PHYSICAL REVIEW B, VOLUME 63, 064505

Thermal conductivity of superconducting Sr,RuO, in oriented magnetic fields
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We report in-plane thermal conductivity alofig00] direction, x40, Of high quality single crystalsT
=1.44 K) of unconventional superconductorBu0,. Measurements were performed as a function of tem-
peratureT and magnetic fieldsl of various orientations. Linear decreasexqf,/T in T in zero field is found
below 1 K, in contrast to nearly constant value in the normal state. Field dependekgg/df at 0.3 K inH
perpendicular to the plane is qualitatively similar to that for a line-node superconducting state in the low
temperature limit. The dependence givesH.;~8 mT anduH.,~60 mT. In the in-plane fields, the field
dependence at low temperatures shows a notable difference from the perpendicular field case. The temperature
and field domain of this anomalous behavior is consistent with the existence of another superconducting phase,
as proposed recently.
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[. INTRODUCTION model by inclusion of band-dependent gap. Furthermore,
nothing is known on location of the nodéi$ any) on the
The discovery of superconductivity in JtuQ,,* a Ru  Fermi surface. The presence of multiple superconducting
analog of the parent high; superconductor L#ZuQ,, phases was proposed theoretically for a nodeless supercon-
stimulated notable interest to this material. As early as irducting stat¢? In high enough magnetic fields, oriented
1995, Rice and Sigrist pointed out that the material may be along high symmetry directions within conducting plane, the
spin-tripled  superconductdr.Series of experiments per- nodeless gap is transformed into the one with the nodes,
formed recently indeed showed unconventional character gbcated in the directions perpendicular to the external mag-
the superconductivity in $RuQ,.> Muon spin rotation ex- netic field* A phase transition within superconducting state
periments revealed appearance of spontaneous magnetic figlhs indeed observed in ac susceptibility and specific heat
on entering the superconducting state, evidencing a supegydiest® but only for magnetic field alon§110] direction
conductor with the broken time-reversal symmétmiMR _ within conducting plane and at low temperatures. Hence, fur-
studies showed the lack of a Knight-shift change on entering, o exnerimental studies on the subject are essential.
;Tji):rlé%ig:l?(ggtrj?gn\?vhsiéit(eth:Ssg)?ngxc?fetcggd Jggpaersggrg'glret Thermal conductivityk is known as a powerful tool for
gtudy of the order parameter in unconventional

oriented within the plang. . superconductor®}’ Up to now the study of thermal conduc-

H h t f th i N . .
S Rowev_er, t € haiure of ‘e superconductmgéstate Ir1|V|ty in Sr,RuQ, was limited to low-quality samplesT
LRUO, s still a point of intense theoretical debdtd.o below 1 K).!8 The results showed large residual termxitT

some extent it is related to a contradictory experimental situ X o
ation. Early experiments were performed on samples of in(Of the order of half of its value af for T—0), the origin
sufficiently high crystal quality, showing large residual den-°f Which is thought to be an impurity induced pair breaking.
sity of states in zero temperatufielimit.” Later studies of NO studies on magnetic field effect were reported. In view
dependence of the transition temperature on imptyd of the sensitivity to impurities, it is essential to extend the
defec? concentrations indicated that the impurity and defectstudy to high quality single crystals. In this article we report
free material had ; of the order of 1.5 K, so-called intrinsic study of thermal conductivity in the high quality single crys-
superconductind .. On sample quality improvement the re- tals of StRuQ, with the T of 1.44 K as a function of the
sidual density of states is notably decreased and seems to guagnetic field strength and the orientation with respect to the
to zero in the best sampléS. crystal and heat flow. We find a general agreement of tem-
Experimentally, several key points should be addressed iperature and fieldoriented perpendicular to the plange-
relation to theoretical model of superconductivity in pendence of the thermal conductivity with those expected for
Sr,RuQ,. These include the issues on the nodes in the sua superconducting state with line nodes. We give evidence
perconducting gap, their location with respect to the Fermfor an unusual dependence of thermal conductivity on a mag-
surface and external magnetic field, and multiple superconretic field parallel to the conducting plane. We show that this
ducting phase$t The first question was addressed recentlybehavior appears in thd-T domain close to that of second
by the studies of NQR? penetration deptlt and specific superconducting phase found in ac susceptibility and specific
heat® Most recent experiments seem to be consistent with &eat studies® but is observed in all the field directions
superconducting state with line nodes, as evidenced by lowithin the highly conducting plane. Contrary to the expecta-
temperature exponents of various physical properties. Nevetion for the formation of the high-field state with a gap node
theless, this conclusion is not well experimentally verifieddirection following that of the magnetic field;**we find no
yet at very low temperatures. It may be possible to explairincrease in« in transverse field configuration, as compared
the observed quasiparticle spectrum within the nodeles® the longitudinal configuration.
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Il. EXPERIMENT

