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THERMAL CONDUCTIVITY IN SUPERCONDUCTINGBOROCARBIDES LuNi2B2C AND YNi2B2C�P. ThalmeierMax-Plan
k-Institute for the Chemi
al Physi
s of SolidsNöthnitzer Str. 40, 01187 Dresden, Germanyand K. MakiMax-Plan
k-Institute for the Physi
s of Complex SystemsNöthnitzer Str. 38, 01187 Dresden, GermanyDepartment of Physi
s and Astronomy, University of Southern CaliforniaLos Angeles, CA 90089-0484, USA(Re
eived July 10, 2002)We have re
ently proposed the s + g-wave model for super
ondu
tingboro
arbides. In spite of a substantial s-wave 
omponent, this order param-eter exhibits the pH dependent spe
i�
 heat and a thermal 
ondu
tivitylinear in H in the vortex state. This is 
hara
teristi
 for nodal super
on-du
tors when T; � � � where � is the quasiparti
le s
attering rate and� the maximum super
ondu
ting gap. Here we investigate the thermal
ondu
tivity parallel to the 
- and a-axis in a magneti
 �eld tilted by �from the 
-axis and rotating within the a�b plane.PACS numbers: 74.60.E
, 74.25.Fy, 74.70.DdThe super
ondu
tivity in the rare earth boro
arbides LuNi2B2C andYNi2B2C is of great interest [1,2℄. We have proposed re
ently the super
on-du
ting order parameter [3, 4℄�(k) = 12�(1 + sin4 # 
os(4')) ; (1)where # and ' are polar and azimuthal angle of k, respe
tively. Re
entthermal 
ondu
tivity experiments [5℄ suggest that 
rystallographi
 [100℄ and[010℄ are the nodal dire
tions, i.e. the order parameter of Eq. (1) is rotated� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(557)



558 P. Thalmeier, K. Makiby �4 in the a�b plane. This gap fun
tion a

ounts for the pH dependen
e ofthe spe
i�
 heat and the H-linear term in the thermal 
ondu
tivity observedre
ently [6�8℄. The aim of this paper is to generalize an earlier result [3℄ for�zz, �xx and �xy for general magneti
 �eld (H) orientation given by thepolar angle � with respe
t to the 
-axis and the azimuthal angle �. First inthe absen
e of H the spe
i�
 heat and the ele
troni
 thermal 
ondu
tivityfor � � T � � are given byCs
NT = 274� �(3)� T��+ : : : ; �xxT = �28 nm� ; �zzT = �28 nC0m� ; (2)where C0=(2�� ) 12 [ln(2q�� )℄� 12 . Note that �xx obeys the universal behaviourwhile �zz does not. This is be
ause the heat 
urrent operator jhz vanisheson the four se
ond order nodal points (#; ') = (�2 ;��4 ) and (�2 ;�3�4 ) for�(k) given in Eq. (1). Also this leads to a H 32 ln� �~vpeH� dependen
e of �zzas dis
ussed below.In the presen
e of a magneti
 �eld with general orientation de�ned by(�; �) the spe
i�
 heat and thermal 
ondu
tivities in the vortex phase aregiven by [3, 10℄Cs
NT = ~vpeHp2� I+(�; �) ;�zz�n = 132p2 lnh 2�~vpeHr 21 + 
os2 �i~v3(eH) 32�3 Izz(�; �) ;�xx�n = 332 ~v2(eH)�2 I2+(�; �); �xy�n = � 332 ~v2(eH)�2 I�(�; �)I+(�; �) ; (3)where we have the identity Izz(�; �)=(1+
os2 �)I+(�; �) andI�(�; �) = 12 n[1 + 
os2 � + sin2 � sin(2�)℄ 12o�n[1 + 
os2 � � sin2 � sin(2�)℄ 12o : (4)Here we have assumed the super
lean limit de�ned by p�� � ~vpeHwith ~v = pvav
 where va;
 denote the anisotropi
 Fermi velo
ities. Theangular dependen
es of �zz and �xy a

