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The superconducting gap structure of heavy fermion JARg in which unconventional superconductivity
coexists with antiferromagneti@F) order with atomic size local moments, was investigated by the thermal
conductivity measurements in a magnetic figldotating in various directions relative to the crystal axes. The
thermal conductivity displays distinct twofold oscillation whidris rotated in the plane orthogonal to the basal
ab plane, while no oscillation was observed whenis rotated within the basal plane. These results provide
strong evidence that the gap functidrk) has a single line node orthogonal to thexis located at the AF
Brillouin zone boundary, whilé\ (k) is isotropic within the basal plane. This gap structure indicates that the
pairing interaction in neighboring planes strongly dominates over the interaction in the same plane. The
determined nodal structure is compatible with the resonance peak in the dynamical susceptibility observed in
neutron inelastic scattering experiments. Based on these results, we conclude that the superconducting pairing
function of UPgAI; is most likely to bed-wave with a formA(k)=A, cogk,c).
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[. INTRODUCTION superconductors is important in understanding the physics of
unconventional superconductivity in strongly correlated sys-
The relationship between superconductivity and magnetem.

tism is a fundamental problem in the physics of strongly Among HF superconductors, Up%l; has aroused great
correlated electron systems. Over the past two decades, uimterest because it displays quite unique properties. In
conventional superconductivity with symmetries other thanUPd,Al3, superconductivity with heavy magSommerfelt
s-wave symmetry has been found in several classes of matepecific coefficienty=140 mJ/¥mol) occurs atT,=2.0 K
rials, including heavy fermiogHF), high-T,, ruthenate, and after antiferromagneti¢AF) ordering with atomic size local
organic superconductors. Unconventional superconductivitynoments(x=0.85u5) occurs afTy=14.3 K# Below T, su-
is characterized by anisotropic superconducting gap funcperconductivity coexists with magnetic ordering. The or-
tions belonging to a nontrivial representation of the crystaldered moments are coupled ferromagnetically and lie in the
symmetry group, which may have zergsdes$ along cer- basal hexagonalb plane along tha axis. The ferromagnetic
tain directions in the Brillouin zon&2 The nodal structure is sheets are stacked antiferromagnetically along:theis with
closely related to the pairing interaction of the electrons andvave vectorQ,=(0,0,7/c), wherec is the c-axis lattice
it is widely believed that the presence of nodes in almost altonstarit (for the structure of the hexagonal basal plane, see
unconventional superconductors discovered up till now is dhe inset of Fig. 1 Due to a pronounced magnetic aniso-
signature of a magnetically mediated interaction, instead ofropy, the aligned spins tend to fluctuate in the basal plane.
the conventional electron-phonon mediated interaction. HR he presence of large local moments is in contrast to other
compounds containing Ce and U atoms are known to exhibiHF superconductors, in which static magnetic moments are
a rich variety of unconventional superconductivity associatedibsent or very small if preseff. In UPd,Al;, both the su-
with their peculiar magnetic propertiédn these materials, perconductivity and AF ordering are associated with the 5
as the temperature is loweretlelectrons, which are well electrons in the U atoms. The presence of the two sub-
localized with well-defined magnetic moments at high tem-systems, partly localized and partly itinerant, has been exten-
peratures, begin to become delocalized due to the hybridizasively studied in the context of the dual nature of strongly
tion of atomic and conduction electron wave functions.correlated electrons’—°
Eventually, at very low temperatures, thelectrons appear In the superconducting state of UjAd;, two noticeable
to become itinerant with heavy effective electron mass aboueatures have been reported. The first is the modulation of
one hundred times the free electron mass. In HF supercoithe tunneling conductivity above the superconducting gap at
ductors, the strong Coulomb repulsion within the atomican energy of about 1.2 meV in cross-type tunnel junctions
f-shells leads to a notable many-body effect and often give§lPd,Al;-AlO,-Pb, on a UPgAl; thin film.° Furthermore,
rise to Cooper pairing states with angular momentum greatareutron inelastic scattering experiments have revealed a
than zero. Therefore understanding the nodal structure of HEtrongly damped AF spin-wave excitatiomagnetic exciton
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Qo on the Fermi surface, due to the coherence factor
in the dynamical susceptibility of the conduction electrons.
In the simplest scenarioA(k)=-A(k+Qp) is inferred,
which suggests the existence of nodes orthogonal to the
c-axis (horizontal nodg!?'320Here A(k) is the supercon-
ducting order parameter. Although the coherence factor argu-
ment may place a constraint on the sign of the order
parameter, the neutron scattering intensity mainly arises from
a small minor band, which seems to be irrelevant in the
] . . ! ! ! occurrence of superconductivity, as suggested in Ref. 13.
00 05 10 15 20 25 30 Moreover, the neutron scattering results do not provide in-
T[K] formation on the position and number of the horizontal nodes
and of the gap structure within the basal plafvertical
FIG. 1. Temperature dependence of the thermal conductivitthode. The existence of horizontal nodes was also suggested
in zero field in theb axis «yy (qllb) and ¢ axis x,4q/c). Inset by the tunneling conductance along thaxis° However the
shows the structure of the hexagonal basal plane of ,8Rd tunnelling conductance in anisotropic superconductors
with the alignment of the axis (100) andb axis(—1,2,0, as used  strongly depends on the tunneling process of the junction,
in the text. whether the process is coherent or incoherent, and on the

