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Although the superconductivity in UPts one of the most well studied, there are still lingering questions
about the nodal directions in tlizandC phases in the presence of a magnetic field. Limiting ourselves to the
low-temperature regimgT<A(0)], we study the magnetothermal conductivity within semiclassical approxi-
mation using Volovik’s approach. The angular dependence of the magnetothermal conductivity for an arbitrary
field direction is calculated for both phases. We show that cusps in the polar angle dependence &aedr in
C phases that are due to the polar point nodes.
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Perhaps due to the exceptional appearance of two supeermine node structures. Recently we have been studying the
conducting(so transitions with two associated critical field angle-dependent thermal conductivity in other nodal
curves, UP§ is one of the most well studied heavy fermion superconductor¥.~° Here we shall restrict ourselves to the
superconductors. The history of this subject was described ilow-temperature limifT<%eH<A(0) and the superclean
Ref. 1. TheT linear dependence of the low-temperature ther{imit (I'A) 2<% \JeH, where? = (vv.) Y2 T is the scatter-
mal conductivity both parallel to the axis and thea axis  ing rate in the unitarity limit, and, . are the anisotropic
was in favor of theE,,- rather thanE;-type sc order Fermi velocities. The conditiofi JeH<A(0) can be satis-
parametef;*a discussion of the latter is therefore no longerfieq in theB phase whil& JeH<A(0) in theC phase, since
necessary in the present work. Further Pt NMR experimentgye |atter appears only fd#=0.6 T andH=1.2 T for field
confirmed the triplet nature of the superconductivity and theyjonga andc, respectively. Our results in th@ phase may
details of the triplet gap functiod(k) in A, B, andC phases  therefore only have qualitative significance. Restriction to
were determined? This assignment of the spin configura- the superclean limit does not influence the main conclusions
tion is consistent with the weak spin-orbit coupling Iiffft o the connection between node topology and magnetother-
also assumed herél., along the c axis requires a strong ma| conductivity. We first examine the quasiparticle density
Pauli limiting effect? This favors strong spin-orbit coupling of states(DOS) and the thermodynamic properties of tBe
but thenH , results areAinconsistent with the NMR data. We andC phase of URtin the presence of a magnetic field with
assume thad(k) = A(k)Zz to be weakly pinned along Then  arpitrary orientation at low temperatures. Then we study the
the E,, gap functions of for the low-temperatuBandC  thermal conductivity in theB and C phase in the low-

phases of URtare given by temperature regime, which provides clear evidence for the
. ) ) nodal positions inA(k). In this regime the influence of the
A(,9)=2/3A cosd sitd exp(=2ip), B phase antiferromagnetic order in UPmay be neglected contrary to
(1) theA-phase regime.
A(,¢)=3V3A cosd sirdcog2¢), C phase. The quasiparticle DOS in the vortex state of LRtgiven

Here and¢ are the polar and azimuthal angleskofThe

angular dependence af(,¢) is shown in Fig. 1. In theB Coei
phase the poles are second-order node points and the equator g(0)=R _~omX , 2
is a node line. In theC phase two additional vertical nodal V(Co—ix)%+f?

lines appear at 45° away from the vertical plane containing

H. The thermal conductivity dependence on field strength fowhere the angular brackets denote both Fermi surface and
field along the symmetry axis also decided in favor of thevortex lattice averages. With the form factofg(2)

E,, state and against tHe, state® this is reviewed in Ref. =(3V312)(1-2)z and fo(z,2)=(22%1)fg(z) (z

11. A much more pOWErfUl method for Studing the nOdaI:COSfﬂ, Z’:COSQD) for B and C phaseS, respective|y, the

structure of the gap is the inveStigation of the flahgle average may be Computed, and one obtains
dependence of thermal conductivity in the vortex phase, be-

cause the location and type of extrema allow a direct deter-

mination of the node type and positions with respect to crys- gs(0)= L Tt Co< In(&) - 1} >]

tal axes. This method is the main topic of the present work J3l2 X ’

and we make detailed predictions for YPEXxisting experi-

mental results on angular dependent thermal conductivity 1 5 5 5

have been analyzed in Ref. 13. Unfortunately the experiment gc(0)= — Z<X Inl = > +—C0< In2<—) H 3
was done fofT>0.3 K, which is not sufficiently low to de- V312 X ™ X
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FIG. 1. Spherical plots of
|A(9,9)| for the B phase(left)
and C phase (right). For the C
phase two additional vertical
nodal planes appear an angté4
away from the vertical plane,
which containsH assumed atp

