresponding to the superconductingate of «/T increase is influenced only slightly by parallel
T.. In zero field,«/T increases more than two times on cool- magnetic field, Fig. ®).
ing from T, (~6.5 K) down to 2 K, below which«/T de- As it can be seen from Fig. 3, the changexddit T, is not
creases steeply. This behavior is very similar to thatsharp, resulting in a notable difficulty in determination of a
observed in another organic superconductats;BEDT  position of the normal-superconductor boundary from tem-
-TTF),Cu(NCS),,1%%°  k-(BEDT-TTF),CUN(CN),|Br,*®  perature dependence of thermal conductivity at high tem-
\-(BETS),GaCl,,' in perpendicular fields. peratures. The most justified approach, using the onset point

A. Temperature dependence
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FIG. 4. Field dependence of thermal conductivig). Field ap-

plied perpendicular to the conductiag plane, from top to bottom, FIG. 5. H-T phase diagram of the superconducting state of
T=1.55, 1.05, 0.64, and 0.29 K. Arrows shély,, for these curves.  B-(BDA-TTP),SbF;. Filled down-triangles are fronk(H) sweeps;
(b) Field parallel to the conducting plane, from top to bottdf, filled and open up-triangles afie and T, q, from «(T) sweeps. The
=3.11, 1.55, 1.06, 0.83, 0.45, and 0.29 K. The curve for 3.11 K isdata from resistivity(open circles and specific-heatopen dia-
shown out of scale to avoid overlapping. monds measurements by Shimogt al, Ref. 33, and from resis-
tivity (filled circles and tunnel diode oscillatdppen squargsmea-

of deviation from the normal-state curve, is not very preciseSurements by Chast al, Ref. 30, are shown for comparison. The
due to slow takeoff and suffers badly from the experimentaponed line is a guide for eyes for thermal conductivity data in the
noise. Another way to follow variation of, is to use a perpendicular field. _The solid line shows_ (_avaluatlon of the slope of
crossing point of lines representing linear approximations of"'ch‘lgT) frﬁm Teon In thet'fmal th)ndgCt'V'tmielaS“refmems' the
«(T) in the normal state and in the region of increase below!aShes show a conservative estimatiorHe(T) slope from spe-

. . . cific heat(zero field and thermal conductivityl, data. For com-
T., as shown in Fig. @) for H parallel to the conducting . . ) _

. . x . . parison we show with the dash-dotted line the theoretical curve for
plane. We designate this value &sin the following. It is

. . . ure Pauli limiting without orbital contributioiRef. 47 and ex-
clear that this procedure gives a value systematically be!o‘&erimental data fow-(BEDT-TTF),CUN(CN),]Br from specific-
real bulk T, determined from both the onset of deviation in o, measurementsiled starg by Kovalev et al. (Ref. 48 and

«/T and specific-heat measuremé#tsee Fig. 5 beloy pulsed field resistivity measuremeritpen starsby Shimojoet al.

(Ref. 49. Both the theoretical curve and the data were normalized

t tchT, dH,(0) of B-(BDA-TTP),SbF;.
B. Field dependence 0 matchT andHe(0) of /- )2Sbfe

In Fig. 4 we show evolution with temperature of the field proad plateau up to about 8 T, then shows a rapid decrease
dependence of thermal conductivity in perpendic@@rand  yntj| H,,,, followed by a rapid increase neblg,. As can be
parallel (b) fl_eld orientations. In a perpendmular field,de-  seen from Fig. @), the width of the plateau rapidly de-
creases rapidly aboue;.*> The derivative of the«(H,) has  creases on warming, until it transforms into a region of slow
maximum magnitude &tl;; and decreases monotonically to- , decrease above 1.5 K.
wards Hg, [arrows in Fig. 4a)] until reaching almost con-
stant value in the normal state. Small variation of the back-
ground in the normal state is caused by the electronic IV. DISCUSSION
contribution, namely by its change due to orbital
magnetoresistancé:*6 On cooling, total variation of/T in
the range fromH,; to Hy,, rapidly decreases, reflecting the  In Fig. 5, we plot theH-T phase diagram, determined
decrease of the phonon conductivity. On the contrary, variafrom temperature and field dependencec6T in parallel and
tion of the electronic contribution with field becomes larger perpendicular fields. For comparison we show the values of
on cooling, so at 0.29 K the curve shows a clear doubldlc; determined from resistivity measurements by Shinetjo
maximum structure, with maxima &t=0 andH,,, in line  al.3* and by Choiet al3° We note that theH., determined
with schematic presentation of Fig. 1. from «(T) and «(H) are in good correspondence. In the fol-