with an excitation energy of about 1.5 meV at and in the‘Eransfer matrix erg]llnatlnc? f;lorn Lhe atomic 0;?1'33' lat ]Ehe sur-
vicinity of Qu well below Ty. Such an anomaly in the tun- [ac€, as extensively studied in highcuprates=—*In fact,
neling spectrum is well known from ordinary strong cou- the typicald-wave gap structure has never been observed in
pling electron-phonon superconductors like Pb. In analogyc-axis tunneling experiments of high: cuprates. On the
the “strong coupling anomalies” observed in YRK, ~ other hand, the presence of line nodes perpendicular to the
were attributed to the strong interaction between the HFasal plane is suggested by the anisotropy of the thermal
quasiparticles and AF spin-wave excitations. The secon@onductivity?* Thus, despite great experimental effort, the
feature is the appearance of a “resonance peak” in the negetailed structure of the superconducting order parameter is
tron inelastic scattering in the vicinity df, at about 0.3 still an unresolved issue. Therefore, there is a need for a
meV well belowT,.2112This peak has been interpreted as Probe of the quasiparticle excitation with spatial resolution in
the creation of quasielectron/quasihole pairs from supercork-space.
ducting condensed pairs by magnetic neutron scattering, The purpose of this work is to determine the supercon-
which in turn appears to be closely related to the sign of thélucting order parameteX(k) of UPG,Al; by measuring the
superconducting order parameter under the transkierk  angle resolved magnetothermal transport, which has proven
+Q,.22 It should be noted that a resonance peak in the supeto be a powerful probe for determining low energy quasipar-
conducting state has also been reportediwave highT, ticle excitations, including directiof?—3° The thermal con-
cuprate¥* and borocarbide superconductSrisut its origin is  ductivity is a unique transport quantity that does not vanish
controversial. in the superconducting state, responding to unpaired quasi-

A major outstanding question about UfdL is the nature  particles that carry the heat. We provide direct evidence that
of the microscopic pairing interaction responsible for the suthe gap function has a horizontal node located at the AF zone
perconductivity. To elucidate the pairing mechanism, identi-boundaryk,=+/2c, and is isotropic within the basal plane.
fication of the symmetry of the superconducting order pa-These results place strong constraints on models that attempt
rameter is of primary importance. In particular, the gapto explain the mechanism of the unconventional supercon-
structure of UPgAl; is expected to provide most valuable ductivity of UPdAI;. We discuss the pairing mechanism in-
information on the relationship between the superconductivfered by the gap structure.
ity and magnetism. The gap function of UfAdl; has been
the subject of extensive studies. Thermodynamic and nuclear Il. EXPERIMENT
magnetic resonand®MR) measurements have revealed that
the gap function is anisotropt€:” In particular, the NMR High quality single crystals of URAIl; with T,=2.0 K
relaxation rateT;*, which exhibits aT® behavior in the su- Were grown by the Czochralski pulling method in a tetra-arc
perconducting state over four orders of magnitude down tdurnace. The residual resistivity ratio was 55 alonghreexis
0.1T,, along with the absence of the Hebel-Slichter coherand 40 along the axis, indicating the crystals were of the
ence peak, indicate the existence of line nodes in the gapighest crystal quality currently achievable. The upper criti-
functionl” Pauli limiting H,'® NMR Knight shift  cal fields inH parallel to thea, b, andc axes at 0.4 K,
reductiont” and «SR reduction in spin susceptibil#§below  determined by the resistive transitions, wefd,=3.2 T,
T, favors a spin singlet state. Thus spin-singlet superconductH,=3.1 T, andH%,=3.8 T, respectively. We measured ther-
ing symmetry with line nodes in URAI; seems to be con- mal conductivity along the axis of the hexagonal crystal
firmed. structure, «,, (heat currentgfc) and along theb axis

It has been pointed out that the resonance peak aroun,y (q|/b) by the steady-state method. The sample dimen-
Qo in the neutron inelastic scattering spectrum implies arsions for thex,, and «,, measurements were 0.32.34
order parameter displaying sign inversion on translation byx 2.50 mn? and 0.22<0.50x 1.80 mn¥, respectively. To
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L PLA—— H after an initial decrease at low fields. Féf||c, «,
} o te . increases almost linearly withl, «,,>H, at 0.36 K. The
08k c o consequent minimum is much less pronounced at lower
=2 %% o s a c
< o o N ¥ temperatures. Add approachedHg, or HS,, «,, shows a
= S *Hlla . e €2 Yy
< ot At ka3 steep increase and attains its normal state value. In the
= oo aaesssse® et S L6TK normal state above,, ,, shows a slight decrease, which is
g 0 4 Po00000005°° '}-?gg scaled by the positive magnetoresisitance, supporting the
e o ol. N . . . .
Hllc 072K conclusion that the electron contribution dominates the
02 : . 2036K 044K thermal conductivity.
0.0 1.0 2.0 3.0 4.0 The H dependence of the thermal conductivity in the su-
HoH [T] perconducting state is markedly different from that observed

in ordinary sswave superconductors, in which the thermal
conductivity shows an exponential behavior with much
slower growth withH at H <H,.** The understanding of the
heat transport for superconductors with nodes has progressed
considerably during past few yedfs?*In contrast to clas-

