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Anomalous NMR magnetic shifts in CeColn;
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We report9n and %°Co nuclear magnetic resonan@é¢MR) measurements in the heavy fermion super-
conductor CeColnabove and belowl.. The hyperfine couplings of th&%n and *°Co are anisotropic and
exhibit dramatic changes below 50 K due to changes in the crystal field level populations of the Ce ions,
suggesting localizeflelectrons. BelowT . the spin susceptibility is suppressed, indicating singlet pairing.
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In heavy fermion systems the interplay of magnetism and Crystals of CeColgwere grown from an In flux as de-
superconductivity gives rise to a diverse range of groundscribed in Ref. 3. The tetragonal crystal structure of Cegoln
states including an unconventional form of superconductivconsists of alternating layers of Cgland Col and so has
ity. The recently discovered family of heavy fermion com- two inequivalent In sites per unit cell. The(In site has axial
pounds CMIns, whereM =Co, Rh, or Ir exemplifies these symmetry and is analogous to the single In site in cubic
effects. Whereas the Rh compound undergoes a transitidaelns. There are four low symmetry (8) sites per unit cell,
from antiferromagnetic to superconducting under pressurefwo on each of the lateral faces of the unit cell, located a
the Ir (Ref. 2 and Co(Ref. 3 compounds superconduct at distance 0.306 above and below the Ce-In layt} The zero
ambient pressure, with the Co system exhibiting the highedield **3n (1=9/2) nuclear quadrupolar resonan®¢QR)
known transition temperatur@.3 K) for any heavy fermion spectrum reveals an axially symmetric site withvg (1)
system. Evidence from heat capacity and thermal transport 8.173+0.005 MHz, andn(1)=0.0 at 4 K, whereas the
indicate that the pairing symmetry in the superconductingglectric field gradientEFG) at the I(2) site is characterized
state is unconventional and that there are line nodes in they *°vq (2)=15.489-0.001 MHz, and 7(2)=0.386
superconducting g&b. +0.001, wherevg and » are defined as in Refs. 7 and 8.

The bulk magnetic susceptibility, of tetragonal CMIng ~ The NMR spectrum of the’®Co (1=7/2) indicates a site
displays systematic trends consistent with the diversity ofvith axial symmetry an059vQ=234t1 kHz at 4 K. Both
observed ground states. In all three cagels anisotropic, the In and the Co EFG’s are essentially temperature indepen-
and is largest for field applied along thelirection. In theab ~ dent, varying less than 0.5% betwe4 K and 100 K, indi-
plane, ., is essentially the same for all three materials.cating that significant structural changes are absent in this
However, y. exhibits a maximum at-10 K for CeRhlg ~ temperature range.

(Ty=3.8 K), whereas for the superconductors Celramd The magnetic shift measurements were made on a large
CeColn; x. diverges at low temperatures urifi} is reached. single crystal of CeColpp which was mounted with the

For both of these materialg, also exhibits a plateaulike axis either parallel or perpendicular to the external field, for
feature around 50 K, which is less pronounced for the Iffields between 3 and 5 T. Field-swept spectra were obtained
system. The origin of this feature and the relationship beby measuring the spin echo intensity as a function of applied
tweeny. and T, have been debated; however, both the plafield at fixed frequency. The shifts were determined by mea-
teau and the divergence are intrinsic and independent afuring several of thé*an transition fieldsH.,, for each site
field 3 at several different fixed frequencies. The nuclear spin