—
W
T

Single crystals of SRuO, were grown by a floating-zone
technique with Ru self-fluf’ For our studies we selected
crystals withT; above 1.4 K, close to the intrinsit, of 1.5
K.®2 Measurement of thermal conductivity on high quality
crystals is technically difficult, since of the material is very
high. Therefore the resistance of the contdtygically about
1 mQ) is essentially higher than the resistance of the bulk
of any typical sample. We improved bulk-to-contact resis- 005 o 15
tance ratio by selecting very long and thin slabs, below Temperature (K)
100 pm thick. The best crystal, for which detailed studies as
a function of field orientation were performed, hag FIG. 1. Temperature dependence of the in-plane thermal con-
=1.44 K and the size 20.5x0.07 mn3. Its long side, i.e., ductivity, k199/ T, of SLRUQ, in zero field, 1.2 T and 1.5 T mag-
the direction of the heat flow, coincided wifi00] crystal-  Netic field oriented alon§010]. The heat flow is along thg100]
lographic direction. Similar studies were performed on gdirection. The field of 1.2 T is on the boundary for anomalous

lower quality sample T,=1.37 K, not showf). The data thermal conductivity behavior. The data at 1.5 T corresponds to the
C . 1 .
for the two samples are qualitatively consistent. normal state.

_T_he samples were mounted directly on the cold finger of ;. Based on the actual sample dimensiang/T was
miniature local vacuum cef? Measurements were done ac- found to be 123 Wm~'K~2 at 1.5 K. This value is a little

cording to the steady state one heater—two thermomete[g . . 2
. X . . w compared to the estimation based on the resistivity value
technique with Ru@flat chips resistorémodel RK73K1EJ, expected for the material of this qualfy® though it is not

KOA) as a heater and thermometers. The thermometers WEFEr from the interval determined by the experimental scatter

calibrated both under zero and a set of low magnetic field%f the resistivit :
; : y for different samples.
against a calibrated RyGhermometerModel ROG00AZ, The cell with a sample was placed in a double axis goni-

Scientific Instruments, Ing. Measurements of the electrical ometer in3He refrigerator insert of a 17 T superconducting

and t.hermal conductivity were performed on the Sam%agnet. Orientation of the field parallel to the plane was
electrical/thermal contacts, but in two separate thermal runs,
St

Simult X i ble b f'zlde by determining the angular position of the maximum
imultaneous measurements were not possible because H., from xyo(H) dependencex;ofH) was measured in

the very low sample resistance of 88 w{) and use of 1.3 10 1.5 T range at 0.3 K with a step of 0.1° in0.5°

high-resistance Pt-W wire to make electrical contacts to th?nclination range. This procedure gave an accuracy of the

tsanmpk?/vlirr] oii?ﬁirt tg a\;]?ur:ldthgrmal rlreankt (ljJSr? ﬁf t?: rh'grtriS;'Sélignment of the order of- 0.1° with respect to the conduct-
rﬁ ce ; n? nt S at 0 varhe Ctl|Jn N m Ifins %/h m esr?w | %/ing plane. It was repeated for each of the three in-plane field
measurements due to overheating, maxing them Completedie \iaiions discussed below,o(H) curves in the close
impossible in vacuum. The useful current density was still

limited even in the®He liquid ambient, causing poor accu- vicinity of He, does not change much in this range of incli-

racy of the resistance measurement and hence of nations, contrary to the ac susceptibility measurements, in
cy . A fhich a complicated behavior is observ@diVe performed
Wiedemann-Franz ratio determination. In the normal stat

(in the magnetic field of 1.5 T parallel to the ConoluctingEﬁneasurements in four different experimental configurations.