jcal superconductors, the heat transport in nodal supercon-

magnetic fields in two mutually orthogonal directions and™. ctors is dominated by contributions from delocallged qua-
a °He cryostat set on a mechanical rotating stage at thalparticle states rather than bound states associated with
top of a Dewar. By computer-controlling the two supercon-Vortex cores. The most remarkable effect on the thermal
ducting magnets and rotating stage, we were able to rotafé&nNsport is the Doppler shift of the energy of quasiparticles
H with a misalignment of less than 0.5° from each axis,With momentump in the circulating supercurrent flow
which we confirmed by the simultaneous measurements dtd E(P) — E(p) —vs-p].?**>4°This effect(Volovik effect) be-
the resistivity. comes important at positions where the local energy gap be-
In the present experiments,, and «,, were measured comes smaller than the Doppler shift te(t<vs-p), which
keepingH always perpendicular tq, i.e., the heat current can be realized in the case of superconductors with nodes. In
perpendicular to the vortices dominates. This configuratiorthe presence of line nodes where the density of St&Iexs)
(H 1 g) is important because when the angle betwg@md  of electronsN(E) has a linear energy dependenide(E)
H is changed by rotatingl, an additional angular variation =E], N(H) increases in proportion teH. At high tempera-
of the thermal conductivity appears as a function of the angléures and low fields, where the conditiqil/H,<T/T. is
betweenH andq due to the difference in the effective den- satisfied, the thermally excited quasiparticles dominate over
sity of states(DOS) for quasiparticles traveling parallel to the Doppler shifted quasiparticles. It has been shown that in
the vortices and for those moving in the perpendicular directhis regime, while the Doppler shift enhances the DOS, it
tion. In the field rotation experiments, the thermal conductiv-also leads to a suppression of both the impurity scattering
ity was measured after field cooling aboVg Consecutive time and Andreev scattering time off the vorticés343:44.47
measurements with an inverted direction produced little hysThis suppression can exceed the parallel risM(ig) at high
teresis in the angular dependence of the thermal conductivityemperatures and low fields, which results in nonmonotonic
which indicates that field trapping related to vortex pinningfield dependence of the thermal conductivity. As seen in
was negligible. other superconductors with nodes, the initial decrease of the
Figure 1 depicts the temperature dependence,pfand  thermal conductivity disappears at low temperatures.
K,in zero field. The magnitude ariddependence ot,, and  The steep increase af,, nearHg,, which is also observed
K,, are similar to those reported in Refs. 24 and 40. Inin pure Nb, UP§, and SsRuQ,, may be due to the enhance-
UPd,AIl; there are three contributions that carry the heatment of the quasiparticle mean free path caused by tunneling
electrons, phonons, and spin-waves. The spin-wave contribletween vortex cores, which is possible neédy. Thus
tion appears to be negligible beloly, because a spin-wave the H-dependence ofky, in UPdAIl3 initial decrease
has a finite gap of-1.5 meV at the zone center and cannotat low field at high temperatures and linear behavior
contribute to the heat conduction at low temperatures. Tha,,>H at low temperatures, are in agreement with the exis-
Wiedemann-Franz ratib=(«/T)p atT. is 0.99. for x,,and  tence of line nodes iM\(H). We note that quite similar
is 1.16.q for «,, whereL is the Lorentz number anglis the ~ H-dependence has been reported isRBIO, with an aniso-
resistivity. These results indicate that the electron contributropic gap functior??
tion strongly dominates over the phonon contribution, at We here briefly discuss the band structure of LRl
least belowT.. Unfortunately the present temperature rangeAccording to band calculations and de Haas—van Alphen
(the lowest temperature was 0.28 I§ not low enough to measurements in the AF phase, the Fermi surface has four
determine the detailed dependence and residual values ofprinciple sheets of predominantly f&lectron character,
kyy and k,, which would provide important information which are labeled “cigar,” “eggs,” “cylinder,” and “party
about the gap structure. We therefore do not discuss thesmmt. 84849 The largest Fermi sheet with large electron mass
subjects in this paper. and the strongestf5admixture is the “cylinder,” which has
Figure 2 shows thed dependence ok, for Hlla and the shape of a corrugated cylinder with hexagonal in-plane
Hllc below T.. In both field directionsk,, increases with anisotropy. Therefore it is natural to consider that the thermal

FIG. 2. Magnetic field dependence of theaxis thermal con-
ductivity «yy for Hl|a and H||c. «,, is normalized by the normal
state value just above the upper critical figdfj.

apply H with high accuracy relative to the crystal axes, we
used a system with two superconducting magnets generati

184502-3



WATANABE et al. PHYSICAL REVIEW B 70, 184502(2004)

@ (@) ICG :H ()
L
) u type-1,-11, -1l
L () e T —— '
T %)
b) . E = ->»r 8 /\
H| ] /\/\ &> .
V type-I type-II . 3 %
TV j E & 6 [deg.
= Q} J -90 0 90 Lz
¢ ldeg] e >p s type-IV
., ,
5 = -
FIG. 3. (@) Schematic figure of the gap structure with four line — S \/\/
nodes perpendicular to the basal plawertical nodg. (b) Sche- |_— _
matic diagram showing the regions on the Fermi surface that expe- type-III type-IV Py 5 %
rience the Doppler-shift itH within the basal plane. We have as- 2L 6 [deg.]
sumedd,, symmetry.$=(H,a) is the azimuthal angle measured
from thea axis. WithH applied along the antinodal directions, all £, 4. () Schematic figure of the gap structure with line nodes

four nodes contribute to the DOS, while féF applied parallel to  parallel to the basal plar@orizontal nodg Line nodes are located
the node directions, the Doppler shift vanishes at two of the nodesyt the bottlenecktype 1) and at the AF zone boundariype II).

