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NMR and NQR studies of the heavy fermion superconductors CeTIn5 „TÄCo and Ir …
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We have carried out115In and 59Co nuclear quadrupole resonance and nuclear magnetic resonance measure-
ments on CeCoIn5 and CeIrIn5. The temperatureT dependence of the nuclear spin-lattice relaxation rate 1/T1

of 115In in the normal state indicates that CeCoIn5 is located just at an antiferromagnetic instability, and
CeIrIn5 is in the nearly antiferromagnetic region. In the superconducting state, 1/T1 has no Hebel-Slichter
coherence peak just belowTC and a power-lawT dependence~close toT3) at very low temperatures, which
indicates the existence of line nodes in the superconducting energy gap. The115In ~Ce-In plane! Knight shift
in CeCoIn5 decreases for both parallel and perpendicular directions to the tetragonalc axis in the supercon-
ducting state, which shows that the spin susceptibility decreases in all directions. These results indicate that
CeCoIn5 and CeIrIn5 exhibit non-s-wave even parity~probablyd-wave! superconductivity.
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I. INTRODUCTION

The occurrence of superconductivity in strongly cor
lated f-electron systems has intrigued researchers for m
than two decades. In these systems, the hybridization
tween the conduction electrons and the localizedf electrons
results in the formation of heavy quasiparticles and le
to ferromagnetic ~F! or antiferromagnetic ~AF! spin
fluctuations.1 Since heavy fermion superconductors are
cated near the F or AF region, the existence of spin fluct
tions has led to the prediction that superconductivity w
non-s-wave symmetry, mediated by magnetic electro
electron coupling, is realized in heavy fermion system2

More than five years ago, CeCu2Si2 ~Ref. 3! and CeCu2Ge2

~at high pressure!4 were the only superconducting membe
of the 4f -heavy fermion class. Since 1995, howev
CePd2Si2,5,6 CeRh2Si2,7 CeIn3,8 and CeNi2Ge2 ~Ref. 9! have
been shown to become superconducting under pressureP),
which all have very low superconducting transition tempe
tures (TC) at high pressure. Owing to the severe experim
tal conditions, little knowledge of the superconductivity w
obtained in these systems. Recently, another pressure
duced superconductor CeRhIn5, which has the tetragona
HoCoGa5 structure, has been discovered.10 The ground state
is AF for P,16 kbar, and superconductivity occurs atTC
52.2 K for P.16 kbar. The 115In nuclear quadrupole
resonance11 and the neutron diffraction12 measurements de
termined the spiral spin structure of CeRhIn5. Following the
discovery of CeRhIn5, two new isostructural superconduc
ors CeIrIn5 ~Ref. 13! and CeCoIn5,14 were observed at am
bient pressure. The respective values ofTC of the two com-
pounds are 0.4 and 2.3 K. Superconductivity occurs
relatively high temperatures for the CeTIn5 (T5Co, Rh,
0163-1829/2001/64~13!/134526~6!/$20.00 64 1345
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and Ir! compounds,15 which makes them very suitable fo
microscopic measurements.

In CeIrIn5 and CeCoIn5, the electrical resistivity passe
through a maximum around 50 K that typically is attribut
to the cross-over from incoherent scattering of conduct
electron at highT to the development of correlated bands
low T. Below about 20 K, the resistivity of both system
does not have a quadraticT dependence. The resistivity va
ies asr5r01aTn with n 5 1.3 in CeIrIn5 and n 5 1 in
CeCoIn5, which are not described by the Landau Fermi li
uid picture. The electronic specific heat coefficientsg at very
low T in these systems are large, 750 mJ/mole K2 for
CeIrIn5 and 350 mJ/mole K2 for CeCoIn5. In the stoichio-
metric compound, deviation from the Landau Fermi liqu
picture, the ‘‘non-Fermi-liquid state,’’ occurs when the sy
tem is located in the vicinity of a quantum critical poin
~around magnetic instabilities! and thermal and transpor
properties are affected by strong spin fluctuations.