In the parallel field, the shape of the field dependencdowing we designatéd., determined from thermal conduc-
changes notably on cooling. At temperatures closefgo tivity measurements ad,,, to distinguish it with the resis-
«(H,) has a usual shape with the slope of the curve gradualljively determined H.,,. Comparison of these two
decreasing towardd,, though at 3.11 K~0.5T,, this de- determinations shows a systematic trend in the behavior. In
pendence already does not resemble sharpi“béhavior” the perpendicular fieldH,, is always higher tharH,,,
observed in the perpendicular field. On cooling, the slope ofvhich is determined by vortex lattice meltifgThe He,,(T)
the curve atH=0 gradually diminishes. At high tempera- is almost linear, whileH,, shows a clear upturn on going
tures, the slope increases with field until the very vicinity ofto T=0, with a tendency of both curves to a closg,(0)

Hcy, Where it starts to decrease rapidly towards zero value in the T=0 limit. A similar trend was shown previously in
the normal state. At low temperatures tkéH,) shows a  «-(BEDT-TTF),Cu(NCS),.%°

A. H-T phase diagram
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2 ing all the way up toT. in zero field. To verify if the upper
critical field close toT, is Pauli limited, we compare in Fig.
5 the shape of the experimentally determirég,(T) line in
B-(BDA-TTP),SbR; with that expected for pure paramag-
netic limiting*”:52 and with the one observed experimentally
in highly anisotropick-(BEDT-TTF),CUN(CN),]Br.*849In
the case of Pauli limiting, the upper critical field is deter-
oy mined from the solution of the equation[T(H)/T.(H
0.6 =0)]=Rd ¢3+igugH/4mksTo(H)) - 3)]; here ug is the
0 5 4 6 Bohr magnetong is the electrong factor, andy is the di-
Magnetic field (Tesla) gamma function. Close td, in zero field this dependence
can be well approximated byT,~ H?, which is indeed very
FIG. 6. Field dependence of resistance and of thermal condug|gse to observation inK-(BEDT-TTF)ZCl,[N(CN)Z]BI’,48
tivity in a mzflgnetic field perpendicular to the conducting plane,j ;1 s strongly overshooting theH,, data in S-
measuredn situ at 1.55 K. (BDA-TTP),SbF; from onset of thermal conductivity rise.
Combining the data from thermal conductivity onset and

To verify that the difference betwedf,, andHy, is not specific-heat measurements, we can conclude that the slope
caused by the difference in the experimental conditions be-f bulk Hey(T) stays in the range between 3.3 and 4.2 T/K

tween two sets of measurements, in Fig. 6 we show the tw 7 - . .
d dashed and solid lines in Fig. 5, respectiyelyor compari-

curves measureih situ at 1.5 K. Despite notable problems .
ury u iy bl b son, the same slope in-(BEDT-TTF),CUN(CN),]Br,

in the quality of the resistive data, it is clear thaH) curve hich is Pauli limited cl T . d
flattens above the midpoint of resistive transition, mostV/hich “is_Pauli_limited close toT, was estimate

- - ~14 T/K*® Thus, close to T, the Hy in -
closely to the complete restoration of the normal-state resis2> : o c . e
tivity. This comparison clearly shows that thermal conductiv—(BDA'TTP)ZSbF6 Is determined by the orbital effect and we

ity is not sensitive to the flux flow in the mixed state, which ¢&n Use Ginzburg-Landa@L) theory approach for the de-
actually determines the position of thiy,(T) line. termination of the coherence length.