(c) Fourfold oscillation of the DOS foH rotating in the basal Ty line nodes are located at the bottleneck and the AF zone
plane. The DOS shows a maximuiminimum) whenH is applied  poundary(type I11) and at positions shifted off the bottlenegtipe

in the anitinodalnoda) direction. IV). (b) Oscillations of the DOS foH rotating in theac plane for
various gap functions. Twofold oscillation with the same sign are
conductivity is mainly determined by this Fermi sheet. Inexpected for type I, I, and Ill. On the other hand, for type IV, an

what follows, we assume that the cylindrical Fermi sheetscillation with a double minimum is expected.

with hgavy mass is responsible for the superconductlwtytropy between the field induced DOS for parallel to the
neglecting all other sheets.

nodal directions andd parallel to the antinodal direction.
The Doppler effect should also lead to angular dependence
of the DOS forH rotated within the basal plane. A minimum
lll. ANGULAR-DEPENDENT MAGNETOTHERMAL in the DOS occurs whei is along the nodal directions.
CONDUCTIVITY Since, in that case, at two of the four nodes, the circulating
Having established the predominant contribution of thecurrents are in the plane orthogonal to the momentum vector
delocalized quasiparticles in the thermal transport, the nexdt the nodes, the Doppler shift vanishes; only two nodes
issue is the nodal structure of UpAd;. An important advan- contribute to the DOS, as illustrated in Fig. 3. In contrast,

tage of measuring the thermal conductivity is that it is awhenH is directed along the antinodal directions, the Dop-

directional probe of the nodal structure. Recently measurepler shift is nonzero at some points in space for each node

ment of the thermal conductivity or heat capacity with and all four nodes contribute to the DOS. As a result, the
: . o Y pacity DOS oscillates with fourfold symmetry, as shown in Fig.
applied various directions relative to the crystal axes ha

%(c). The amplitude of the DOS oscillatioBN(E)/N(E) ap-

been EStab.“ShEd as a powerfgl method to determine th_e sB'ears to be model dependent, but all calculations predict an
perconducting gap structures knspace. At the heart of this 5 yjirde ranging from 3% to 10% at zero temperature. In

method is the Volovik effect discussed previously. Since quagact 5 clear fourfold modulation of the thermal conductivity,

siparticles contribute to the DOS when the Doppler-shiftedynich reflects the angular position of the nodes, has been

energy exceeds the local energy §agk) <vs-p], animme-  opserved in the high cuprate YBaCus0,_52%-3! heavy

diate conclusion is that the DOS depends sensitively on thermion CeColg 333 and organic  x-(BEDT

angle betweeiid and the direction of the nodes. The period- -TTF),CUu(NCS),,3 with d-wave symmetries and in borocar-

icity, phase, and shape of typical oscillations in the angulabide YNi,B,C with s+g-wave symmety®>° while such an

variation of the thermal conductivity give direct information oscillation is absent in the fully gapped(Nig ¢sPt 5),B,C

of the gap structure, including the type of nodesint or  with s-wave symmetry! demonstrating that thermal conduc-

line) and their direction. Therefore, possible allowed gaptivity can be a relevant probe of the superconducting gap

functions can be much more restrictedkirspace. It should structure. In generak,, oscillates withn-fold symmetry cor-

be noted that this method does not rely on any specificesponding to the number of vertical nodes

mechanism of the superconductivity. We next discuss the situation wheiis rotated within the
We first discuss the case whéh is rotated within the ac plane perpendicular to the basdd plane. The Fermi sur-

basalab plane. Here, for simplicity, we assurdg, symmetry  face has open orbits along tkeaxis. We here consider four

with four line nodes located perpendicular to the basal planegap functions in the AF Brillouin zone shown in Figa#

and assume a circular cross section of the Fermi sheet, ne- (1) Type-I: A horizontal node located at the bottleneck;

glecting the hexagonal in-plane anisotropy, as illustrated im\(k) « sink,c.

Figs. 3a and 3b). Here ¢=(H,a) is the azimuthal angle (2) Type-Il: A horizontal node located at the AF zone

measured from tha axis. One expects a significant aniso- boundary;A (k) « cosk,c.
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(3) Type-lll: A hybrid of type | and Il. Two horizontal ' ' c'q
nodes located at the bottleneck and the AF zone boundary; HoH
A(k) e sin 2.C. =35T b
(4) Type-IV: Two horizontal nodes located at positions 1‘015'&%0 oooa 1
shifted off the bottleneck in the Brillouin zoneA(k) ® °°“9°°¢§"“’ e 069"5;6’;@
o sin ,C. 0995p  ®°  ®® "
The expected angular variations corresponding to these gap 0900k 30T
functions are shown schematically in Figb# Here 6 is the
polar angle betweeH and thec axis. The angular variation 0750‘&(;‘? . q*bo . >
of the Doppler shifted DOS is a function of the relative angle
betweerH andp. Therefore the twofold oscillations with the 0465 20T o o |
same phase are expected for type-l, -1l , and -1l gap func- Uf %qg%dé’ q}% & Q’Q:%
tions, in which the horizontal nodes are located at the posi- 0.445F . L W
tion wherep| ab plane; one cannot distinguish these three 0445r10T 7
gap functions when the Fermi surface has an open orbit M&W"W
along thec axis. For type 1V, one expects an oscillation with N 0.425F . . . .
a double maximum structure as a functionéof E 046505 T [
We note that the angular variation is dominated by the S ' o o ot
Doppler shifted DOS at low fields. On the other hand, at high T T ONCCRSE
- o oo . w 0.445F b
fields neaH.,, there are additional contributions which also & ' ' '
cause the oscillation of the DOS, i.e., the anisotropy of the 0.445
Fermi velocity andH,.%252 Generally, the oscillation due to 5 :
the Fermi velocity and due td, have the same sign. There- 04251 , , , ]
fore, it is desirable to determine the nodal structure at low 0 45 90 135 180
fields where the oscillation arising frof,, and the Fermi P [deg.]

