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NMR and NQR studies of the heavy fermion superconductors CElns (T=Co and Ir)
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We have carried out'®n and 5°Co nuclear quadrupole resonance and nuclear magnetic resonance measure-
ments on CeColpnand Celrlg. The temperaturd dependence of the nuclear spin-lattice relaxation rafg 1/
of ™n in the normal state indicates that CeCpis located just at an antiferromagnetic instability, and
Celrlns is in the nearly antiferromagnetic region. In the superconducting stafe,hHs no Hebel-Slichter
coherence peak just beloW and a power-lawl dependencéclose toT3) at very low temperatures, which
indicates the existence of line nodes in the superconducting energy gap*afhéCe-In plang Knight shift
in CeColny decreases for both parallel and perpendicular directions to the tetragem@ in the supercon-
ducting state, which shows that the spin susceptibility decreases in all directions. These results indicate that
CeColny and Celrl exhibit nons-wave even parityprobablyd-wave superconductivity.
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[. INTRODUCTION and I compounds? which makes them very suitable for
microscopic measurements.

The occurrence of superconductivity in strongly corre- In Celrlng and CeColp, the electrical resistivity passes
lated f-electron systems has intrigued researchers for moréhrough a maximum around 50 K that typically is attributed
than two decades. In these systems, the hybridization bée the cross-over from incoherent scattering of conduction
tween the conduction electrons and the localizetectrons  electron at highr to the development of correlated bands at
results in the formation of heavy quasiparticles and leadéow T. Below about 20 K, the resistivity of both systems
to ferromagnetic (F) or antiferromagnetic (AF) spin does not have a quadrafl'cdependence. The resistivity var-
fluctuations! Since heavy fermion superconductors are lo-I€S asp=po+aT" with n = 1.3 in Celrln; and n= 1 in
cated near the F or AF region, the existence of spin fluctuaCeColr, which are not described by the Landau Fermi lig-
tions has led to the prediction that superconductivity withuid picture. The electronic specific heat coefficieptst very
nons-wave symmetry, mediated by magnetic electron-lOW T in these systems are large, 750 mJ/moI% fieir
electron coupling, is realized in heavy fermion systéms. C€!rns and 350 mJ/mole Kfor CeColn. In the stoichio-
More than five years ago, CeGSi, (Ref. 3 and CeCyGe, metrlc compuound, dev!afuor) from tkle Landau Fermi liquid
(at high pressupé were the only superconducting members Picture, the “non-Fermi-liquid state,” occurs when the sys-
of the 4f-heavy fermion class. Since 1995, however,tem s located n t_he vicinity of a quantum critical point
CePgSi,5 CeRhSh,,” Celny? and CeNjGe, (Ref. 9 have (around_ magnetic instabilitigsand thermal and transport

2 2 ) properties are affected by strong spin fluctuations.
been shown to become superconducting under pres®)re (

hich all h | ducti " Nuclear magnetic resonan¢dMR) and nuclear quadru-
which all have very low superconducting transition tempera-pole resonancéNQR) are powerful tools for studying mag-

tures (Tc) at high pressure. Owing to the severe experimenyetism and superconductivity, i.e., the spectrum and nuclear
tal conditions, little knowledge of the superconductivity Wasgpin lattice relaxation rate I provide valuable information
obtained in these systems. Recently, another pressure ighout the magnetic structure, the spin fluctuations and, also,
duced superconductor CeRblnwhich has the tetragonal the symmetry of the superconductivity. The results of such a
HoCoGg structure, has been discover@dhe ground state study of CeRhlg have already been published and reveal
is AF for P<16 kbar, and superconductivity occursTa  anisotropic superconductivity with line nodes that occurs
=22 K for P>16 kbar. The 3n nuclear quadrupole near the AF stat&® In order to understand the interplay of
resonance and the neutron diffractidf measurements de- spin fluctuations and superconductivity, NQR and NMR
termined the spiral spin structure of CeRhIRollowing the  measurements on Celgnand CeColp have been per-
discovery of CeRhlg two new isostructural superconduct- formed. In CeTlg, there are two crystallographically non-
ors Celrln, (Ref. 13 and CeColg,** were observed at am- equivalent In sites. One site is located in the Ce-In plane.
bient pressure. The respective valuesTgfof the two com-  This In site is surrounded by Ce ions and has a symmetry
pounds are 0.4 and 2.3 K. Superconductivity occurs athich is invariant under fourfold rotations about thexis
relatively high temperatures for the T (T=Co, Rh, (hereafter referred to as sifein this pape). The other site is
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FIG. 1. ¥%n NQR spectra obtained in CeCglInThe closed
circles represent the signals from skeand open circles represent
those from siteB. The two lines from sitd are nearly coincident at
29 MHz, which can be seen clearly in the inset.