Nuclear magnetic resonance~NMR! and nuclear quadru
pole resonance~NQR! are powerful tools for studying mag
netism and superconductivity, i.e., the spectrum and nuc
spin lattice relaxation rate 1/T1 provide valuable information
about the magnetic structure, the spin fluctuations and, a
the symmetry of the superconductivity. The results of suc
study of CeRhIn5 have already been published and reve
anisotropic superconductivity with line nodes that occu
near the AF state.16 In order to understand the interplay o
spin fluctuations and superconductivity, NQR and NM
measurements on CeIrIn5 and CeCoIn5 have been per-
formed. In CeTIn5, there are two crystallographically non
equivalent In sites. One site is located in the Ce-In pla
This In site is surrounded by Ce ions and has a symm
which is invariant under fourfold rotations about thec axis
~hereafter referred to as siteA in this paper!. The other site is
©2001 The American Physical Society26-1
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surrounded by Ce and Co~or Ir! ions and has a lower crysta
symmetry~referred to as siteB). Due to the noncubic envi
ronment, one expects a large electric field gradient for b
In sites, which is favorable for observing distinct NQR line
In this paper, we report115In and 59Co NMR/NQR studies in
CeIrIn5 and CeCoIn5 at temperatures down to 50 mK.

II. EXPERIMENTAL

The 115In NQR measurements were performed using
phase-coherent pulsed NMR/NQR spectrometer in the r
nance frequency range 5-90MHz. Field-swept115In and
59Co NMR spectra were obtained using a superconduc
magnet with a maximum magnetic field of 50 kOe. Sing
crystals of CeCoIn5 and CeIrIn5 were grown from an In flux
and crushed into powders for NQR and NMR measureme
The NMR measurements were carried out on aligned p
ders, in which the grains were aligned with thec axis parallel
to magnetic fieldHext. Two pieces of CeCoIn5 crystals
which were not crushed, were used to study the directio
variation of K with respect toHext. The 59Co Knight shift
59K was determined with respect to the59Co resonance in
K3Co(CN)6, and the115In Knight shift 115K with respect to
the 115In resonance in InCl3. The value ofT1 was obtained
by the recovery of the nuclear magnetizationm(t) after a
saturation pulse. The measurements above 1.3 K were
formed using a4He cryostat, and below 1.3 K with a3He
cryostat and a3He-4He dilution refrigerator.

III. RESULTS

A. 115In NQR spectra

Figures 1 and 2 show the115In NQR spectra obtained in
CeCoIn5 and CeIrIn5 at T54.2 K. The respective spectr
consist of 8 narrow resonance lines, which could be assig

FIG. 1. 115In NQR spectra obtained in CeCoIn5. The closed
circles represent the signals from siteA, and open circles represen
those from siteB. The two lines from siteB are nearly coincident a
29 MHz, which can be seen clearly in the inset.
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as the signals arising from two In sites. The electric quad
pole Hamiltonian is written as

HQ5
e2qQ

4I ~2I 21! F3I z
22I ~ I 11!1

h

2
~ I 121I 22!G .