) . In the first one, the field was oriented along fl0@1] direc-
plane the ratio was found to be #0.1 Ly in very good  _. : .
agreement  with the Lorenz  number Lo=2.44 tion, perpendicular to both the conducting plane and the heat

. oo flow. In the second one, the field was oriented along the
x10"8 WQK ™2, This agreement indicates that the phonon g

contribution in the normal state should not exceed the exper 100] direction, i.¢., along the heat flow. In the third configu-
o . ration the field was oriented along tf@L0], equivalent crys-
mental error of 10%. Similar conclusion can be made fro g @10}, eq Y

he sligh q d T found in th mtallographic direction, but perpendicular to the heat flow.
the slight temperature dependenceqfo/T found in the — Apqfina|ly the field was oriented along the10] direction in
normal state. It is in line with the measurements on the Iowe{he conducting plane, 45° from the heat flow

quality single crystald® ’ :

A ds th ducti it should b The measurements were made in both field-cooled and
S regards the superconducting state, it should be notegy . ia|qcooled states. We did not detect any difference

that the phonon contribution at these temperatures usual Metween these sets of data beyond experimental scatter.
follows aT?® dependence and thus should decrease more ra

Bimilarly, the data measured at fixed field on temperature
idly with temperature than th&? dependence observed in y P

: ) variation were consistent with those measured at fixed tem-
the zero field. We estimate an upper bound of phonon Conperature on field variation.

tribution in the superconducting state in the following way.
Assuming a 10% phonon contribution at 1.5(Ke upper
bound of the experimental erjoand theT® dependence of
the phonon thermal conductivity we come to a negligible In Fig. 1 we show the temperature dependence of thermal
contribution of 2% at 0.3 K. The absolute value of thermalconductivity of SsRuQ, in zero field, and the magnetic
conductivity is difficult to determine precisely, mainly due to fields of 1.2 T and 1.5 T oriented along tf00] direction in

a gross error in the contact and sample geometry determingie superconducting plane. First of all we point out that the

=
1.44 K

¢

T

10/
W

K JT (Wm''K?)

IIl. RESULTS
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thermal conductivity in the normal state is nearly 155 " " ' ]
H+M

temperature-independent. A slight variation of the)/T A o8
. L . . 097K + . o
may be due to slight resistivity decrease on cooling. Thus we 0 2 AAA+++ e SH

conclude that the sample is in the temperature range in which

g2
K ,,/T (Wm'K?)

©, A DA A
the carrier scattering is determined by the impurities, i.e., in 0.75K/'9.%/2>‘, ) 046AQM fg’
a residual resistivity range. 5[ °°°°~;mp
This temperature-independent scattering makes the be- 032K 1
havior of thermal conductivity in SRuQ, drastically differ- . H, HIIo01]
ent from the more familiar case of highs cuprates. In the 808 004 000 0.04 0.08
cuprates the scattering in the normal state is electronic in Magnetic field (T)

origin, although its detailed mechanism is not known. Be- . , o
cause of the electronic nature of scattering, two effects ap; FIG. 2. Field dependence afio/T in the magnetic field along
. . ! . the [001] direction, perpendicular to the conducting plane.
pear simultaneously on entering the superconducting state.
The decrease in the quasiparticle density leads to a decreagertical decrease, followed by a more usual linear depen-

in the density of electronic carriers, and hence thermal condence..
ductivity. On the other hand the decrease of the quasiparticle In Fig. 2 we show a dependence ©fq/T on the mag-
crease of density of scatterers, both for electrons anéfmperatures. At high temperaturseo/ T shows small de-

phonons. In the cuprates the mean-free-path increase quease on first vortex entering into the superconducting state.