velocity is negligible. o ] o
FIG. 5. Angular variation of thec-axis thermal conductivity
k,4{H , ¢) normalized by the normal state valug,, at several fields

IV. RESULTS AND DISCUSSION at 0.4 K.H was rotated within the basal plafeee inset A distinct
sixfold oscillation is observed above 0.5 T, while oscillation is ab-
A. Vertical nodes sent at 0.5 and 0.3 T. AH=3.5 T(>H,), the system is in the

We examine here the possibility of vertical line nodes"°'™Mal state.

perpendicular to the basal plane. Figure 5 shawdd,¢) as 4.2 T, respectively, well belowy. The fact that the sixfold

a function of¢ at 0.4 K, measured by rotatirtg within the  oscillation disappears in the vicinity th@)—ii) boundary
basal plane. Above 0.5 T, a distinct sixfold oscillation is ob-strongly indicates that the sixfold oscillation is closely re-
served ink,{H , ¢), reflecting the hexagonal symmetry of the lated to the AF magnetic structure. This idea is reinforced by
crystal. However, no discernible sixfold oscillation was ob-the fact that sixfold oscillation is observable even abbiye
served below 0.5 T within our experimental resolutiay,  In the (i) phase, the ordered moments point to thexis,

can be decomposed ag,,= K0z+ Kgf where ng is a forming domain structures with sixfold degleneracy inhgrent
¢-independent term and®?=C% cos 6 has sixfold sym- to the hexagonal crystal structure. The spin structure is not
metry with respect ta rotation. The sign o£%¢ is negative ~ &ffected byH rotation in the basal plane. On the other hand,
in the wholeH range. The sixfold oscillation is clearly ob- for the (i) phase,H rotation causes domain reorientation,
served even in the normal state abdyg. In contrast, the 91Ving rise to rotation of the ordered magnetic moments
amplitude of the sixfold oscillationC8¢[/«", is less than ~292INsta small anisotropy in the basal plane. As a result, the
0.2% below 0.5 T, where), is thec-axis thermal conductiv- magnetic domain structure changes with sixfold symmetry
ity in the normal State just aboud,,. In Fig. 6, theH de- with H rotation in the basal plane. Since the quasiparticles

6l N ) are scattered at the domain boundaries, oscillates with
pendence ofC;7 |/ 3, is plotted as a function ofi. In the g ¢01d symmetry in theii) phase. Thus the sixfold symme-

region H, <H<Hg, [C37]/ k3, is largest. This is because try observed irk,, above 0.5 T is most likely to be due to the

the sample is either in the normal or superconducting statgagnetic domain structure. In addition, the in-plane aniso-

with rotatingH. With decreasing, |C3¢|/«}, decreases and  tropy of H, and the Fermi velocity is also important near

vanishes below 0.5 T. H¢,. The most important finding is the absence of the oscil-
We point out here that the AF magnetic domain structurgation in the(i) phase where the spin structure is independent

is responsible for the sixfold symmetry and the nodal strucof H rotation. This definitely indicates thahere are no

ture is not related to the oscillation. For UfAdi;, there are  nodes located perpendicular to the basal plane, i.e., gap

several AF ordered phases; three with the applied field in théunction in the basal plane is isotropic.

easy(basa) plane, thegi), (ii), and(iii ) phases, and one along

the magnetically hard axis® The magnetic structures in the B. Horizontal nodes

(i) and (i) phases are shown schematically in the inset of We next examine the horizontal line nodes parallel to the

Fig. 6. The transitiongi)—(ii) and (ii)—(iii) occur at 0.6 and basal plane. Figure 7 displays the angular variation of
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FIG. 6. Field dependence of the amplitude of the sixfold oscil- é 0.6 | . ..°
lation C& normalized by the normal state value), H%,=3.2 T = T s 1
and H22:3.12 T are the upper critical fields i parallel to thea fi i .,'.0' ¢
and b axis, respectively. The inset shows the magnetic domain 0.4 | " o0** He Hep
structures in parallel fields. The hexagon shows the basal plane. enet®®®*” * l
Populated magnetic domains with nonparallel spins are indicated by 0.0 1'0 2'0 3'0 2.0

filled arrows. The open arrows indicate the antiparallel spins in the
neighboring plane. The transitiqin—(ii) occurs at about 0.6 T. In
the (i) phase, the ordered moments point to thexis, forming
domain structures with sixfold degeneracy. In tfig phase, the
domain structure changes to sixfold symmetry with respect tdithe
rotation in the basal plane.

UpH [T]

FIG. 8. (a) H dependence of the amplitude of the twofold sym-
metry C§3 normalized by the normal state thermal conductiw
at 0.4 K. The sign o7 is negative in thel) and(lll) regions, and

is positive in the(ll) region. (b) Field dependence of the-axis

xy(H, 6) for rotating H as a function of# within the ac

thermal conductivityx,, for H||c at 0.36 K.

plane at 0.4 K. A distinct oscillation with twofold symmetry respect tod rotation. Figure 8a) depicts theH dependence of

is observed in the superconducting state. In contrast,jo = C2’
no discernible twofold oscillation was observed in the nor-H

at 0.4 K. For comparison, thid dependence ok, for
at T=0.36 K is plotted in Fig. &). There are three

mal state aboveH. «,(H,d) can be decomposed as regions denoted), (Il) and(lll), belowH,. In the vicinity

0, .20
gy M . |
Ky =Cyycos ¥ is a term with twofold symmetry with

order of 10%. Herex;y i

where «), is a 6-independent term and Of He [(Ill) regior], wherex,, increases steeply witH, the
H 26 ; H H 260 n ;
sign of Cyy is negative and the amplltudléyy| I kyy is of the
s ';YV in the normal state just above
c He,. With decreasingH, §y changes sign at about 2.3 T and

HoH A,
0735 % “ r s

e ° Po. S
0.330 “.. o.v ’:::“:6. o’ 7
90 45 0 45 90
O[deg.]

become positive in the region wherg, for H|c shows a
linear H-dependenceg(ll) regior]. Below about 0.25 T,
where the second sign change takes plaggdecreases with
H [(1) regiori. In this region,Cf,” becomes negative.