Here Q represents the nuclear quadrupole moment,
electric-field gradients are contained ineq and the asymmet-
ric parameter h, defined as eq[VZZ and h[(VXX
2VYY)/VZZ . By convention,VZZ has the largest magnitude
and VXX and VYY are chosen so that 0<h<1. For I
59/2 (115In), the four ‘‘allowed’’ transitions would be ob-
served whenh is small. The resonace frequencies were e
mated by diagonalizing the electric quadrupole Hamiltoni
In the case ofh50, a set of lines would be observed at th
resonance frequencies ofnQ[3e2qQ/2I (2I 21)h, 2nQ ,
3nQ and 4nQ , whereh represents Planck constant. Indeed
set of lines observed at 8.17, 16.34, 24.51, and 32.68 MH
CeCoIn5 are equally separated, which representsh50.
Similar signals are also observed in CeIrIn5 at resonance
frequencies of 6.07, 12.13, 18.20, and 24.27 MHz. Th
signals arise from the siteA ~In atoms in the Ce-In plane!
which has an axially symmetric electric field gradient. Fro
the crystal structure, it is evident that the direction of t
electric field gradientVZZ is parallel to the tetragonalc axis.
The values of the electric field gradient were evaluated
e2qQ/h5196 MHz for CeCoIn5 and 146 MHz for CeIrIn5,
respectively. Not only the four signals from siteA, but also
other signals are observed at 28.65, 28.98, 45.08, 61.21 M
in CeCoIn5, and 33.70, 38.35, 52.19, 71.43 MHz in CeIrIn5.
These signals arise from the siteB, in which the115In nuclei
are surrounded by Ce and Co~or Ir! ions. The corresponding
electric field gradients are evaluated ase2qQ/h5372 MHz
with h50.39 for CeCoIn5, and e2qQ/h5436 MHz with
h50.46 for CeIrIn5. In either case, the associated ‘‘forbid
den’’ transition (uDmu.1), which exists in the case of finite
h, was not visible. Since the symmetry of the electric fie
gradient in this site is lower than uniaxial, the principal ax
of the tensor could not be determined only from NQR. A

FIG. 2. 115In NQR spectra obtained in CeIrIn5.
6-2
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NMR AND NQR STUDIES OF THE HEAVY FERMION . . . PHYSICAL REVIEW B64 134526
change of the spectra were not observed down to 50 mK
both compounds. It is noteworthy that the whole spec
could be explained by only the electric quadrupole inter
tion, which shows both compounds are in the paramagn
state.

B. 115In and 59Co NMR spectra in CeCoIn5

The 115In and 59Co NMR were measured in CeCoIn5 at
25.600 MHz and 4.2 K. Displayed in Figs. 3~a! and 3~b! are
spectra obtained with thec axis parallel and perpendicular t
Hext, respectively. A set of widely separated115In NMR
lines were observed which was assigned as the signal f
site A, indicating a huge electric field gradient at the In s
In addition to 115In NMR from siteA, 59Co NMR was also
observed, which showed the direction ofVZZ(59Co) to be the
c axis with the magnitude ofe2qQ/h51.58 MHz andh
50. From these spectra, the parallel (i) and perpendicular
(') components of115K and 59K with respect to thec axis,
whoseT dependences are shown in Fig. 4, were evalua

FIG. 3. 115In and 59Co NMR spectra measured at 4.2K
CeCoIn5. ~a! and ~b! were obtained with thec-axis parallel and
perpendicular toHext , respectively.

FIG. 4. Temperature dependence of the magnetic susceptib
and Knight shifts59K and 115K in CeCoIn5. The anisotropy ofK is
larger than that ofx.
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These Knight shiftsK were compared with the magnetic su
ceptibility x of CeCoIn5 which is also plotted in Fig. 4. The
presence of crystalline electric field that lifts the degener
of J55/2 multiplet and induces the large anisotopy in t
magnetic susceptibility andK. It is remarkable that115Ki has
a broad maximum around 50 K, even if the correspond
anomaly inx i is much smaller. The band structure calcu
tions for CeIrIn5 indicates that the Fermi surface is produc
mainly by 5d and 4f electrons of Ce and 5p electrons of In
~siteA).17,18Hence, there is a strong coupling of electrons
the Ce-In plane. On the contrary, the hybridization of 5d
electrons of Ir and 5p electrons of In at theB site makes
bonding and antibonding bands, which results in a small d
sity of states around the Fermi levelEF at Ir ~Co!. In some
compounds containing unstable-moments, such as CeSn3 and
YbCuAl, the linear relation ofx and the Knight shift breaks
down below Tmax, which reflects the modification of the
electronic structure associated with the formation of 4f -ion
coherence.19,20 Although the modification of the electroni
state is usually small in heavy fermion compounds, one
planation for the anomaly inK is the occurrence of reforma
tion of the band structure belowTmax. For the perpendicular
component, no anomaly was observed in115K' , which in-
creases monotonicallly with decreasingT. Figure 5 gives a
Clogston-Jaccarino plot of Knight shiftK versus susceptibil-
ity per mole Ce, with temperature an implicit parameter.
linear relation between K andx is observed in the paralle
component above 90 K with the coupling constant
14.5 kOe/mB , which is nearly comparable with the couplin
constant of the perpendicular component of 10.3 kOe/mB .
Presumably reflecting the small coupling of the Ce-In pla
and Co at the interlayer site, theT dependence of59Ki ,
which is different from115Ki , increases monotonically with
decreasingT. 59Ki is T dependent and is positive, which
induced by antiparallel Co 3d spins through 3d-core polar-
ization. The positive and nearlyT independent59K' reveals

