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We report the pressurdj-temperature T) phase diagram of antiferromagnetism and superconductivity in
CeRhiny and Celg revealed by the''®n nuclear-spin-lattice-relaxatioriT{) measurement. In the itinerant
magnet CeRhly we found that the Nal temperatureTy is reduced atP=1.23 GPa with an emergent
pseudogap behavior. In Cglrthe localized magnetic character is robust against the application of pressure up
to P~1.9 GPa, beyond which the system evolves into an itinerant regime in which the resistive superconduct-
ing phase emerges. We discuss the relationship between the phase diagram and the magnetic fluctuations.
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It has been reported that a superconduct®@) order in  nodes in the gap functiohlt is, however, not yet clear how
cerium (Ce)-based heavy-fermiorfHF) compounds takes the electronic states change with when the AF phase
place nearby the border at which an antiferromagn@tfe) evolves into the SC phase.
order is suppressed by applying press(Rgto the HF-AF On the other hand, Cejrerystallizes in the cubic AuGu
compounds CeGGe,,! CePdSi, (Ref. 2 and Celn.® The  structure and orders antiferromagneticallyy& 10 K) at P
superconductivity in these compounds, however, occurs only=0 with an ordering vecto® = (1/2,1/2,1/2.8 Ty, mono-
in extreme conditions where the pressure excee@sGPa tonically decreases witR and superconductivity appears be-
and temperatur€T) is cooled down below-1 K. Indeed the low T,~0.2 K at a critical pressur®.=2.55 GPa, but the
experiments were restricted mainly to transport measuresnset of the superconductivity was obsengedy by the re-
ments. The discovery dP-induced HF superconductors in sistivity measurement and is limited in a narr&range of
Ce-based HF-AF compounds has stimulated further experiabout 0.5 GP&3° The previous**3In-NQR result on Celg
mental works undeP.*~" In order to gain profound insight revealed that the AF order disappears aroulf
into a relationship between magnetism and superconductivity-2.44 GPa close t®. and the Fermi-liquid behavior was
in HF systems, systematic NMR/NQR experiments urfder observed below 10 K aP=2.74 GPa° However, no SC
are important, since they can probe the evolution of the magtransition was seen. Thus, the bulk nature of Frimduced
netic properties toward the onset of SC phase. SC state in Celnhas not been confirmed yet by other mea-

Recently, Heggeret al. found that a new HF material surements than resistivity. This is in contrast with the case of
CeRhlin consisting of alternating layers of Cgland Rhin CeRhiIny where the bulk nature of the SC phase was fully
reveals an AF-to-SC transition at a relatively lower critical establisheBwhich continues up to 8 GPa.
pressuréP.=1.63 GPa than in all previous examples The Here we reportP-T phase diagrams for CeRRklrand
SC transition temperatur§.=2.2 K is the highest one to Celn; obtained through*an-T, measurements and present a
date amongP-induced superconductotsThis finding has possible explanation for the differef dependence of the
opened a way to investigate tReinduced evolution of both SC phase in the two compounds.
magnetic and SC properties over a widleange. In a previ- The single crystals of CeRhjrand Celg were grown by
ous papef,the 8n NQR study of CeRhlghas clarified the the self-flux and Czochral§k| Meth_od, _respecu\/’e@, and
P-induced anomalous magnetism and unconventional supef¢€r¢ moderately crushed into grains in order to make rf
conductivity. In the AF region, the N temperaturd ex- ~ PUISes penetrate into samples easily. In a small piece of
hibits a moderate variation, while the internal figH,, at Celrs, the zero resistance transition is conﬂrmed il
the 1¥In(1) site in the Celg plane due to the magnetic =22-2.8 GPa(Ref. 1) (see below for detdl At P

LN e =2.45 GPa,T; reaches a maximum of;=0.19 K and its
ordering is linearly reduced iR=0-1.23 GPa, extrapolated transition width is the sharpest, which is in accordance with