surrounded by Ce and Qor Ir) ions and has a lower crystal
symmetry(referred to as sit®). Due to the noncubic envi-
ronment, one expects a large electric field gradient for bot
In sites, which is favorable for observing distinct NQR lines.
In this paper, we report*in and *®Co NMR/NQR studies in
Celrlng and CeColg at temperatures down to 50 mK.

II. EXPERIMENTAL

The ™n NQR measurements were performed using
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FIG. 2. ™¥n NQR spectra obtained in Celgn

as the signals arising from two In sites. The electric quadru-
pole Hamiltonian is written as

e%qQ

= 315 7o+ _
HQ_4|(2|_1) 317 |(|+1)+2(| 2, 1-2)|

rI]—Iere Q represents the nuclear quadrupole moment, the
electric-field gradients are containeddn and the asymmet-

ric parameter 5, defined aseq=Vy; and 7=(Vxx
—Vyv)/Vzz. By conventionVz has the largest magnitude,
and Vyx and Vyy are chosen so that<Qy<1. For |
=9/2 (*9n), the four “allowed” transitions would be ob-
served wheny is small. The resonace frequencies were esti-

. 4nated by diagonalizing the electric quadrupole Hamiltonian.
phase-coherent pulsed NMR/NQR spectrometer in the resQn the cgse 0?7;=0, a get of lines wguld bepobserved at the

nance frequency range 5-90MHz. Eield-sweﬁf’ln and esonance frequencies afo=3e?qQ/2I(21—-1)h, 2v
**Co NMR spectra were obtained using a superconductm%V and 4vy, whereh repregents Planck constan’t Ind%,ed a
magnet with a maximum magnetic field of 50 kOe. Single e ines observed at 8.17, 16,34, 24.51, and 32.68 MHz in
crystals of CeColpand Celrlg were grown from an In flux CeColn, are equally se-par’atea, ;/vhi(.:h ,represeﬁ;tso.
and crushed into powders for NQR a_nd NMR meqsurement%imilar signals are also observed in Ceijrlat resonance
The NMR measurements were carried out on aligned powfrequencies of 6.07 1213 18.20 and 24.27 MHz. These
ders, in Wh.iCh _the grains were a_lligned with thaxis parallel signals arise frorﬁ tr’1e sitA ,(In a'ltor’ns in the. Ce-In piar)e
to lmagnetlc fieldHe,. Two pieces of CeColn cry_stal; hich has an axially symmetric electric field gradient. From
Wh'.Ch. Wer(: not_chrushed, were usedhto5§tudy thehdlr(re](_:f?on e crystal structure, it is evident that the direction of the
‘gg‘“a“"” ofK W'F resp.ect OHeq. T eﬁéé:o Knight shi . electric field gradienV;; is parallel to the tetragonalaxis.
K was determmedli/wth respect to }1 0 resOnance N tpe yajues of the electric field gradient were evaluated as
KsCo(CNJ)s, and the'™n Knight shift " with respect to - c20 5/~ 196 MHz for CeColg and 146 MHz for Celrl,
the **In resonance in InGl The value Of_Tl was obtained respectively. Not only the four signals from siée but also
by the recovery of the nuclear magnetizatioit) after a other signals are observed at 28.65, 28.98, 45.08, 61.21 MHz
saturation.pulsi. The measurements above 1.3 K were pgf; CeColn, and 33.70, 38.35, 52.19” 71_43’ MHz i,n Celgin
formed using & H?‘ cryostat, and below 1.3 K with e These signals arise from the sBein which the *In nuclei
cryostat and &He-"He dilution refrigerator. are surrounded by Ce and @ar Ir) ions. The corresponding
electric field gradients are evaluatedetsiQ/h=372 MHz
with 7=0.39 for CeColg, and e?’qQ/h=436 MHz with
7=0.46 for Celrln. In either case, the associated “forbid-
A. *3n NQR spectra den” transition (Am|>1), which exists in the case of finite
Figures 1 and 2 show th&In NQR spectra obtained in 7, was not visible. Since the symmetry of the electric field
CeColny and Celrln at T=4.2 K. The respective spectra gradient in this site is lower than uniaxial, the principal axes
consist of 8 narrow resonance lines, which could be assigneof the tensor could not be determined only from NQR. Any