=7/4.
wherex=|v-q|/A is the normalized Doppler shift of quasi- 1._eH
particle energiesCy=Ilim,_Im(@/A) and® is the renor- gg=—7=vV 15(0),
malized quasiparticle energy in the presence of impurity NE
scattering*?° Furthermore,v is the quasiparticle velocity
and 2] is the pair momentum around the vortex. The second 2 _\eH
terms in Eq(3) are neglected due to the superclean condition gc:—\/gle c(0)In =Jen) (6)
x>C,, thenI does not appear in the field dependence. Fol- m vve
lowing Volovik** we obtain In addition, we have Cy=(I'/A)[g(0)]"*. The low-
temperature specific heat, the spin susceptibility, etc., are
2_+\eH given by
<X>B=—UT|B(9),
a
Cs _Xs ps(H) _
AN () R “
2 2. \JeH
<X '“(;) > C:;UT%( 6)In ~hen) (4 wherepy is the superfluid density. Thédependence aj(0)

for B and C phases is shown in Figs. 2 and 3, respectively.

The thermal conductivity tensor in the vortex phase de-

. 2 . . pends on the anglg®,¢) of H due to the angle dependence
lg(6)=asing+ ;E(sma), lc(6)=1g(0) +1(6). of the Doppler shift energ\Ax. Here ¢ is the azimuthal

Here E(sin6) is the complete elliptic integral of the sec- 2ngle betweer and the direction of the heat currggg in

ond kind. Furthermore, we used the definition the ab plane. Following Ref. 19 we obtain for tH&phase
K 200
1 f(o fzz_ Z 7abc z
=l "0 s sing "3 a2 (CHIe(OFET0),
2| J|1-aZsirfe)
T g KXX_ 1 vg XX
+cos6| 7 —tan Y(atand) |, K_n_§P(EH)IB(0)FB(0)’
cos Yasing) for JVa sin(6)<1 Fg16)=sin,
= . 5
( cosh }(asing) for \Ja sin(6)>1, ® 9 1
FE(6,¢)= —| sirf¢ E(sin§) + cog 2¢p) —
wherea=uv/v, is the anisotropy of Fermi velocities ard ° ™ 3 sirfg

is the polar angle dfl with respect ta axis. The averages in

Eq. (4) are evaluated by replacing thespace integration by

a summation over nodal positions and then integrating out

the superfluid velocity field>* We assume a square vortex

lattice for simplicity; a hexagonal lattice would lead to an For fields along symmetry directions the linear field depen-

additional numerical factor 0.93. dence ofk,, has also been obtained in Ref. 22.
Substituting Eq(4) into Eq. (3), we obtain The thermal Hall coefficient in thB phase is obtained as

X[cog 0K (sind)—cog20)E(sind)]|. (8)
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FIG. 2. Polar field-angle dependence ofy(6) and FIG. 4. Azimuthal field-angle dependencel gf 8) F5( 0, ¢) for

|B(0)Fg(01450) (ij =xx,zzxy) that determines the dependence various 6. For GHO‘T the ¢ dependence is suppressed completely.

of DOS g(0), thermal conductivities #,,,«,,) and thermal Hall ~T1h€Zzcomponent is alwayg independent.

coefficient («y,). ) ) ) ) .
given @ aroundc (i.e., changingg) will lead to a corotation

« v2(eH) of these node lines such that the vertical plane contaikling
Hig=-2 Is(O)FX(6, ), always stays at a half angle between the two perpendicular
Kn 3A2 planes of the node lines parallel¢dRef. 9; see inset of Fig.
(9 5). Consequentlyx,,(6) will again be independent of
2 sin(2¢) ) . while «,,(6,®) depends on both field angles. We find for
Fe'(0,4)=— 350 [(2—sir’6)E(sin6) heat current along:
—2co2 0K (sing)]. Ko 1 v—g(eH)l P
The 6 and ¢ angle dependences gf; (ij =xx,zzXy) in the Kk, 6 A2 ¢ ¢ oJeH/’
B phase are shown in Fig. 2 and Fig. 4. For heat current (11)
alongc (k,,) no ¢ dependence appears. In the lirdit 7/2, 5 1 1
lg(7/2)=a+2/m and then FE(0)=asing+ ;f dz|z|| 5(1+cos6)(1-27)
-1
1 1 2
Ko —| 1= 3C042) [ Ky~ 5 —siN24). (10) +(a?sir? 02+ 2 sind cosoz(1—2%)1/2] Y2,