: . : . his feature is not sharp enough to make an exact determi-
electronic carriers dominaté$|eading to a pronounced peak nation of theH., for the perpendicular field. Assuming that

?n the thermal conduptivity. On contrary, the mean-frge-patr{he plateau in the vicinity of zero field in the 0.3 K curve
in SlrzRuC')4 is d'e'termlned by the scattering by crystal imper- represents the range of the fields which do not penetrate into
fections (impurities and defec}sand is of the order of the the sample, we come to a value of 8 mT, in a reasonable
interscatterer distance. Therefore, on entering the supercoagreement with the previous,; estimatior?® The feature at
ducting state the decrease of the electron-electron scattering,; becomes less notable at lower temperatures, indicating
does not lead to the mean free path change. As a result, tothat the quasiparticle scattering becomes less important, in
good approximation we can consider the mean free path asli@e with Vekhter and Huntington mod&!.0n further field
constant, with all thec,o,/ T variation in the superconducting increase, the thermal conductivity increases more rapidly on
state coming from the quasiparticle density variation. approachingH,. The field dependence of the thermal con-

As can be seen from Fig. 1, in the superconducting statéuctivity in the perpendicular field can be reasonably under-
K100/ T decreases beloW, and shows a gradual increase of stood in the framework developed for the high-
slope below around 1 K. This slope change becomes lesgiprates, ® if we take its low temperature limit. In this
notable with sample quality improvemeftompare with the model the dependence is determined by a competition be-
results in Refs. 18 and 21lt is unlikely that the small slope tween the quasi-particle density increase on field increase
change is caused by the mean-free-path variation of the ele@nd @ mean-free-path decrease due to a decrease in the int-
tronic carriers, since it becomes essentially shorter and thugfvortex distance. The model assumes that at high tempera-
even less temperature-dependent in low quality samples. THEres the scattering term is more essential, giving the thermal
slope change may either reflect a small residual contributiogonductivity decrease on field increase. In the low tempera-
of the phonons, as indicated by diminishing of the featureture limit, the scattering becomes less important. As a result,
with electronic thermal conductivity increase in high quality the variation of thermal conductivity is mainly determined
samples, or signal some transformation within the supercorRY the quasi-particle density increase, giving thermal con-
ducting state, as indicated by an anoma|y in the temperatur@UCtiVity increase with field. The numerical calculation of
dependence ofl., anisotropy'® Below 1 K the k;00/T de-  this model for low temperature regiffeeproduces the main
creases linearly, extrapolating to a value a little higher tharieatures of our data, namely, gradual thermal conductivity
zero at the origin. The linear variation @f,0/T in the con-  increase abové,, followed by a rapid increase on ap-
stant mean free path condition is consistent with the lingroachingH,.
node state, discussed from the recent results of specifit’theat This field dependence is, however, in a striking contrast
and NQR To make this statement definite, measurementdvith the behavior in a magnetic field parallel to the super-
of the thermal conductivity at lower temperatures are esserfonducting plane, Figs.(8—-3(c). We show the dependence
tial. We point out, however, that in the high quality crystalsfor three in-plane orientations of the field at different tem-
the linearx 0o/ T is observed in a rather broad temperaturePeratures. The main feature of this dependence, irrespective
range, not just in the lowr limit.2 of the field orientation, is a sharp,qo/ T increase in the

Of Specia| note is a temperature dependencelgé/T in V|C|n|ty of HC2 at low temperatures. This behavior can be
the field of 1.2 T. This field corresponds to the boundary ofcharacterized by the field of the slope chanige,(see defi-
the appearance of the second superconducting phase in @ion below in Fig. 3, and the slope ofc10o/ T(H) field
susceptibility and specific heat measureménfBhe depen- dependence aklc,, d(x100/T)/dH|y . Such variation of
dence shows the main feature specific to the second phaske derivative with temperature is shown in Fig. 4. It can be
On entering the superconducting statg,/ T shows almost seen that for all three configurations the slope changes non-