to zero atP*=1.6+0.1 GPa. ThisP* is comparable t®:  the previous resuld® The T, was measured at the transi-
=1.63 GPa at which the SC signature appéashich was  tions of 2 vo(*3/2—*+5/2) and 3vg(*+5/2—*+7/2) for
indicative of a second-order-like AF-to-SC transition ratherthe 119n(1) site in CeRhlg and of 3vq in Celns, by the
than the first-order one suggested previodsiht P conventional saturation-recovery method. The hydrostatic
=2.1GPa, it was found that the nuclear spin-lattice-pressure was applied by utilizing a BeCu piston-cylinder
relaxation rate 17, reveals aT® dependence below the SC cell, filled with Daphne 0il(7373 as a pressure-transmitting
transition temperatur&;, which shows the existence of line- medium.
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(a) e dered moments is reduced. In this case, one could expect that
[ o i)ocso];.oo.o.oo _____ the slight increase ify(P) = p2g(P)Jex(P) with increasing
_ 10005- o .‘j.m&“: pressure is due to the enhancementig{P) which over-
o : M """ ] comes a possible reduction .
Q ' In order to focus on the itinerant magnetic regimeTin
= <T*, the T dependence of T4T below 10 K is shown in
t 100E CeRhIn, 1 Fig. Ab) for P=1.23 and 1.6 GPa. AbovEy, it is clearly
— ; seen that I, T shows a broad peak & . This resembles
o 046GPa the pseudogap behavior found in the hifhcopper oxide
: i?(;l:a superconductor® Namely, whenP approaches the critical
10F ' __ pressure®* or P., the low-energy spectral weight of mag-
1 1'0 100 netic fluctuations is suppressed before an ordering occurs.

This is an observation of the pseudogap behavior in a mag-

Temperature [K] netic region close to the SC phase. We note that the

,.\
=3
N

20— pseudogap behavior has been found in either two- or lower-
I CeRhlIn, dimensional strongly correlated electron systéfrigery re-
— 100 - i cently, anisotropic 3D AF fluctuation was reported from neu-
A 80- ] tron scattering with an energy scale of less than 1.7 meV for
' I ® o0 temperature as high as3..*" In fact, an anisotropic 3D
2 6ok A A8 o4 character in the AF fluctuations has been revealed previously
= . Aam N by NQR measurement in the related material Cglthat is
=, 40} * - a superconductor aP=0.® Thus the observation of the
= — * pseudogap behavior is consistent with the system bearing
~ 20-@&‘ X i'ﬁ;ﬁa 1 a magnetic character of reduced dimensionality at low
- K i pressures. On the other hand, when the pressure is further
01 2 3 4 5 6 7 8 9 10 increased, atP=2.1 GPa where the bulk SC transition
appears, for example, TfT continues to increase down to
Temperature [K] T.=2.2 K without any signature for the pseudogap

behavior’ The T variation of 1T,T is consistent with the
FIG. 1. (a) T dependence of'Y1/Ty) in CeRhin at P=0.46,  three-dimensionai3D) AF Fermi-liquid model of the self-

1.23, gno_l 1.6 GPa. The dotted lines are eye-guides. The dottethsistent renormalizeCR) theory for nearly AF metals
arrow indicates™ . (b) T dependence of T4T. In both(a) and(b),  Thys an evolution in the magnetic fluctuations, from a mag-
the solid and broken arrows indicaleg and Ty, respectively. netic regime of reduced dimensionality to a more isotropic

one, may take place in a narrawwindow of 1.2—2.1 GPa

Figure Xa) shows some typical data sets for fielepen-  when the magnetic order evolves into the SC order.

dence of IT; in CeRhin at P=0.46, 1.23 and 1.6 GPa. In  Next we deal with the results in CelnFigure 2a) repre-
the high region, it is notable that Th becomes almost  sents thél dependence of T4 in Celn; atP=0, 1.42, 2.35,
independent above the temperature marke@*asThis indi-  and 2.65 GPa. It is seen clearly that fi@and P dependen-
cates that Ce-#4 moment fluctuations are in a localized re- cies of 1T, differ from CeRhlg. 1/T; aboveTy is nearlyT
gime aboveT*. In such a regime, T/ is proportional to independent aP=0. At P=1.42 GPa, IV, even increases
P2/ Jex OF ~p2gW/J% in terms of a localized moment pic- upon cooling. Thus, the localized magnetic character in the
ture. Herepg is an effective paramagnetic local momehi, = paramagnetic state is robust against the applicatioR of
the Ruderman-Kittel-Kasuya-Yosida exchange constanCeln;. In the high pressure regime where the SC sets in,
among 4 moments,J the exchange constant betweeh 4 there seems to appear an itinerant regime béeléw 10 K.
moments and conduction-electron spin, alds the band- T* eventually reaches-30 K at P=2.65 GPa. Figure (p)
width (BW) of conduction electrons. A progressive suppres-indicates theT dependence of T4T. For all pressures,
sion in 17T, with increasingP is considered as due to the 1/T;T increases down tdy, giving no indication for the
reduction inpgy and/or the enhancement &f. It is known  pseudogap behavior. &2=2.35 GPa where the zero resis-
in HF systems that™* is scaled to the quasielastic linewidth tance is observed, it has been confirmed that the magneti-
in the neutron-scattering spectrum, leading to a tentative egally ordering survives with a relatively high value ®f
timation of the BW of the HF state. In CeRRirntherefore, =5 K. The SC transition is, however, not found by the high-
the incommensurate spiral order with a staggered moment dfequency ac susceptibility measurement down to 100 mK
0.267ug occurs in an itinerant magnetic regimefat0.1>%"  using thein situ NQR coil, despite that a zero resistance was
As seen in Fig. (a), T* increases progressively with* observed in the same sample @a~0.15 K. From the
=16, 23, and 27 K aP=0.46, 1.23, and 1.6 GPa, respec- present experiments, we conclude that thd phase dia-
tively. Since the application d? further increases the hybrid- gram and the nature of the SC phase in Geliffers from in
ization between Ce# state and conduction electronky, CeRhlin, in many aspects, reflecting their contrasting elec-
Jex, T*, and BW are increased, whereas the size of the ortronic and magnetic properties; we speculate that the SC
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FIG. 2. (a) T dependence of'3(1/T;) in Celry at P=0, 1.42,