ity

FIG. 5. Clogston-Jaccarino plot for59K and 115K versusx in
CeCoIn5.
6-3



tri

-
e

lit

is
r

pe

x-
c

th

t

In

e

f

he

ated

Y. KOHORI et al. PHYSICAL REVIEW B 64 134526
that the shift is almost determined by the Co orbital con
bution. A Clogston-Jaccarino plot for59K is also shown in
Fig. 5. The evaluated coupling constants are 4.7 kOe/mB for
59Ki and 4.6 kOe/mB for 59K' .

As seen in Fig. 6, a large decrease of115K was observed
in both directions belowTC . For 59K, the decrease was ob
served only in the parallel component, and not in the perp
dicular component. It is expected that no decrease of59K'

reflects largeT-independent Co 3d orbital contribution and
small transferred contribution from Ce. The Ce susceptibi
has also van Vleck componentxvv,ab}(n@(0uJaun)
3(nuJbu0)/(En2E0)#, whereu0) andun) is the ground and
excited states splitted by the crystalline electric field. It
noted thatxvv,ab contains spin part and induces spin pola
ization at the Co site, which does not decrease in the su
conducting state.

C. nuclear spin-lattice relaxation rate 1ÕT1

Using 115In NQR at site A, the nuclear spin lattice rela
ation rates in both systems were measured. The expe
functional form form(t) for spin I 59/2 andh50 is a sum
of four exponents with the coefficients determined by
initial conditions.21 The functionm(t) contained only two
fitting parameters 1/T1 and the numerical factorC, which is
given by

12
m~ t !

m~`!
5CFb1expS 2

3t

T1
D1b2expS 2

10t

T1
D

1b3expS 2
21t

T1
D1b4expS 2

36t

T1
D G .

In our measurements, 1/T1 was obtained by differen
quadrupole transitions61/2↔63/2, 63/2↔65/2, and
67/2↔69/2. The correspondingb- coefficients are de-

FIG. 6. T dependence ofK in the superconducting state o
CeCoIn5.
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scribed in Ref. 21. TheT dependence of the 1/T1’s obtained
in both compounds are shown in Figs. 7 and 8. In CeCo5,
the T dependence is close toT1/4. In CeIrIn5 , 1/T1 in the
normal state varies nearly asT1/2 in the temperature rang

FIG. 7. T dependence of 1/T1 in CeCoIn5. The values of 1/T1

below 1.3 K and above 1.3 K were evaluated from the61/2↔
63/2 and 67/2↔69/2 transitions, respectively. 1/T1 evaluated
with the polar model is shown as the solid line. Below 0.2 K, t
recovery curves could not be fitted by a unique value of 1/T1. The
shorter components are plotted as open triangles.