In parallel field, the values dfl,, andH,, are in much For anisotropic superconductors the values of the coher-

’ c2p C2k

closer correspondence, except for the very vicinity Tef ence length can be found from the formulas
This clear difference with the perpendicular field orientation dHo(T 1))
. S L CZH( ) 0
is presumably caused by a much stronger intrinsic pinning of HoTc oT = 27, (0)£(0)’
vortices in parallel configuration by the lattit&3* H.y,(T) TeL\el
and Hcy,(T) show a clear saturation at low temperatures,
implying Pauli paramagnetic limiting, as was pointed out by MoTcdch(T) = Po ,
Shimojo et al33 Indeed the value oH(0)=11.6 T coin- dTt 2m¢(0)?

fCidTDS vvli_t?in.(.expgrin;]ental accfuracy Vl‘fth thel,Val;%gXpeCteQNhereg”(O) andé¢, (0) are the coherence lengths parallel and
or Pauli limiting In the case of a weak-coupling SUPET™ herpendicular to the layer, respectively, is the magnetic

conducting gapH.,(0)=1.84T, (for T,=6.3 K from specific- constant, and®,=2.07x10 Wb is the magnetic-flux

heat measurenlwer_wts tfhif] gif\_/elz tl)e Td  th | quantum. It is assumed théis isotropic in the plane, which
For our analysis of the field dependence of thermal cong in, jine with our observation of negligible variation ofH)

ductivity, it is essential to know the degree of order Param-,,es for different field directions within conducting plane.

eter suppression inside the vortices in parallel field. ThiSSubstituting the values of the slopes we ggt9.7 nm and
strongly depends on the ratio between the interplane distancée =1.28-1.63 nm. The value df, is slightly llowér than the
L_ . . . L

25 Ghimoi 33 i
d e;]nd the C?her?r?ci Iengﬁ%. S:anjloctatdaI. Idet;rmlr]?d interplane distance of 1.76 nm. These values of the coher-
co erence_eng s from e_ex rapofated value o )0 ence length show that the superconducting stategef
curves toT=0, getting the¢, =2.6 nm, which is about 50% gpa_TTP),SbF, is actually on the border between truly

Iarger_than the |.nterplane ‘?"Sta".‘d"‘.l-m nhm. Since the dIwo-dimensional and anisotropic three-dimensional.
value in parallel field determined in this way can be affecte

by the paramagnetic Pauli limitingg, may be overesti-
mated.

There were several proposals to go around Pauli limiting The dependence of thermal conductivity on a magnetic
problem in determining for parallel field(see Ref. 31 for a field parallel to the plane is the central result of this work. As
review). The most standard approach is to determine we already noted, the field dependencecan perpendicular
from the slope ofH., line in a temperature range close to field is quite usual. In line with the scheme of Fig. &,

T.. This approach is valid, if orbital effect is determining decreases rapidly with field due to suppressiofwhile

the upper critical field, as is always the case for perpendicuat H=H,,, the decrease 0k® becomes slower than the in-
lar orientation. Here we find in our experiment the slope ofcrease ok®, so that the measuredincreases towardd, .

bulk He,(T) of 0.55 T/K. For parallel orientation this is As it is clear from the comparison of the curves for parallel
true only if the anisotropy of a superconductor is finite, oth-and perpendicular fields, the difference is caused mainly by
erwiseH, may be determined by paramagnetic Pauli limit-complete disappearance of initial decreasexah parallel

1.4 T T
j 1.55 K
1.2

1.01

/T (Wm"K?)