ording to Eqs. (3), (4) for the s+ g-wave 
ase are shown in the left panel of Fig. 1 and in Fig. 2. For 
omparison,we also present the 
orresponding angular dependen
e of �zz for the dx2�y2state with �(k) =� 
os(2�) as in high T
 
uprates [10℄, CeCoIn5 [11℄ and �-(ET)2Cu(NCS)2 [12,13℄. Of 
ourse, for d-wave super
ondu
tors the universal
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φ φFig. 1. Angular dependen
e of Izz(�; �) whi
h determines �zz(�; �) in the super-
lean limit for s+ g-wave and d-wave 
ase (up to log-terms in Eq. (3)). Note thedi�erent s
ale in the two 
ases.
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Fig. 2. Upper panel: polar angle variation of Izz(�,45) for s+ g- and d-wave 
ase.Lower panel: Angular dependen
e of the produ
t I�(�; �)� I+(�; �) for s + g-
asewhi
h determines the thermal Hall 
oe�
ient �xy(�; �). It vanishes for �eld halfwaybetween the nodal dire
tions due to 
urrent 
ompensation.



560 P. Thalmeier, K. Makizero-�eld behaviour is valid both for �xx and for �zz, and both exhibita similar angular dependen
e in the vortex phase [10℄. In this 
ase thedependen
e on �eld angles �; � is given byI�(�; �) = 12� �2Z��2 d J�( ); ~I+(�; �) = 12� �2Z��2 d (1 � 
os(2 ))J+( ) ;J�( ) = h1 + 12 sin2 �(sin(2�) � 
os(2 ))+ 1p2 sin(2�) sin p1� sin(2�)i 12�h1� 12 sin2 �(sin(2�) + 
os(2 ))+ 1p2 sin(2�) sin p1 + sin(2�)i 12 : (5)Then �xx and �xy are obtained from I�(�; �) as in Eq. (3) but now ford-wave: �zz�n = 1� ~v2(eH)�2 Izz(�; �); Izz(�; �) = I+(�; �)~I+(�; �) : (6)The �- dependen
e of �zz for various � is shown in 
omparison to thes + g-wave 
ase in Fig. 1. As is readily seen from Fig. 1 in the s + g-wave
ase a pronoun
ed 
usp like feature develops for �=90Æ and � = �45Æ dueto the (se
ond order) point node, while in the dx2�y2 wave 
ase with anextended line node along 
 no 
usps appear and also the absolute value ofangular variation is mu
h smaller. This is 
learly visible from the upperpanel of Fig. 2 whi
h also shows monotoni
 �- dependen
e for s + g-waveand nonmonotoni
 behaviour for d-wave. The latter has a minimum at�m ' 47Æ whi
h is due to a maximum Doppler shift for �=45Æ resulting in adominating term Izz(�; �) ' 1 � (5=64) sin2(2�) + : : : . Note that Izz(�; �)in Fig. 1 exhibits a rather sharp minimum as fun
tion of � at �m wherasfor � = 90Æ the minimum is �at. Experimentally however the �zz thermal
ondu
tivity shows very strong 
usps at �=90Æ (and � = 0 due to rotatedorder parameter) in YNi2B2C [5℄. This is a strong point for the s+ g-wave
ase being the appropriate one for YNi2B2C and LuNi2B2C . Therefore thethermal 
ondu
tivity in the super
lean limit 
an dis
riminate s + g-waveagainst d-wave super
ondu
tivity.The angular dependen
e of the thermal Hall 
oe�
ient �xy in the s+ g-wave 
ase is shown in the lower panel of Fig. 2. It exhibits a sign 
hangeas fun
tion of � and varies smoothly with �. In the d-wave 
ase �xy looks
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ussed elsewhere [14℄ the thermal
ondu
tivity provides a unique window to look at the nodal stru
ture of�(k) in un
onventional super
ondu
tors.We would like to thank Koi
hi Izawa and Yuji Matsuda for useful dis-
ussions on super
ondu
ting boro
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