FIG. 8. T dependence of 1/T1 in CeIrIn5. The values of 1/T1

below 1.3, between 1.3 and 4.2 K, and above 4.2 K were evalu
from the 61/2↔63/2, 63/2↔65/2, and 67/2↔69/2 transi-
tions, respectively.
6-4
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between 10 and 80 K, and theT dependence increases grad
ally below about 10 K with decreasingT. 1/T1 is expected to
be proportional to the temperature in a model of sim
Fermi-liquid behavior, which was not observed in both co
pounds. 1/T1 decreases rapidly just belowTC52.3 K in
CeCoIn5, and below about 0.3 K, which is lower thanTC
50.4 K of a single crystal, in CeIrIn5. Since NQR measure
ments were performed on a powder,TC might decrease due
to defects induced by crushing of the single crystal. It
expected that compounds having a lowerTC and a larger
superconducting coherence length would be more sens
to defects. In both compounds, Hebel-Slichter cohere
peaks were not observed. In CeIrIn5 , 1/T1 varies nearly pro-
portionally toT3 at low temperatures. In CeCoIn5, however,
theT dependence becomes saturated below 0.3 K, where
recovery curve was not fitted by a uniqueT1. The shorter and
longer components of 1/T1 are shown in Fig. 7. This satura
tion would be caused by the extrinsic contribution toT1 from
a small amount of paramagnetic impurities, which masks
intrinsic superconducting quasiparticle contribution.

IV. DISCUSSION

It was found recently that AF ordering appears
Ce(IrxRh12x)In5 for x,0.6 ~Ref. 22! and in
Ce(CoxRh12x)In5 for x,0.7.23 Also the T dependence o
the resistivity in CeCoIn5 and CeIrIn5 are not described by
the Landau Fermi-liquid picture.13,14 These results sugges
that CeIrIn5 and CeCoIn5 are located close to AF state. In
deed, the observedT dependence of 1/T1 in CeCoIn5 and
CeIrIn5 differs from the issue expected in the simple Ferm
liquid state, i.e., 1/T1 varies in proportion toT. 1/T1 would
be governed by the strong AF spin fluctuations. In this ca
one way to analyze 1/T1 is the use of the spin fluctuatio
theory developed by Moriya, which shows 1/(T1T)}AxQ
around antiferromagnetic instabilities in the thre
dimensional case. HerexQ represents the staggered susc
tibility. In the theory,24 xQ is determined by four parameter
which, however, were not yet determined in CeTIn5. There-
fore, we simply assume Curie-Weiss behavior forxQ , which
is similar to the 3d transition metal case,25

xQ}
1

T1u
.

In this model, the observedT dependence of 1/T1 ~close to
AT) in CeIrIn5 was explained by taking the value ofu
;0.67. The spin fluctuation theory predicts aT1/4 depen-
dence of 1/T1 near an AF instability, which was observed
CeCoIn5.

Next, the ratio of 1/T1 in the superconducting state an
that of the normal state,T1N /T1S , is related to the density o
states~DOS! NS(E) as

T1N

T1S
5

2

kBTE0

`

@NS~E!21M ~E!2# f ~E!@12 f ~E!#dE,
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whereM (E) is the ‘‘anomalous DOS’’ arising from the co
herence effect which only exists ins-wave superconductivity,
and f (E) is the Fermi distribution function. 1/T1N is evalu-
ated by extending the normal state data from high temp
tures. Unconventional superconductivity is characterized
the superconducting gap structure which has nodes a
certain direction. Generally, energy gap has points or l
nodes, which satisfy the group theoretical restriction aris
from the crystal symmetry. In most of the case, the deta
structure of the gap function is remaining as an unresol
issue. However, a crude evaluation of 1/T1 would be possible
by the simple polar modelD5D0cosu, since 1/T1 would
likely be insensitive to points nodes in the presence of l
nodes. If we calculateT1, tentatively assuming 2D0(0)
510 kBTC for CeCoIn5 and 5 kBTC for CeIrIn5, the experi-
mental values are reproduced well as plotted in Figs. 7 an
The nearlyT3 law of 1/T1 is reminiscent of the relaxation
behavior in many heavy fermion superconducto
CeCu2Si2,26 UPt3,27 UBe13,28 URu2Si2,29 and UPd2Al3.30

By using the same energy gap, theT dependence ofK is
also analyzed in the case of even parity

KS}xS}E NS~E!
d f~E!