064505-3



TANATAR, NAGAI, MAO, MAENO, AND ISHIGURO PHYSICAL REVIEW B 63 064505

15}
L 10+
g
g
bo 5t S
0 ga) . ‘ H||[100I] ~ 032K o [110]
09 03 o '3 0.0 05 1.0 K
. Magnetic field (T)
15}
o FIG. 5. Comparison of the field dependence«efy/T at 0.32 K
—.M for inequivalent crystallographic directionis,00] and[110]. Inset
g 10 shows the range in the vicinity df ., on the expanded scale and
g definition of H,.
S sf - L .
w trary to the ac susceptibility data which is complicated by the
(b) up HI[010] additional vortex pinning features, the behavior is clearly
050 05 o 15 observed for both110] and[100] directions.
Magnetic field (T)
. , IV. DISCUSSION
5 -2 § 8884
— =G S We start our discussion with addressing two relevant fea-
i tures of the dependence of the thermal conductivity on the
e 100 orientation of magnetic field within the conducting plane.
% v For a quasi-two-dimensional superconductor with line nodes
I g running along the Fermi surface cylinder, like indavave
w superconductor, a notable angular dependenc& @n a
. () ‘ ~ HIO] magnetic field orientation with respect to the crystal is ex-
0.0 0.5 1.0 15 pected theoreticalfy*® and observed experimentally in
Magnetic field (T) YBa,Cu;0, and ThBa,CuOs. .33 In these experiments,

_ _ o done at low temperaturdgssually T<T.) and with low val-

FIG. 3. Field dependence ot/ T in the magnetic fielHd  yes ofH/H,,, the anisotropy of was of the order of 0.5%.
parallel to the conducting plan¢a) H is in the [100] direction,  Another angular dependence was predicted theoretically for
parallel to the heat flow() H is in the[010] direction, perpendicu- 5 superconductor with a two-component order parameter, in
lar to the heat flow. For 0.32 K the full line represents the data ONyhich an orbital part contains the terrk (-ik,), wherek
. . . . . X ’ X
increase inH, and the solid dots on decreasihgsweepi(c) His 5 k, are in-plane components of the electron momentum,
along[110). In this case at some value of the in-plane field a phase tran-

ically with indicat ial boi sition from a state with an isotropimodelessgap to a state
monhotanlcia\r yI.W't temperature,l 'ré) écitlngdal Szpef:la4p0|ntwith line nodes running along the Fermi surface in the direc-
on the .02(. ). Ine at approximately 0.8 K and 1. (Fig. 4). tion perpendicular to the external magnetic field is
This point is in a very good agreement with the results of at%
G

L ) : redicted** Therefore, in the high field state a notable an-
susceptibility and specific heat measurements, showing re"’\'otropy of x on field orientation with respect to the heat
ization of a second superconducting phase in the parall

A ) ow is expected?
magnetic field® However, as can be seen from Fig. 3, con- P

In Fig. 5 we compare the field dependence of thermal
conductivity for the[100] and [110] directions at 0.3 K.

—~ . Since these are the two principal high symmetry directions
;; 1.0 e + [010] 1 within the conducting plane, they should represent the ex-

& +e °+. ® [100] treme cases of the maximum and the minimum of the ther-
= ot O o [110] mal conductivity. It is clear that the difference between the
= s ° i curves comes almost solely from the anisotropy of the upper
S@ ©r critical field, amounting to 3% of thél.,, in good agree-

& e ment with the ac susceptibility datdWhen plotted in the
< 40l @ *<>+¢s<> ] dimensionless coordinatés'H,, the curves coincide within

0.0 05 Lo G the accuracy of our experiment, of the order of 2%. Al-

though this uncertainty is notably larger than the anisotropy

observed experimentally in the cuprates, our measurements
FIG. 4. The slope of0o/T vsH curve atH , for three in-plane  cover much broader field range extending all the wal ¢

orientations of the field. in which case much larger anisotropy is expecedhis

Temperature (K)
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15 - , . thermal conductivity restoration is observed in this field in-
- terval.