Here we report a detailed study of site-specific magnetidlamiltonian ~ H=(hvo/6)[ 315~ 12+ 5(1Z—15)]+ yAl - (1
shifts in CeColg using nuclear magnetic resonan®&viR). +K)-Hp, whereK=(K,,Ky,K.) is the magnetic shift ten-
Measurements in the normal state provide a microscopisor, was diagonalized and the resonance fielgdgfor each
measure of the local susceptibility and we find anomalougransition and each In site were then calculated. The spectra
temperature dependencies. This behavior is likely due to theere then fit by minimizingy?==;(H es— Hexp)2 as a func-
thermal depopulation of a crystal fielCEF) excitation of  tion of (6,¢,K,,K,,K.), whered and¢ are the polar angles
the Ce ions. We find remarkably strong departures from theelating Hy to the crystal axesa,b,c). Note that such a
expected proportionality between bulk susceptibility and theprocedure is necessary because the strong quadrupolar inter-
NMR Knight shift. We argue that this effect is indicative of a action gives rise to a significant angular dependencdd gf
high degree of Ce moment localization, a feature that maygo that even a misalignment of 1°—2° can cause a significant
play a role in the mechanism for superconductivity in thiserror (~30%) inK. The Co shift and EFG were determined
material and puts important constraints on any microscopiy measuring the positions of the central and satellite transi-
theory. In the superconducting state the temperature depetiens at fixed field.
dencies of the shifts reveal a suppression of the spin suscep- Given three nuclei and two possible field orientations for
tibility consistent with spin-singlet pairing. each there are seven distinct magnetic shifts. Note that for
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Fig. 1.
FIG. 1. The magnetic shift versus temperature. The solid lines
show x. and x,,. The dashed line is a fit tg as described in the ing atom by polarizing the conduction electrons at the Ce
text; the dotted lines, which have been offset vertically to coincidesjte, which is then transferred to the neighbor via an
with the shift scales, are calculations as described in the[fdgte Ruderman-Kittel-Kasuya-Yasid4RKKY) interaction. The
the reversed axis fot'%(2), .] conduction electrons at the neighbor then create a hyperfine
field at the nucleus via a contact interaction. Two different

In(1) and Co the magn(_atic _Shift Is isotropic in thé plane, mechanisms have been proposed to explain the anomalous
whereas for If2) the shift differs forH, parallel or perpen- ift behavior in other heavy fermion systems. In CeSn

dicular to the unit cell face. The temperature dependencies (Sn) andy differ below ~ 150 K, and this effect has been

K for both In sites as we!l as the Cc_) are shown in Fig. Lascribed to modifications of the effective hyperfine coupling
together W|th)_( for_both dl_rectlons.K is a measure of the at the Sn(via the RKKY interactioh by the onset of Kondo
L(r)]cal hﬂff’”of"c ng Ci_erf'liy it;le nu_lt_:learhsnequ generalcompensation below a temperatufg .1%*? In CeCuySi,

E.S II ;]s.’fg'\./eg y((d)_ C]l hi IiXi(I ). w edre oIS an h Ohamaet al. observed that the Cu and Si magnetic shifts
or ||ta S ; b md ?ﬁe? ent Ott N O%a t;plﬂ enfgty at he3150 exhibit departures fromdec y below ~100 K, and they
nucléar site and the temperature, ands the hyper IN€ COU~ " attribute this behavior to the depopulation of an excited CEF
pling to x;, the ith component of the susceptibility o6 of the Ce ionsJ=5/2) and not Kondo coherenégin
=2iXi .hEtoth Ko ar,:ﬂ'%‘é c2an be amsotrop:!c. AIH of thfe m_l"f‘g' this case, the overlap between the Ck atbitals and the
n>et|c Sf' S excgp d (>)i arfe propor |or;a t%X or conduction electrons differs depending on the CEF level
=40 K or11—|5‘2||a an59T~6059K orH0||fl.5|Iie owthese tem- populations, resulting in temperature-dependent hyperfine
peratures K (2);, *Kap, *Ke, and " K(1) show dra- ;4 5lings to the Cu and Si. In fact, the measured shifts in
matic departures frony. Furthermore,"(2), is not pro- CeColny, show behaviors similar to those observed in
portional to y in any temperature regime, and exhibits acecysi, Namely, thek versusy plots exhibit positive
?{amatlc (downturn below 40 Knote that the axis for g0 4 high temperatures; however, at low temperatkires

K(2), is reversed in Fig. [L Figure 2 shows versusy « y is recovered, but with a negative slope. Ohaghalat-

for both field directions. .Note tha oy for high tempera-  yihyte the negative hyperfine coupling to an orbital overlap
tures (T>40 K), and the intercept and slope gikg andA,

Wh0§e values are listed in Table |, whekgy is determined TABLE |. The hyperfine couplings and orbital shifts of the
for high temperatures, arfy  for low temperatures. The Co In(1), In(2), and Co
shifts track those of the (&) for both directions, where ’ ' '