Resistance (arb. units)

B. Field dependence of thermal conductivity
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field, so that even at relatively high temperatures of about 1.5 According to a Ginzburg-Landau theory of second-order
K the initial slope of thex(H) curves is close to zero. phase transitions, the coherence length should become infi-
Here we should notice that the lack of variation of thermalnite at the normal-superconductor bound#ay T, and at
conductivity with field can in no way be explained by a Hc,). This situation corresponds to a rapid suppression of the
compensation of a decrease &f by an increase ok® so order parameter inside the vortex on approacliggat low
that k= %+ «9 remains constant. It is clear from Fig. 4 that temperatures and restoration of the normal core. A conse-
the first signs of flattening are seen at temperatures as high gsience of this crossover can be easily recognized in our ex-
3 K, the slope of«/T vs H curves atH=0 becomes negligi- periment as a restoration of phonon scattering at High
bly small at 1.5 K and the curves at 0.45 and 0.29 K become- T, andH ~ H,. Indeed, this crossover reveals itself at low
completely flat, despite very large variation of T atH=0. T as a downturn ofk(H) from the plateau valuéFig. 4),
Since k*~T and k9~T* (a=2-3 depending on dominant followed by a rapid takeover of the total variationoby the
scattering mechanism, Ref) 8ary in a very different way increase of«® close toH.,. Of note that the values of at
with T, their exact compensation can never be achieved foH,,, are close for parallel and perpendicular orientations of
almost fivefold variation off. Therefore, to have constart  the field, which indicates complete restoration of phonon
neither <€ nor «9 should vary with field at lowl andH. scattering, while a small difference can be assigned to varia-
A negligible variation in«? is natural to relate with the tion of € at different values oH/H,. At 0.3 K, the resto-
lack of scattering on vortices. Indeed, linear increase of theation of phonon scattering happens only at the high fields,
phonon thermal resistivityW¥=1/«% in conventional so that all variation of(H) occurs in a field range spanning
superconductofss frequently viewed as gradual restoration over just 30% of theH .
of phonon-electron scattering to a value typical of the normal Both the lack of phonon scattering at low fields and its
state. In this case the phonon thermal resistiitghould be  restoration above the crossover show directly that coreless
proportional to the density of scatterers, i.e., to the electroniwortices do not affect phonon conductivity. This is in striking
specific healC®~H. Recent studies of the phonon thermal contrast to the electronic conductivity, in which case Joseph-
resistivity of Sp(RuQ, as a function of direction of the field son vortices introduce scattering of quasiparticles due to An-
with respect to the conducting plane have shown that thelreev reflection on the supercurrent circulating around the
cross section of phonon scattering on vortices is proportionalortex>3
to the coherence lengtf.Simultaneously it was shown for Another way to track the effect of the restoration of the
this unconventional superconductor that the relation betweenormal cores is to incline the magnetic field from parallel
phonon resistivity and the electronic specific heat still holdsorientation. For small angles, when a perpendicular compo-
due to phonon scattering on quasiparticles in the bulk. Folnent of the field is less thaH.;,, magnetic flux penetrates
lowing this line, zero phonon scattering in our experimentinto the sample only along the planes and does not follow the
can be considered as a limiting case of this behavior, typicadlirection of the external field. With further increase of the
for superconductors without nodal quasiparticles. It indicatesnclination, the perpendicular component of the field exceeds
that the electronic quasiparticles inside the core are the actubd ;. However, though the flux enters the sample, it is still
cause of phonon scattering in the superconducting statenergetically unfavorable to create inclined vortex litfes
completely similar to the conduction electrons in the normaktwo mutually perpendicular systems of vortices are formed,
state. one with the normal coréor H component perpendicular to
An understanding of the lack of increase ©fis not as the plang¢ and one without normal coré¢parallel to the
straightforward. At low temperatures, the field depend-plane. Formation of normal cores rapidly restores phonon
ence of«® is determined by several factors. First of all, it is scattering, Fig. @), giving exceptionally sharp angular de-
different in clean (é<l1) and dirty (¢>1) limits. For  pendence, Fig. (D).
B-(BDA-TTP),SbF;, &, is of the order of lattice constant, From the comparison of(H) curves for small inclination
while observation of quantum oscillations in the matéfial angles(Fig. 7) it is clear that the increase af aboveH,,,
implies a rather long mean free path. Therefore it is naturabn approachindd., remains practically unchanged, which is
to use the clean limit. This approach finds justification in ourin striking contrast to strongly angle-dependent decrease be-
experiment as well: in the dirty limik® is expected to in- low Hp,,. This clearly shows that the rapid increase close to
crease linearly with field,which is not seen in our experi- H, is not related to formation of crossed vortex lattices.
ment even in the perpendicular orientation. In the clean limitSince the increase of with field nearH, is purely elec-
we have to make a clear distinction between conventionaironic in origin, it is instructive to search for a mechanism
s-wave superconductors with isotropic gap and unconvengiving a sharp rise ok® nearHg, in the parallel field, as
tional superconductors with line nodes. In conventional suopposed to a gradual change in the perpendicular field.
perconductors activated behavior of thermal conductivity is The most obvious possibility is involvement of Pauli lim-
natural in low fields, since quasiparticles are localized in thating. The rapid increase of thermal conductivity closéHg
cores. In unconventional superconductors, application ofs associated with filling of the whole volume of the super-
magnetic field should increase the density of the delocalizedonductor with vortex cores. In the case of orbital limiting
quasiparticles. In perpendicular field this is caused by théehis happens gradually, while in the case of Pauli limiting
\olovik effect, while in parallel field by Zeeman splitting of vortex cores occupy only a fraction of the sample volume,
the Fermi surfacé® As a result we should expect an increaseand the transition between superconducting and normal
of the electronic thermal conductivity and of the phononstates becomes discontinudfisst orde). Rapid increase of
scattering, both of which are opposite to our observation. thermal conductivity aH., below ~1 K is indeed observed
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7032 netization were studied in the same conditions, including