Ill. RESULTS
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FIG. 3. Mn and %Co NMR spectra measured at 42K in X 1 A =14.5kOe/y
CeColn,. (@) and (b) were obtained with the-axis parallel and
perpendicular tdd ., respectively. 05 E 115"1V(C_acisL H)
_ [ A =10.3 kOe/ug
change of the spectra were not observed down to 50 mK in \ , , \ .

both compounds. It is noteworthy that the whole spectra
could be explained by only the electric quadrupole interac-
tion, which shows both compounds are in the paramagnetic
state.
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FIG. 5. Clogston-Jaccarino plot foK and %K versusy in
CeColn.

B. %n and °Co NMR spectra in CeColrg

The 8n and 5°Co NMR were measured in CeCglat These Knight shift& were compared with the magnetic sus-

) L ceptibility y of CeColr; which is also plotted in Fig. 4. The
25.600 MHz.and 4'.2 K. D|splayed in Figs(a} and 3@ are presence of crystalline electric field that lifts the degeneracy
spectra obtained with theaxis parallel and perpendicular to - ’ . . _

of J=5/2 multiplet and induces the large anisotopy in the

Hex, respectively. A set of widely separateédn NMR : o . 1
lines were observed which was assigned as the signal frorrnnagnetIC susceptibility ankl. It is remarkable that SKH has

site A, indicating a huge electric field gradient at the In site.2 broad maximurm around 50 K, even if the corresponding
. 1 ; 55 anomaly iny; is much smaller. The band structure calcula-

In addition to 1*In NMR from site A, >°Co NMR was also . 7= ; ;

observed. which showed the directibn\bj (5C0) to be the tions for Celrlry indicates that the Fermi surface is produced

c axis Wiih the magnitude oéqu/h=1.258 MHz and 7y mf”“”'y ?¥158d and 4f electr'ons of Ce andrﬁ'electrons of In .

=0. From these spectra, the parall¢) @nd perpendicular (siteA). """Hence, there is a strong coupllng_ O.f eI_ectrons n

(L) components of* and 5% with respect to the axis the Ce-In plane. On the contrary, the hybridization af 5

P lectrons of Ir and p electrons of In at théB site makes
whoseT dependences are shown in Fig. 4, were evaluatecgonding and antibonding bands, which results in a small den-

sity of states around the Fermi levé} at Ir (Co). In some
compounds containing unstable-moments, such as Cag&h
YbCuAl, the linear relation ofy and the Knight shift breaks
down below T, Which reflects the modification of the
= electronic structure associated with the formation &fidn
coherencé?®?° Although the modification of the electronic
state is usually small in heavy fermion compounds, one ex-
planation for the anomaly iK is the occurrence of reforma-
tion of the band structure beloW,,,,. For the perpendicular
component, no anomaly was observedffK , , which in-
creases monotonicallly with decreasimgFigure 5 gives a
Clogston-Jaccarino plot of Knight shi versus susceptibil-
ity per mole Ce, with temperature an implicit parameter. A
! linear relation between K ang is observed in the parallel
(G- Il How) S component above 90 K with the coupling constant of
T 14.5 kOefrg, Which is nearly comparable with the coupling
constant of the perpendicular component of 10.3 kQe/
Presumably reflecting the small coupling of the Ce-In plane
and Co at the interlayer site, tHe dependence of*K|,
which is different from**, increases monotonically with
FIG. 4. Temperature dependence of the magnetic susceptibilitge€creasingr. SQKH is T dependent and is positive, which is
and Knight shifts®*K and K in CeColn. The anisotropy oK is  Induced by antiparallel Co®spins through @-core polar-
larger than that of. ization. The positive and nearly independenf®<, reveals
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FIG. 6. T dependence oK in the superconducting state of