AC(CO)/AC(ln(Z)):026 and Aab(CO)/AL(ln(Z)):033 Shift, Ko(%) Ayt (KOelug) ALr (kOelug)

Therefore, it seems likely that the Co is not directly coupled

to the Ce, but couples to the Ce only via thé2n In(1). 0.795) 8.9434) —0.4(1)
Anomalous departures fro{ey have been known to In(1)y, 0.134) 12.0840) 12.0840)

exist in Ce compounds for several years, although the reasdn(2), —2.10(3) 32.43) 22.93)

for the departure is still under deb&f@! It is generally con- In(2);, 0.7612) 10.2617) —-12(1)

sidered that the Cef4electron does not have a significant In(2), 1.101) 0 —34.7(9)

direct overlap with the orbitals of neighboring nuclei. Rather,Cq, 1.002) 8.4(5) 6.2005)

it is the 6s and & orbitals of the Ce that are hybridized, and co,, 0.6411) 3.3009) —4.20(19)

the Ce 4 moment can create a hyperfine field at a neighbor
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between the ligand orbital and the Ce # orbital. They
distinguish this direct transferred hyperfine mechanism from 1020+
that in which the 4 moment polarizes the conduction band -1
at the Ce site. According to Ohanea al., the direct contri-
bution can become negative when only the lowest CEF dou- 15}
blet is occupied. Heat capacity data in CeGosniggest the 1.0
presence of an excited CEF doubleta60 K above the
ground-state doublétso it would be reasonable to ascribe 1.0
the anomalous shift behavior in CeCpglto depopulation of

an excited CEF doublet. The strong site dependence of the
shift anisotropy in CeColpnalso suggests a direct coupling
between the In or Co and an anisotropic, localized Ge 4
orbital, as in CeCBi,. In both systems the temperature
scale for Kondo compensation is much lower than the CEF
splitting, suggesting more localizedf 4character, and the
strong directionality of the hyperfine couplings in these ma- FIG. 3. The magnetic shift foH,||ab in the superconducting
terials implies an electronic structure that is more tight bind-state. The solid line is the bulk susceptibility, which becomes fully
ing rather than free-electron-like. Note that for-150 K diamagnetic below 2.3 K.

CeColn, has a Curie-Weiss susceptibility consistent with a

full local moment of the Ce. Although deHaas van AlphenState energy levels in the expression ZoBy adjustingK o,

(dHVA) and photoemission data in CeCglare somewhat A - g :
. ! X . it i gs» andAg, appropriately, we can qualitatively explain the
consistent with local-density approximatighDA) calcula temperature dependence of all the shifts in Figidbtted

tions that assume the Cé électron is itinerant, recent gl_l—lglA lines). Note thaty2.<0 in theab plane, so for this com-
studies of Ce_,LaRhlIns point to localizedf electrons:
ponent the absolute value af,, was used.

The correlation between the large’s and the localized The anomalous behavior of the shifts might also be ex-

character of these materials suggests that the local moments, . . ) -
which could be a source for spin fluctuations, are essentia{%ﬁalnGd by two components gf with a different origin than

. . crystal field states. However, there is only one Ce site in the
for the development of heavy fermion superconductiit. unit cell, and susceptibility and heat capacity data indicate

In order to investigate the possible role of CEF effec_:ts WShat the observed properties can be entirely attributed to the
Te (i.e., Co is nonmagnetic in CeCagn Therefore it seems
likely that the two components can only be attributed to dif-
ferent CEF states on the Ce ions. It is interesting to note that
) , oo measurements of the (b shift in the isostructural com-
cry%talo f|eLd 4W'th tetragongl symmetry, sblcer=b203  hound CeRhig reveal a positive hyperfine coupling for
+b,0;+b,0;, where theO, are the Steven's operat 4 K<T<50 K, with no signs of the dramatic departure from
In this field theJ=5/2 manifold is split into three doublets Ky seen in CeColn.2° Clearly, if the hyperfine anomaly is
(I's,I'$Y,T%?), where the wave functions are given by the only mechanism at work in CeCalthen the CEF pa-
+3(, ¥sina+3)FcosalF3), Fcosd|+3)+sind+3), and  rameters in CeColpmust differ significantly from those in
xcer=[3%(In Z)/3H?};—o. HereZ is the partition function for  CeRhin. In fact, recent work by Takeuchgt al. suggests
the HamiltoniarHce=Hcert+ gsugH - J, whereg;=6/7, ug  that the ground-state CEF level in CeRhlsT'; rather than