We here address the origins of the observed twofold os-
cillation. The disappearance of the oscillation abéig, to-
gether with the fact that there is only one magnetic phase in
this configuratior?, completely rule out the possibility that
the origin is due to the magnetic domain structure. There are
two possible origins for the oscillation; the nodal structure
and the anisotropy of the Fermi velocity aHg,. Obviously,
as discussed previously, a large twofold oscillation with
negative sign observed in thdél) region arises from the
anisotropies of the Fermi velocity att},. This immediately
indicates thathe twofold symmetry with positive sign in the
(I) region originates not from these anisotropies but from
the quasiparticle structure associated with the nodal gap
function In addition, the amplitude ot:§§/;<yy in the (Il)
region is a few percent, which is quantitatively consistent
with the prediction considering the Doppler shifted DOS. We

FIG. 7. Angular variation of théb-axis thermal conductivity ~also note that the second sign change at low fields in(lthe

ryy(H, 6) normalized by the normal state valv,rgy at several fields

region is compatible with the nodal structure. In this region,

at 0.4 K.H was rotated within thexc-plane perpendicular to the as discussed previously, th¢ dependence of the thermal

basal plandgsee inset

conductivity is governed by the suppression of the quasipar-
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0 [deg.] pears due to midgap Andreev states where the injected and
90 45 0 45 90 reflected electrons feel the different signs of the pair

A '(H"ac)' ' potent_ials"?3 In the experiment reported in Ref. 10, in which
X 201 Byt : 1 tunneling conductance is measured alongdleis, a zero-
- PO Fe (H"ab.z bias conductance peak appears for triplet paring while it is
¢ 1or A AN 1 absent for singlet pairing. The absence of the zero-bias con-
&a} i Kl ".. 1 ductance peak supports singlet pairing. Furthermore, the
0.09o_ o oo third gap function is compatible with the constraint implied
=§ - %ﬁwﬁmﬁ@:@ by the neutron resonance peakk) =—A(k+Qg). These con-
> -1.0F &~ 3 lz - siderations lead us to conclude thiée gap function of
W ~ ° UPd,Al; is most likely to beA(k)=Aq cosk,c with dwave
20k 3 4 symmetry shown in the inset of Fig. &

0 4'5 9'0 1'35 180 We here comment on the gap anisotropy _inferred from the
present experiments. In URA 5, the gap obtained from tun-
¢ [deg] neling measurements i4,/T.=2.8, indicating an energy
FIG. 9. Angular variation of theb-axis thermal conductivit scale factoiE/A=0.35/T, 19 Therefore only quasiparticles
K200 with ro?atingH within the ac plane and of the-axis ther-y with E/A¢~0.07 are excited ar=0.4 K. Moreover, the en-

Tal cgnductivityxﬁ‘ﬁ/;c" with rotatingH within the basahb plane ergy scale of Dopplers§h|ft“‘ed_q£15|partlcles In magnetic field
ranltaT:OA K and a?lz-l:(Z)?S T. The amplitude of the sixfold oscilla- 1S est|.m'ated o b(a1/4\s27-r)\fH/H.02. Here the numerlcal fac-
tion in «%¢/ k" is less than 0.2% if it exists. Inset: Schematic figure tor or_lglnates from the averaging of the vc_thex Iat_tlce_ an-d
of the gzZin fuzéction of UPgAI, determined by angle-resolved mag- Fermi momentum. Thgrefore the quasiparticle excitation in
netothermal transport measurements. The thick solid lines indicatrﬁnégnetlc flel_ds_ S estimated to be at m(E{V O'O%.O at
horizontal nodes located at the AF zone boundaries. =0.5T. This indicates that _the gap minimult,, is at

mMost A,in<0.03A,. Therefore it is natural to conclude the

] . i . resence of nodes.
ticle scattering rate. As discussed in Refs. 26, 27, 29—31,.3 » Theoretical models with various nodal structures for
and 47 the oscillation arising from the anisotropic carrierypg,Al, have been proposed. The determined gap structure
scattering time associated with the nodal structure also givegannot be explained in the framework of the electron-phonon
rise to the oscillation of,(H , 6) as a function off. In this  copling mechanism. There are two classes of theories of the
case the sign of the oscillation is opposite to that arising formnechanism of the unconventional superconductivity in
the Doppler shifted DOS in thdl) region. These consider- ypg,Al,. The first is superconductivity mediated by the ex-
ations lead us to conclude that UjAdl; has horizontal nodes. change of AF spin-wave excitatigmagnetic excitons the
In addition, the fact that there is a single maximum structure;oupling between localized and itinerant subsystem is essen-
in the angular Variation Okyy(H y 0) indicates that hOI’iZOﬂta| t|a| for the occurrence of Superconductivﬁy_g The Second
line nodes are located at positions where the condjtipab s a mechanism based on the AF spin fluctuation arising from
in the Brillouin zone is satisfied. Thube allowed positions  the strong electron-electron correlation in the itinerant sub-
of the horizontal nodes are restricted at the bottleneck andystem, ignoring the localized subsyst&hThis model pre-