CeColn,. FIG. 7. T dependence of T in CeColr. The values of I,

below 1.3 K and above 1.3 K were evaluated from thé&/2—

that the shift is almost determined by the Co orbital contri-ie’/z and *=7/2— *=9/2 transitions, respectively. T evaluated
with the polar model is shown as the solid line. Below 0.2 K, the

bution. A Clogston-Jaccarino plot fo’K is also shown in , .
Fig. 5. The evaluated coupling constants are 4.7 kQdbr recovery curves could not be fitted by a unique value @f 1The
59%“ alnd 4.6 kOelg for 58Kf ' shorter components are plotted as open triangles.

As seen in Fig. 6, a large decrease’diK was observed _ ) , _
in both directions belowl .. For %%, the decrease was ob- scribed in Ref. 21. Th& dependence of the T{’s obtained

served only in the parallel component, and not in the perperi Poth compounds are Shown/"{‘ Figs. 7 and 8. In Cegoln
dicular component. It is expected that no decreasé%f  the T dependence is close fbllz-, In Celrlng, 1/T, in the
reflects largeT-independent Co @ orbital contribution and Normal state varies nearly 8™ in the temperature range
small transferred contribution from Ce. The Ce susceptibility

has also van Vleck componeniy,, ,z*Zq[(0]J,|n) 103
X(n|Jg0)/(Eq—Eo)], where|0) and|n) is the ground and
excited states splitted by the crystalline electric field. It is
noted thaty,, . contains spin part and induces spin polar-
ization at the Co site, which does not decrease in the super
conducting state.

102

—_—

C. nuclear spin-lattice relaxation rate ¥T, &

Using *3In NQR at site A, the nuclear spin lattice relax- 10
ation rates in both systems were measured. The expectet'-
functional form form(t) for spinl=9/2 and»=0 is a sum &
of four exponents with the coefficients determined by the
initial conditions?* The functionm(t) contained only two

fitting parameters T/; and the numerical factd€, which is 1
given by

m(t) oy F( 3t b '{ 10t)
-——= expg — — expg — —

m(ze) ! T, 2 T 0.1

0.1 1 10 102
21t 36t
o] - 2 -y - 2. TH

Ty Ty

FIG. 8. T dependence of T/ in Celrlns. The values of 1,
In our measurements, Tf was obtained by different pelow 1.3, between 1.3 and 4.2 K, and above 4.2 K were evaluated
quadrupole transitions+1/2— *3/2, *3/2—=*5/2, and from the +1/2— +3/2, +3/2—+5/2, and +7/2—+9/2 transi-
+7/2—*+9/2. The correspondindg- coefficients are de- tions, respectively.
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between 10 and 80 K, and tiedependence increases gradu-whereM (E) is the “anomalous DOS” arising from the co-
ally below about 10 K with decreasinig 1/T, is expected to  herence effect which only exists gawave superconductivity,
be proportional to the temperature in a model of simpleandf(E) is the Fermi distribution function. T/, is evalu-
Fermi-liquid behavior, which was not observed in both com-ated by extending the normal state data from high tempera-
pounds. IT; decreases rapidly just below-=2.3 K in  tures. Unconventional superconductivity is characterized by
CeColn, and below about 0.3 K, which is lower tharx  the superconducting gap structure which has nodes along
=0.4 K of a single crystal, in Celrln Since NQR measure- certain direction. Generally, energy gap has points or line
ments were performed on a powd&g might decrease due nodes, which satisfy the group theoretical restriction arising
to defects induced by crushing of the single crystal. It isfrom the crystal symmetry. In most of the case, the detailed
expected that compounds having a lowler and a larger structure of the gap function is remaining as an unresolved
superconducting coherence length would be more sensitivissue. However, a crude evaluation of Livould be possible
to defects. In both compounds, Hebel-Slichter coherencby the simple polar modeh =Aycosé, since 1T, would
peaks were not observed. In CelyJrl/T, varies nearly pro- likely be insensitive to points nodes in the presence of line
portionally toT? at low temperatures. In CeCalrhowever, nodes. If we calculateT,, tentatively assuming £4(0)
the T dependence becomes saturated below 0.3 K, where the10 kgT for CeColry and 5 kgT for Celrlns, the experi-
recovery curve was not fitted by a uniqlie The shorter and mental values are reproduced well as plotted in Figs. 7 and 8.
longer components of Tj are shown in Fig. 7. This satura- The nearlyT3 law of 1/T; is reminiscent of the relaxation
tion would be caused by the extrinsic contributiotofrom  behavior in  many heavy fermion superconductors
a small amount of paramagnetic impurities, which masks th€eCySi,,?® UPt,?” UBe,3,%® URW,Si,,?° and UPgAI;.*°
intrinsic superconducting quasiparticle contribution. By using the same energy gap, thelependence dof is