dE
dE,

which is also plotted as the solid lines in Fig. 6. The calc
lation has reproduced theT dependence of the observe
Knight shift. One of the aspects ofK in the superconducting
state is thatK varies nearly linearly withT at very low tem-
peratures, which arises from the low-energy excitation
quasiparticles in the superconducting state. The existenc
line nodes explains theT dependence. The fact thatK and
1/T1 were consistently explained by an anisotropic spin s
glet model, strongly indicates the appearance of anisotro
even parity~probablyd wave! superconductivity in CeTIn5.
Further measurements using a directional probe ink space,
such as thermal conductivity, would be useful for determ
ing the precise gap symmetry and the position of the ga
the Fermi surface.31

V. SUMMARY

In CeCoIn5, the 1/T1 varies nearly asT1/4 in the normal
state. In CeIrIn5 , 1/T1 varies asT1/2 in the temperature rang
between 10 and 80 K, which are well explained as th
compounds located close to the AF instability~quantum criti-
cal point!. In the superconducting state, the Knight shiftK
deceases in all directions and 1/T1 reveals the anisotropic
nature of the superconducting energy gap. These result
dicate that CeCoIn5 and CeIrIn5 exhibit anisotropic even par
ity ~probablyd-wave! superconductivity.

Note added in proof. A detail thermal conductivity mea
surement of CeCoIn5 has recently been performed. The me
surement shows that the symmetry of the superconducti
is most likely to bedx22y2.32 The115In NQR measurement o
CeIrln5 has been recently performed by another group33

Their results are similar to ours.
6-5



n-
h

der
un-
L
t of

Y. KOHORI et al. PHYSICAL REVIEW B 64 134526
ACKNOWLEDGMENTS

This work was supported by a grant-in-aid from the Mi
istry of Education, Science and Culture of Japan. Researc
W

ch

G

L.

h

m
za

L

D

is

F
y

L
ys

ro
.
L

B

.

13452
at

UCSD was supported by U.S. Department of Energy un
Grant No. DE-FG-03-45230 and the National Science Fo
dation under Grant No. DMR-97-05454. Work at LAN
was performed under the auspices of the U.S. Departmen
Energy.
-

-
.

ys.

s.

F.
k,

, N.

T.

.

.

ld

nd

D.
1T. Moriya and T. Takimoto, J. Phys. Soc. Jpn.64, 960 ~1995!.
2P. W. Anderson, Phys. Rev. B30, 1549~1984!.
3F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede,

Franz, and H. Schafer, Phys. Rev. Lett.43, 1892~1979!.
4D. Jaccard, K. Behnia, and J. Sierro, Phys. Lett. A163, 475

~1992!.
5F. M. Grosche, S. R. Julian, N. D. Mathur, and G. G. Lonzari

Physica B224, 50 ~1996!.
6F. M. Grosche, S. R. Julian, N. D. Mathur, F. V. Carter, and G.

Lonzarich, Physica B237, 197 ~1997!.
7R. Movshovich, T. Graf, D. Mandrus, J. D. Thompson, J.

Smith, and Z. Fisk, Phys. Rev. B53, 8241~1996!.
8I. R. Walker, F. M. Grosche, D. M. Freye, and G. G. Lonzaric

Physica C282, 303 ~1997!.
9S. J. S. Lister, F. M. Grosche, F. V. Carter, R. K. W. Haselwi

mer, S. S. Saxena, N. D. Mathur, S. R. Julian, and G. G. Lon
ich, Z. Phys. B103, 263 ~1997!.

10H. Hegger, C. Petrovic, E. G. Moshopoulou, M. F. Hundley, J.
Sarrao, Z. Fisk, and J. D. Thompson, Phys. Rev. Lett.84, 4986
~2000!.

11N. J. Curro, P. C. Hammel, P. G. Pagliuso, J. L. Sarrao, J.
Thompson, and Z. Fisk, Phys. Rev. B62, R6100~2000!.

12W. Bao, P. G. Pagliuso, J. L. Sarrao, J. D. Thompson, and Z. F
J. W. Lynn, and R. W. Erwin, Phys. Rev. B62, R14 621~2000!.

13C. Petrovic, R. Movshovich, M. Jamime, P. G. Pagliuso, M.
Hundley, J. L. Sarrao, Z. Fisk, and J. D. Thompson, Europh
Lett. 53, 354 ~2001!.