2.35, and 2.65 GPa. The dotted and broken lines are eye-guides. FIG. 3. P-T phase diagram&) for CeRhlry and(b) for Celrg.
The dotted arrow indicates*. (b) The T dependence of TAT. In  (a) The open marks are determined from the resistivity measure-
both (a) and (b), the solid arrows indicat&y, . ments(Ref. 11, and the solid squares are determined from thg ac-

measuremen(Ref. 7) (b) The open marks folry, and T are taken
phase in Celgithat accompanies the Meissner diamagnetismfrom the resistivity measurementRefs. 2 and B The rest marks
if any, is even narrower than suggested by the resistivityare determined from the present work. The inset indicates the de-
measurement. tailed P dependence of . in expanded scales.

The P-T phase diagrams for CeRRiland Celg are sum-

marized in Fig. 3. For CeRhin T* slightly increases with ~erant magnetic regime. It is interesting that the SC state be-
increasingP up to 1.0 GPa, as dods, which coincides with comes emergent in such a regime. Closétg the normal
the previous resuft. However, Ty decreases abové state resistivityp in Celny at low T is also consistent with
=1.23 GPa. At the same time, a pseudogap behaviothe 3D AF fluctuations model of the itinerant magnetic
emerges belowlpg~5.5 K. As P is further increased]* regime® However, when the pressure is further increased
moderately increases withT*/dP~8 K/GPa. It is noted aboveP., a Fermi-liquid behavior of the resistivity returns
that T* is comparale to the temperatuFe,,,, at which the  more rapidly in Celg than in CeRhlp and CeCySi,.* This
resistivity exhibits a maximum value and alsbr*/dP is also corroborated by the observationTgl = constant be-
~dTax,/d P.* We remark thatfT* anddT*/dP are also havior atP=2.65 GPa in Celf Thus the window of the 3D
close to those in CeGBi, (Ref. 6 which is a supercon- AF fluctuation regime is much narrower in CgliWe pro-
ductor atP=0 and reveals a SC state over a wiRlegegion  pose that the narrow SC region in Cgls due to the small
as well!® In CeRhin, the anisotropic 3D AF fluctuations window for the 3D AF fluctuation regime because of its large
may survive until the system is close to the SC state, wheréate ofdT*/dP. This small window for the 3D AF fluctua-
the pseudogap behavior is emergent. AbB¥eor P, where  tion regime againsP in Celn; may be related to its cubic
the bulk superconductivity appears, the AF spin correlationgrystal structure which is more sensitive to exteffdhan a
become more isotropic and tiiedependence of TAT for  tetragonal structure.
T>T, can be explained on the basis of the 3D SCR theory Based on magnetically mediated SC theoretical models,
for nearly AF metalg. While the isotropic AF fluctuation it is predicted that 2D AF fluctuations are superior to 3D
regime is fully established, the bulk SC is insensitive againsfluctuations in producing S€. Therefore, the enhancement
P. In Celry, by contrary, T* steeply increases above of T, in layered CeMlg over Celny has been suggested to be
=1.9 GPa, indicating an evolution of the system into an itin-due to their quasi-2D structufé*?2Qur results suggest that
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the small window for the spin fluctuations regime in Geln GPa, beyond whicii™*, which marks an evolution into an
may also be partly responsible for its lowgs. itinerant magnetic regi_m_e, increases_rapidly. It is_ i_nteresting
In conclusion, on the basis of tHé%n-NQRT, measure- that the supe_rconductlwty emerges in su<_:h an itinerant re-
ment, we have reported tieinduced evolution of the elec- 9ime. The window for the 3D AF fluctuation regime with
tronic and magnetic characteristics when approaching the S[ESPEC to external pressure is much narrower in Cefan
phase in CeRhinand entering the SC phase in Celtin N CeRhin, which may also be partly responsible for its
CeRhin that is already in the itinerant magnetic regime at!oWer T in Celrg.
P=0, Ty slightly increases witl at lower pressures which We thank H. Harima for several useful conversations on
is in accordance with a previous repditlowever, Ty starts  this and related topics. This work was supported by the COE
to decrease abov®=1.23 GPa approaching the critical Research(10CE2004 of Grant-in-Aid for Scientific Re-
value at which SC sets in. At the same time, a pseudogapearch from the Ministry of Education, Sport, Science and
behavior emerges. By contrast, in Cglthe localized mag- Culture of Japan. T.M., Y. Kawasaki, and S.A. have been
netic character is robust against the applicatioRaop to 1.9  supported by JSPS.