also analyzed in the case of even parity

IV. DISCUSSION

It was found recently that AF ordering appears in df(E)
Ce(ILRh_,)Ins for x<06 (Ref. 22 and in KSOCXSCKJ Ns(B) g dE
Ce(CxRh;_,)Ins for x<0.723 Also the T dependence of
the resistivity in CeColgand Celrlg are not described by
the Landau Fermi-liquid picturE:'* These results suggest

that Celrly and CeColg are located close to AF state. In- Kni : ; :
. ght shift. One of the aspects &f in the superconducting
deed, the observed dependence of Tj in CeColny and g6 is thak varies nearly linearly withr at very low tem-

Celrlr; differs from the issue expected in the simple Fermi-po a4res, which arises from the low-energy excitation of
liquid state, i.e., IV, varies in proportion tal. 1/Ty would ¢ asiparticles in the superconducting state. The existence of
be governed by the strong AF spin fluctuations. In this casgjne nodes explains th# dependence. The fact thit and

one way to analyze Tj is the use of the spin fluctuation 1 \yere consistently explained by an anisotropic spin sin-
theory developed by Moriya, which shows T{l)=Vxq  glet model, strongly indicates the appearance of anisotropic
alround. antiferromagnetic  instabilites in the three-gyen parity(probablyd wave superconductivity in CeTlp
dimensional case. Hereg represents the staggered suscepyrther measurements using a directional probé &pace,
tibility. In the theory? xq is determined by four parameters, sych as thermal conductivity, would be useful for determin-

which, however, were not yet determined in CeTlihere-  ing the precise gap symmetry and the position of the gap at
fore, we simply assume Curie-Weiss behavioryey, which  the Fermi surfacé!

is similar to the 2l transition metal cas®,

which is also plotted as the solid lines in Fig. 6. The calcu-
lation has reproduced th& dependence of the observed

1 V. SUMMARY
XQ* T4 In CeColn, the 1T, varies nearly ag** in the normal
state. In Celrlg, 1/T; varies asT*?in the temperature range
between 10 and 80 K, which are well explained as these
_ _ ; compounds located close to the AF instabiliggantum criti-
VT) in Celring was explained by taking the /\ialue @ cal poind. In the superconducting state, the Knight shft
~0.67. The spin fluctuation theory predictsT&" depen-  yeceases in all directions andT1/reveals the anisotropic
dence of 1T, near an AF instability, which was observed in ature of the superconducting energy gap. These results in-

CeColn. _ ) _ dicate that CeColnand Celrlr exhibit anisotropic even par-
Next, the ratio of IT; in the superconducting state and ity (probablyd-wave superconductivity.

that of the normal statd,,\ /T, is related to the density of Note added in proofA detail thermal conductivity mea-
states(DOS) Ng(E) as surement of CeCofrhas recently been performed. The mea-
surement shows that the symmetry of the superconductivity
T is most likely to bed,2_ 2.3 The ™ In NQR measurement of
1N

——ifx[Ns(E)%— M (E)2]f(E)[1— f(E)]dE, Celrlr® has been recently performed by another griup.
Tis kgTJo Their results are similar to ours.

In this model, the observed dependence of Tj (close to
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