AF zone boundary dicts vertical nodes, which is inconsistent with the present
results. The existence of horizontal nodes strongly supports
V. CONCLUSION the interpretation inferred from the resonance peak observed
at the AF Bragg point in the neutron inelastic scattering ex-
For comparison, the angular variations &y, and x,,  periments. The horizontal node located at the AF zone
at low fields are shown in Fig. 9. While the amplitude of the poundary indicates that pair partners cannot reside in the
twofold oscillation C7// k,, is 3%, which is quantitatively same basal plane. The interlayer pairing appears to indicate
consistent with the Doppler shifted DOS, the amplitudethat strong dispersion of the magnetic excitation aléng
of the sixfold oscillationC2// «,, is less than 0.2%, which causes the pairing, as suggested in the magnetic exciton me-
is more than 20 times smaller than the oscillation expectediated superconductivity model:® This dispersion is con-
from the Doppler shifted DOS in the presence of nodesnected with the fluctuation of the out-of-plane component of
Combining the results, we arrive at the conclusion thathe ordered moments, because the in-plane moments are
the gap function is isotropic in the basal plane and hassaturated af,<Ty and should not have large fluctuations.
horizontal node The order parameters allowed by thermal The isotropic gap function in the basal plane implies that the
conductivity measurements argl) A(k)=Agsink,c, (2)  pairing interaction in the neighboring planes strongly domi-
A(k)=AgsinX.c, and (3) A(k)=Agcoskc, which are nates over the interaction in the same plane. This is incom-
shown in the type-l, -Il and -Ill gap structures in Figay patible with the theory in which only the electron correlation
The first and second represent spin triplet gap functions, anith the basal plane is responsible for the superconductivity.
the third represents a spin singlet gap function. As discussedlithough the pairing interaction inferred from the deter-
previously, theH,, NMR, and uSR experiments all favor mined gap function should be further scrutinized, the recent
spin singlet pairing. We note that spin singlet pairing is alsoresults imply that the interlayer pairing interaction associated
supported by tunneling spectroscopy measurements. In amith the AF interaction is most likely to be the origin of the
isotropic superconductors, zero-bias conductance peak apnconventional superconductivity in URAd .

184502-7



WATANABE et al. PHYSICAL REVIEW B 70, 184502(2004)

ACKNOWLEDGMENTS for helpful discussions. This work was partly supported by a
Grant-in-Aid for Scientific Research Priority Area “Skutteru-
We thank N. Aso, H. lkeda, M. Kofu, H. Kusunose, K. dite” (No.1507220% of the Ministry of Education, Culture,
Machida, K. Miyake, N. Metoki, N. K. Sato, and I. Vekhter Sports, Science and Technology, Japan.

1M. Sigrist, and K. Ueda, Rev. Mod. Phy$§3, 239(1991). 23N.E. Hussey, Adv. Phys51, 1685(2002.
2V.P. Mineev and K.V.Samokhirintroduction to Unconventional 2*M. Chiao, B. Lussier, E. Ellman, and L. Taillefer, Physica2B0,
Superconductivity(Gordon and Breach Science, New York, 370 (1997; M. Chiao, Doctor thesis, McGill University,

1999. 1999.
3P. Thalmeier, and G. Zwicknagl, in “Handbook on the Physicsz5l. Vekhter, P.J. Hirschfeld, J.P. Carbotte, and E.J. Nicol, Phys.
and Chemistry of Rare Earths”, Vol. 34, cond-mat/0312540. Rev. B 59, R9023(1999.

4C. Geibel, C. Schank, S. Thies, H. Kitazawa, C.D. Bredl, A.251. Vekhter, P.J. Hirschfeld, and E.J. Nicol, Phys. Rev. @&,
Bohm, M. Rau, M. Grauel, R. Caspary, R. Helfrich, U. Ahlheim, 064513(200D.
G. Weber, and F. Steglich, Z. Phys. B: Condens. Mag4r1  27H. Won and K. Maki, Physica (341-348 1647(2000).

(1991). 28p, Miranovic, N. Nakai, M. Ichioka, and K. Machida, Phys. Rev.
5H. Kita, A. Donni, Y. Endo, K. Kakurai, N. Sato, and T. Komat- B 68, 052501(2003.

subara, J. Phys. Soc. Jp83, 726 (1994. 29F. yu, M. B. Salamon, A.J. Leggett, W.C. Lee, and D.M. Gins-
6UGe, has a strong ferromagnetic moment in part of the supercon- berg, Phys. Rev. Lett74, 5136(1995.

ducting regime, but is not really a HF material. 30H. Aubin, K. Behnia, M. Ribault, R. Gagnon, and L. Taillefer,
7P. McHale, P. Thalmeier, and P. Fulde, cond-mat/0401520. Phys. Rev. Lett.78, 2624(1997).
8G. Zwicknagl, A. Yaresko, and P. Fulde, Phys. Rev6& 052508  3!R. Ocana and P. Esquinazi, Phys. Rev6g 064525(2002.

(2003. 82K. Izawa, H. Takahashi, H. Yamaguchi, Y. Matsuda, M. Suzuki,

9N.K. Sato, N. Aso, K. Miyake, R. Shiina, P. Thalmeier, G. Vare-  T. Sasaki, T. Fukase, Y. Yoshida, R. Settai, and Y. Onuki, Phys.
loglannis, C. Gaibel, F. Steglich, P. Fulde, and T. Komatsubara, Rev. Lett. 86, 2653(2001).