The maximum ink,,(90°,¢) at ¢==90° occurs for heat On the other hand, we obtain for the heat current alang
currentl H when the Doppler shift gives rise to the largest

guasiparticle DOS parallel to the heat current and we have 9
Kxx(¢:900)/’(xx(_¢:0°):2- ) o C- phase (xx)
Now we consider th€ phase. Agau.rkZZ does not exhibit — I
a ¢ dependence. Th€ phase according to Eql) has two Te—
", . . . . 45
additional perpendicular node lines. Rotating the field at a 81—
= \\
)
12 N 0
zz L \\
C- phase P % =
=15 T 7 8=10
G 8 e XX
": T
s
w 6
) -90 -45 0 45 90
> | ¢ [deg)
z 4 e -
= . FIG. 5. Azimuthal field-angle dependencel gf ) FE( 6, ¢) for
various 6. The zz component is agairp independent. The inset
I shows the field and node geometry in Bghase. The node lines
o e —fgof”'*/‘;'/’éo — % alongc are lying in the planes perpendicularab (dashed lines
6 [deg.] which are mutually orthogonal. The field lies at the half angle

(m4) between forming an angké with the heat currerj, along the
FIG. 3. Polar field-angle dependence ofc(¢) and a axis. This geometry is preserved for agybecause the nodal
Ic(0)FL(6,45°) (ij =xx,zZXYy). planes corotate with the field.
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Kxx

12
F(6,6)=F5(0,¢)+2(1+cos) 2 (12

As is readily seern,, depends only o, while «,, depends
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=v./v,=1.643. It can be directly obtained from experimen-
tal anisotropies of thermal and electrical conductivities
o loa=0.l0,=2.7, which are equal te.

We have found that in URtat low temperature§.e., T
<v+/eH) and in the superclean limi{I'A) %<y \JeH], the
thermal conductivity exhibits a clear angular dependence that

both on # and ¢. Both angular dependences are shown inwill help to identify the nodal directions ia(k) and to verify

Fig. 3 and Fig. 5, respectively.

the predictions of the commonly discusgeg, model for the

In both B andC phasesg;; (ij =xx,z2) and also the spe- gap function inB and C phases. Most significantly we pre-
cific heat, which is determined by, ¢, exhibit clear cusps at dict that (i) cusps appear in the thermal conductivity and
the polesf#=0 (and 6=m) caused by the contributions from specific heat for¢=0° (and =) due to the polar point
the respective second-order node points that are present jibdes of UPfin both B andC phasesii) in the C phase for
both B and C phases. This is very similar to what has beenheat current along the nodal directiq=m/4) a finite

recently observed and analyzed in ¥RjC.? There the

Kk, 0,m/4) occurs even ford9—0, which is caused by the

second-order node points lie along the equator and hence tl@ntribution from the additional perpendicular node regions

cusps appear as function gf The most significant differ-

(for the B phase this contribution vanishediii) the kyy

ence in theB- andC-phase results can be seen in the behav-— «_, anistropy forH in the ab plane (6=/2) is consider-

ior of k,, for small polar angled. While in the B phase it
approaches zero, it remains finite in t@ephase. Further-
more the «,,— «,, anisotropy for #==/2 is considerably
smaller in theC phase as compared to tBephase. In botiB

ably larger in theB phase as compared to tRephase. This
is again caused by the perpendicular node lines that contrib-
ute and enhance,, only for the C phase.

We hope that these different features in the field-angle-

and C phases thexx component exhibts nonmonotonic be- dependent thermal conductivity tensor above and below the

havior as function of.
The thermal Hall coefficient in th€ phase reads

2
Kyy vs
)= -
Kn 3A2

A
Xy 2
(eH)Ic(O)F(0,¢)In (5—@),

13

whereF(6,¢)=Fg'(6,¢) holds because the contributions

from perpendicular node lines witd lying at the half angle

between cancel and so as in B@hase one is left with polar

critical field of theB-C transition will resolve a part of the
remaining controversy surroundiniyk) in UPt;. We recall
that thermal conductivity experiments have been very useful
to identify A(k) in unconventional superconductors. For ex-
ample Izawaet al. have succeded to identifiA(k) in
SKLRuUO,,?* CeColn,?® organic salt$® and more recently
YNi ,B,C.2% Indeed the thermal conductivity appears to pro-
vide a unique window to access the nodal structure in uncon-
ventional superconductors.

and equatorial contributions to the thermal Hall constant. For We would like to thank Koichi Izawa and Yuji Matsuda

numerical calculations we used the anisotropy ratio

for useful discussions.
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