It is clear that the magnetic field penetration into a sample
increases the thermal conductivity. Therefore the most naive
way to explain the slow increase afyoo/T in the parallel
1 field as compared to the perpendicular field is to assume that
.« [100] the field parallel to the plane is more difficult to penetrate
0.2K  + [010] into a sample, as compared to the perpendicular field case.
ol : s : The complications of the field dependence of magnetization

0.0 0.5 1.0 1.5 in the parallel field were indeed observed in Bi-221ZThis

Magnetic field (T) situation can be realized if the critical current along the plane

Jap is lower than the critical current perpendicular to the
planeJ., due to either pinning or surface barrier. In the low
fqual|ty samples of SRuUQ, it was shown experimentally
thatJ..<J,,,t i.e., opposite situation is realized in,Ru0;.
The same conclusion was made in the magnetization
studies> showing that the field is much easier to penetrate
observation seems to be against the superconducting staityng the plane. Therefore, it is difficult to believe that the
with nodes along the Fermi surface cylinder, or at leaskjow «,,, increase in the parallel field is due to the compli-
against the state having nodesly along the Fermi surface cation in field penetration. In addition, to explain the data in
cylinder. the parallel field in this way it is necessary to assume that the

In Fig. 6 we compare the field dependencexgf, for  field inside a sample is several times lower than the field
[100] and[010] directions, i.e., parallel and perpendicular to outside. The magnitude of the effect appears by far larger
the heat flow, at 0.3 K. If we take that the rapid increase otthan in Bi-2212** This makes this interpretation quite un-
the thermal conductivity nedd ., proceeds owing to a phase likely in the fields neaiH,. Besides, the data of the specific
transition into a field-induced state with an additional line-heat!® ac susceptibilit’ and thermal conductivity are in
node, located in the direction perpendicular to the field, wegeneral agreement, although the samples of quite different
expect a notable thermal conductivity increase in [tb&0] shapes and orientations are used in these studies, thus mak-
configuration as compared to th00] configuration. As we ing crucial role of the surface barriers unlikely.
can see, contrary to this prediction, no anisotropy of the ther- There are two ways to interpret the flat thermal conduc-
mal conductivity increase is observed abdv¥gin the field tivity dependence in the in-plane field. One option is to as-
perpendicular to the flow. Thus our data does not support aume that the scattering of quasiparticles in the in-plane field
“polarizable” gap, expected for a two-component order pa-is much stronger than in the perpendicular field. Since the
rameter above the phase transition field. Volovik effect®® (and hence the density of quasiparti¢les

We now come to discussion of the field dependence ohot expected to depend on the orientation of the field, to
thermal conductivity in the in-plane fields. In Fig. 7 we com- obtain flat dependence in the in-plane field we need to intro-
pare the shapes of the dependence for the perpendicular addce additional scattering on the vortices. Alternatively, we
parallel to the plane field orientations, drawn in dimensioncan assume that the effect is specific tgR&rQ, and is due
less field,H/H.,. As can be seen, the shape of the depenio a small quasiparticle density increase, which is much less
dence is notably different. The main difference is in a slightin the parallel field than in the perpendicular field, as can be
thermal conductivity increase for the in-plane field, and rapidthe case for a two-component order parameter due to a single
restoration of the normal state value in the very viciri#9  component vortex formatio. From thermal conductivity
mT) of H.,. At low temperatures, more than a half of the experiment alone it is not possible to decide which of the
contributions, from the mean free path or quasiparticle den-
sity variation, is important. However, the specific heat data,
which are not sensitive to the scattering, indicates a rapid
guasiparticle density increase in the parallel field rndgy,
favoring the situation when scattering is not of dominant
importance®