14C. Petrovic, P. G. Pagliuso, M. F. Hundley, R. Movshovich, J.
Sarrao, J. D. Thompson, Z. Fisk, and P. Monthoux, J. Ph
Condens. Matter13, L337 ~2001!.

15J. D. Thompson, R. Movshovich, Z. Fisk, F. Bouquet, N. J. Cur
R. A. Fisher, P. C. Hammel, H. Hegger, M. F. Hundley, M
Jaime, P. G. Pagliuso, C. Petrovic, N. E. Phillips, and J.
Sarrao, J. Magn. Magn. Mater.~to be published!.

16Y. Kohori, Y. Yamato, Y. Iwamoto, and T. Kohara, Eur. Phys. J.
18, 601 ~2000!.

17Y. Haga, Y. Inada, H. Harima, K. Oikawa, M. Murakawa, H
.

,

.

,

-
r-

.

.

k,

.
s.

.
.:

,

.

Nakawaki, Y. Tokiwa, D. Aoki, H. Shishido, S. Ikeda, N. Wa
tanabe, and Y. Onuki, Phys. Rev. B63, 060503~2001!.

18D. Hall, E. Palm, T. Murphy, S. Tozer, E. Miller-Ricci, L. Pea
body, C. Q. H. Li, U. Alver, R. G. Goodrich, J. L. Sarrao, P. G
Pagliuso, J. M. Wills, and Z. Fisk, cond-mat/0011395, Ph
Rev. B ~to be published!.

19D. E. MacLaughlin, J. Magn. Magn. Mater.47&48, 121 ~1985!.
20E. Kim and D. L. Cox, Phys. Rev. B58, 3313~1998!.
21D. E. MacLaughlin, J. D. Williamson, and J. Butterworth, Phy

Rev. B4, 53 ~1971!.
22P. G. Pagliuso, C. Petrovic, R. Movshovich, D. Hall, M.

Hundley, J. L. Sarrao, J. D. Thompson, and Z. Fis
cond-mat/0101316~unpublished!.

23V. S. Zapf, E. J. Freeman, E. D. Bauer, J. Petricka, C. Sirvent
A. Frederick, R. P. Dickey, and M. B. Maple~unpublished!.

24A. Ishigaki and T. Moriya, J. Phys. Soc. Jpn.65, 3402~1996!.
25T. Moriya and K. Ueda, Solid State Commun.15, 169 ~1974!.
26Y. Kitaoka, K. Ueda, T. Kohara, K. Asayama, Y. Onuki, and

Komatsubara, J. Magn. Magn. Mater.52, 341 ~1985!.
27Y. Kohori, T. Kohara, H. Shibai, Y. Oda, Y. Kitaoka, and K

Asayama, J. Phys. Soc. Jpn.57, 395 ~1988!.
28D. E. MacLaughlin, C. Tien, W. G. Clark, M. D. Lan, Z. Fisk, J

L. Smith, and H. R. Ott, Phys. Rev. Lett.53, 1833~1984!.
29K. Matsuda, Y. Kohori, and T. Kohara, J. Phys. Soc. Jpn.65, 679

~1996!.
30K. Matsuda, Y. Kohori, and T. Kohara, Phys. Rev. B55, 15 223

~1997!.
31In the case of highTc YBa2Cu3O7, a clear four-fold modulation

of the thermal conductivity with an in-plane magnetic fie
which reflects the angular position of nodes ofdx22y2 symmetry
has been observed, F. Yuet al., Phys. Rev. Lett.74, 5136~1995!;
K. Izawaet al., ibid. 86, 2653~2001!.

32K. Izawa, H. Yamaguchi, Y. Matsuda, H. Shishido, R. Settai a
Y. Onuki, Phys. Rev. Lett.87, 057002~2001!.

33G.-q. Zheng, K. Tanabe, T. Mito, S. Kawasaki, Y. Kitaoka,
Aoki, Y. Haga and Y. Onuki, Phys. Rev. Lett.86, 4664~2001!.
6-6