is the Bohr magneton, anllis the spin operator fa}=5/2. 121

We find the best fit for thd's ground state J,= + 3), with Below T, x is dominated by the diamagnetic response,
excited states at 34 and 102 K above the ground state, masking the intrinsic behavior of the spin susceptibilky.
=147, and an anisotropic molecular fieldA.  however, couples only to the spin susceptibility and provides
=18.8 mollemu anch ,,= —113.2 mol/emd? The anisot-  a direct measure of*P" in the superconducting state. The
ropy of A reflects Ce-Ce couplings which differ for neigh- temperature dependencies of the shifts for both In sites as
bors in and out of the plane. The fit reproduces the plateawell as the Co in CeColpare shown in Fig. 3 foH,||ab
feature, and suggests that the anomalous behavior of théown to 1.4 K. Because of the thin platelet morphology of
magnetic shifts below 50 K may also be explained byCeColn, demagnetization fields in the superconducting state
changes in the hyperfine couplings as the excited CEF stategn be significant foH,||c, precluding an accurate determi-
are depopulated. Note, for example, that in Fig'&(1);  nation of the magnetic shift since the local field at the
appears to be independent gf at low temperatures. This nucleus is poorly determined. We estimated that for our
behavior suggests that* (1) couples only to the excited sample, the demagnetization factor fét||c is N./4m

CEF states. If we decomposger= xZer+ XGer iNtO contri- - ~0.79. Therefore, although we observe a decrease in the
butions from the ground-state doublet and from the excitedesonance frequencies for this direction one cannot resolve
doublets, one might then expebt= K0+A95X95+Aex)(ex, whether the decrease is due to a changk or to a change
where (") 1= (xcep "1+ \. We determineyZir (x&cp by  in Hy internally. However, forH||ab the demagnetization
suppressing the field dependence of the excigund  factor is much smaller, so the internal field below is

(=]

(lownwe _01)X

K g (%)
(1), (%)
k(). (%)

Fig. 1 show a fit to the expressiop '= ycaget N, Where
xcer IS the CEF susceptibility for the Ce ion, andis a
molecular field term. The Ce ion in CeCglexperiences a
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5 o o 2 Fig. 3]. Spectra of the Ifl), In(2), and Co at different tem-
4 A | oA peratures are shown Fig. 4, clearly exhibiting the behaviors
\ seen in Fig. 3. An increase of the absolute value of
¢ 3 o =T 1% (2),, ™K(2); , and **K,, below T, can be under-
- 2% % stood by recognizing that the hyperfine coupling is negative
N % below 50 K(see Fig. 3 so an increase iK implies a de-
skl [ rosssokal | e tsrs kgl crease iny™". Thus, all of the shifts foH c are consistent
' L ' with a decrease iy*"", implying spin-singlet pairing of the

0
400 40.139.72 3980 396 398 Cooper pairs in the superconducting state. Given the recent

Freq (MHz) heat capacity and thermal conductivity measurements reveal-

ing higher orbital symmetr§?? we can conclude that the

order parameter in CeCgjrhasd-wave symmetry. During

cell face. The two peak structure of th&Inspectrum indicates the the course of this work, we became aware of §|mllar work by

presence of two slightly differently oriented crystals in the sample the group of Kohar& who report magnetic shift results be-
low T.. Although our conclusions about singlet pairing are

the same, the temperature dependencies of the shifts differ.
known to a greater degree of accuracy. Therefore, we only

FIG. 4. Spectra of the (@), Co, and If2) at various tempera-
tures throughl;. The In(2) spectrum is foH, normal to the unit

present data on the shifts for the field in the plane. We thank S. Dunsiger for assistance with the measure-
The decrease it (1), seen in Fig. 3 implies a de- ments, as well as D. MacLaughlin, R. Heffner, and J.
crease iny*"". However, *K,,, X (2), , and ™*(2);,  Lawrence for valuable discussions. This work was performed

increasebelow T, [note the reversed axis for®*K(2), in  under the auspices of the U.S. Department of Energy.
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