Nature(London 410, 340(200). 33K. Izawa, H. Yamaguchi, Yuji Matsuda, H. Shishido, R. Settai,
10M. Jourdan, M. Huth, and H. Adrian, Natuteondor) 398 47 and Y. Onuki, Phys. Rev. Leti87, 057002(200D.
(1999. 34H. Aoki, T. Sakakibara, H. Shishido, R. Settai, Y. Onuki, P. Mira-
1IN. Metoki, Y. Haga, Y. Koike, and Y. Onuki, Phys. Rev. Le80, novic, and K. Machida, J. Phys.: Condens. Mattes, L13
5417(1998. (2004).
12N. Bernhoeft, N. Sato, B. Roessli, A. Aso, A. Hiess, G.H. Lander,3°K. Izawa, H. Yamaguchi, T. Sasaki, and Y. Matsuda, Phys. Rev.
Y. Endo, and T. Komatsubara, Phys. Rev. L&t, 4244(1998. Lett. 88, 027002(2002.
13N. Bernhoeft, Eur. Phys. J. B3, 685(2000. 36K. Izawa, K. Kamata, Y. Nakajima, Y. Matsuda, T. Watanabe, M.
14H. F. Fong, B. Keimer, P.W. Anderson, D. Reznik, F. Dogan, and Nohara, H. Takagi, P. Thalmeier, and K. Maki, Phys. Rev. Lett.
IA. Aksay, Phys. Rev. Lett75, 316(1995. 89, 137006(2002.
154, Kawano, H. Yoshizawa, H. Takeya, and K. Kadowaki, Phys.3"T. Park, M.B. Salamon, E.M. Choi, H.J. Kim, and S.I. Lee, Phys.
Rev. Lett. 77, 4628(1996. Rev. Lett. 90, 177001(2003.

16R. Caspary, P. Hellmann, M. Keller, G. Sparn, C. Wassilew, R.38K. Izawa, Y. Nakajima, J. Goryo, Y. Matsuda, S. Osaki, H. Sug-
Kohler, C. Gaibel, C. Scamk, F. Steglich, and N.E. Philleps, awara, H. Sato, P. Thalmeier, and K. Maki, Phys. Rev. L&.
Phys. Rev. Lett.71, 2146(1993. 117001(2003.

H. Tou, Y. Kitaoka, K. Asayama, C. Geibel, C. Schank, and F.3°K. Deguchi, Z.Q. Mao, H. Yaguchi, and Y. Maeno, Phys. Rev.
Steglich, J. Phys. Soc. Jp64, 725(1995. Lett. 92, 047002(2004).

183, Hessert, M. Huth, M. Jourdan, H. Adrian, C.T. Rieck, and K.4°M. Hiroi, M. Sera, N. Kobayashi, Y. Haga, E. Yamamoto, and Y.
Scharnberg, Physica B30-232 373(1997). Onuki, J. Phys. Soc. Jpr66, 1595(1997.

19R. Feyerherm, A. Amato, F.N. Gygax, A. Schenck, C. Geibel, F*1E. Boakinet al, Phys. Rev. Lett87, 237001(2001).
Steglich, N. Sato, and T. Komatsubara, Phys. Rev. Lé8. 42Yu.S. Barash and A.A. Svidzinsky, Phys. Rev. B8, 6476
1849(1994). (1998.

20The relationA(k)=-A(k+Qg) requires spin singlet pairs. This is “3C. Kubert and P.J. Hirshfeld, Phys. Rev. Le0, 4963(1998.
because the exchange interaction of a vector boson gives a rél. Vekhter and A. Houghton, Phys. Rev. Le&3, 4626(1999.
pulsive interaction for singlet pairs; the sign change is crucial in*®*G.E. Volovik, JETP Lett.58, 469 (1993.
obtaining an attractive interaction. For triplet pairs, the interac-*®N. Nakai, P. Miranovic, M. Ichioka, and K. Machida, cond-mat/
tion is already attractive, hence it is necessary that there is no 0403589.
sign changeA(k) =A(k+Qy). 47TH. Won and K. Maki, inVortices in Unconventional Supercon-

21T, Xiang and J.M. Wheatley, Phys. Rev. Left7, 4632(1996. ductors and Superfluidedited by R.P. Huebener, N. Schpohl,

22\. B. Gaifullin, Y. Matsuda, N. Chikumoto, J. Shimoyama, and G.E. Volovik(Springer, New York, 2002
K. Kishio, and R. Yoshizaki, Phys. Rev. Lett83 3928  “8K. Kndpfle, A. Mavromaras, L.M. Sandratskii, and J. Kibler, J.
(1999. Phys.: Condens. Matte8, 901 (1996.

184502-8



SUPERCONDUCTING GAP FUNCTION IN.. PHYSICAL REVIEW B 70, 184502(2004)

49y, |nada, H. Yamagami, Y. Haga, K. Sakurai, Y. Tokiwa, T. 52\, Udagawa, Y. Yanase, and M. Ogata, cond-mat/0401206.
Honma, E. Yamamoto, Y. Onuki, and T. Yanagisawa, J. Phys>3Y. Tanaka and S. Kashiwaya, Phys. Rev. L&, 3451(1995.

Soc. Jpn.68, 3643(1999. 54p.M. Oppeneer and G. Varelogiannis, Phys. Rev6® 214512
50T. Watanabe, M. Nohara, T. Hanaguri, and H. Takagi, Phys. Rev. (2003.

Lett. 92, 147002(2004). 55Y. Nishikawa and K. Yamada, J. Phys. Soc. Jprl, 237
51K. Kamata, Master thesis, University of Tokyo, 2003. (2002.

184502-9