To our knowledge, no other superconductor shows a field
dependence of the sort we observe in a parallel field. It is
very different from the behavior of a conventional type I
superconductord. It is in contrast with the known behavior
0 05 10 of the heavy fermion superconductdfs,’*in which case

H/H gradual increase of is observed. It is much sharper than the
dependence in organic superconductors in the perpendicular

FIG. 7. Comparison of the field dependencecgf,/T at 0.32 K field,®® which is in a reasonable correspondence with our
for the in-plane and perpendicular to the plane directions. Thelata for the perpendicular field. In the cuprates the behavior
curves are presented in the normalized figldH .,. at low temperatures in the perpendicular field indicates

—_
(=]

w
T

100°

x /T(Wm'K?)

FIG. 6. Comparison of the field dependencecgfy/T at 0.32 K
for the longitudinal100] and the transverd®10] magnetic field vs
heat flow configurations. Inset shows the range in the vicinity o
H, on the expanded scale.

032K o

15 °;i

K /T (Wm'K?)
S

100
(9]
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5] of the second order, since no hysteresis gffH) in a mag-

netic field is observed. If we define thé, as a field of a
slope change irk49o(H), as shown in Fig. 5, we can draw
the line, shown in Fig. 8, summarizing th&T phase dia-
gram of SgRuQ, from our thermal conductivity studies.

S .::_.,.,. [100] _

Magnetic field (T)

0.5 “ Above 0.8 K it is difficult to find firm traces of the slope
change point at, due to the broadening of the feature. This
phase diagram is in general agreement with the one proposed

%40 05 10 15 in Ref. 15. The essential difference is in the observation of

Temperature (K) the second phase for magnetic fields along both[fl@9]
and[110] directions. In conjunction with the lack of thermal
conductivity anisotropy above the transition point, this

makes interpretation of this feature within Agterberg model
unlikely.

FIG. 8. Phase diagram of JRuQ, in the in-plane magnetic
field, as seen from the thermal conductivity data. Fheline cor-
responds to a point of field dependeriseown in the inset of Fig.
5) where a slope change in the vicinity Hf,, starts. Dashed dadt

onH, line is a point of slope change iyo,/T vs T dependence at
H., (Fig. 4 P P 9 fuoo P V. CONCLUSION

The temperature dependence of the thermal conductivity
gradual thermal conductivity incread¥!! In the in-plane  of Sr,RuQ, in zero magnetic field and the field dependence
field, studies were performed and compared with the case aff thermal conductivity in perpendicular to the plane field at
a field perpendicular to the plane in a number of materials alow temperatures show basic correspondence with those of a
relatively high temperaturé$.Naturally, these studies do not superconducting state with line nodes. Angular dependence
cover the field range close td., at low temperatures, yet of the thermal conductivity in the in-plane field does not
the opposite tendency of increase in the in-plane field as show the anisotropy with respect to the heat flow direction,
compared to thec decrease in the perpendicular field wascontrary to the expectation from a polarizable line-node
noticed, indicating that the scattering is less important in thestate. The anisotropy of the field dependence of thermal con-
in-plane configuration. ductivity with respect to the crystal lattice seems to be too
In view of a good coincidence of temperature-field do-small for any state with line nodes running perpendicular to
main of the anomalous behavior with that of the second suthe two-dimensional plane.
perconducting phase in the ac susceptibility and specific heat
measurementS, it is natural to relate the difference with the
formation of a new superconducting phase. We would like to
point out that both strong quasiparticle density suppression The authors wish to acknowledge A. E. Kovalev for his
in fields below the second transitihand a rapid thermal help in software development and useful discussions, K. Be-
conductivity increase above it are in qualitative agreemenhnia and V. A. Bondarenko for useful consultations in ex-
with the model of Agterberd despite the other inconsisten- periment design, and A. P. Mackenzie, A. G. Lebed, K.

cies discussed above. Maki, V. P. Mineev, A. I. Rykov, I. Vekhter, and D. Agter-
The phase transition into high-field statetat should be  berg for valuable discussions.
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