%Y 0.29 K three-dimensional ~ URE'® and  two-dimensional
10 ot 1% SrL,RUQ,.1257:58
* I \ +0.28
{»\ V. CONCLUSION
+ +0.26 o . )
\i Thermal conductivity of anisotropic superconductors
\ Loa4 reveals a notable difference in response to magnetic field,
{ depending on field direction with respect to the supercon-
0.22 ducting plane. In the organic superconduci®f(BDA-

oMaZgne4tic éclds(Tel:Ia)” o';cﬁitioln'o(])el;reei'o TTP),Sbk;, we found anomalous independence of thermal
conductivity on magnetic-field strength in parallel field, in
FIG. 7. (a) Field dependence of thermal conductivity at 0.29 K Stark contrast to the usual dependence, observed in identical
for various inclination angles to the conducting plane. From top toconditions when the field was perpendicular to the plane. The
bottom: parallel field, 0°, 1°, 2°, and perpendicular field, 90°. Theanomalous behavior in the parallel field is observed over a
curves are offset up from the 90° curve to avoid overlappiby. notable portion of the superconducting domain, to the fields
Thermal conductivity at 0.29 K and 9 T as a function of the incli- as high as 0.d.,. Evolution of the plateau regime, with tem-
nation angle from parallel to the plane orientation. perature and inclination of the field direction from the paral-
lel to the plane, points to its close relation to the special
fcoreless structure of vortices in the parallel field. The lack of
quasiparticle states in the cores diminishes phonon scattering
in the mixed state, and simultaneously suppresses electronic
eiiunneling between cores. .For.mation of the normal cores
of transition atH,. The variation of Pauli limiting field on f:losg toHc and on field |ncl|nat|on restores th.e usual behgv-
magnetic-field direction is determined by anisotropy of ghe 1OF Wllth finite phonon scattering and elec_trpmc co_nductlvny.
factor[usually in organic superconductors this is of the order! N€ field dependence of thermal conductivity of this type can
of 1% (Ref. 29], which is presumably the reason for the lack P& €xpected neither for phonon, nor for electron contribu-

of measurable anisotropy bf,, within the conducting plane. tions, if quasiparticles are spread !n the bulk of a supercon-
Inclination of field direction from the conducting plane ductor, as expected for unconventional superconduétors.

should gradually switch the mechanism from Pauli to orbital,

in a range where thél,(T) line flattens(see Fig. %, as
naturally expected for Pauli limiting. The sharp increase o
the electronic thermal conductivity &, in the Pauli limit-
ing range was observed in a number of matefial§:>* It
finds a natural explanation in an almost first-order charact
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