*Present address: Oxford Instruments, Tubney Woods, Abingdon, Physica B281&282, 12 (2000.

Oxon, OX13 5QX, UK. 1T, Muramatstet al. (unpublishedl
1D. Jaccard, K. Behnia, and J. Sierro, Phys. Lett183 475  '2Y. Onuki et al. (unpublishedl
(1992. 13T, Moriya and T. Takimoto, J. Phys. Soc. Ji&#, 960 (1995.
2N.D. Mathur, F.M. Grosche, S.R. Julian, I.R. Walker, D.M. Freye, 1A L. Cornelius, A.J. Arko, J.L. Sarrao, M.F. Hundley, and Z. Fisk,
R.K.W. Haselwimmer, and G.G. Lonzarich, Natufleondon Phys. Rev. B62, 14 181(2000.
394, 39 (1998. 15Wei Bao, P.G. Pagliuso, J.L. Sarrao, J.D. Thompson, Z. Fisk, J.W.
3F.M. Groscheet al, Physica B223-224 50(1996; J. Phys.: Con- Lynn, and R.W. Erwin Phys. Rev. B2, R14 621(2000.

dens. Matterl3, 2845(2001); J. Flouquetet al. (unpublishedl 18For review see, T. Timusk and B. Statt, Rep. Prog. PBgs61
4H. Hegger, C. Petrovic, E.G. Moshopoulou, M.F. Hundley, J.L.  (1999.
Sarrao, Z. Fisk, and J.D. Thompson, Phys. Rev. 18114986 1"\Wei Bao, G. Aeppli, J.W. Lynn, P.G. Pagliuso, J.L. Sarrao, M.F.
(2000. Hundley, J.D. Thompson, and Z. Fisk, cond-mat/0102608
5P. Gegenwart, C. Langhammer, C. Geibel, R. Helfrich, M. Lang, published.
G. Sparn, F. Steglich, R. Horn, L. Donnevert, A. Link, and W. 186.-q. Zheng, K. Tanabe, T. Mito, S. Kawasaki, Y. Kitaoka, D.
Assmus, Phys. Rev. Le81, 1501(1998. Aoki, Y. Haga, and Y. @uki, Phys. Rev. Lett86, 4664 (200J.
6y. Kawasaki, K. Ishida, T. Mito, C. Thessieu, G.-q. Zheng, Y. 19F Thomaset al, Physica B186-188 303 (1993.
Kitaoka, C. Geibel, and F. Steglich, Phys. Rev6® 140501R)  2°K. Miyake et al, Phys. Rev. B34, 6554 (1986; M.T. Beal-

(2002). Monod, et al, ibid.. 34, 7716(1986); D. Scalapincet al, ibid..

"T. Mito, S. Kawasaki, G.-q. Zheng, Y. Kawasaki, K. Ishida, Y. 34, 8196 (1986; P. Monthoux and D. Pineshid. 47, 6069
Kitaoka, D. Aoki, Y. Haga, and Y. 6uki, Phys. Rev. B63, (1993; T. Moriya and K. Ueda, J. Phys. Soc. J@8, 1871
220507R) (2001). (1994).

8P. Morin, C. Vettier, J. Flouquet, M. Konczykowski, Y. Lassailly, 21p. Monthoux and G.G. Lonzarich, Phys. Rev. 39, 14 598
J.-M. Mignot, and U. Welp, J. Low Temp. Phy&0, 377(1988. (1999; 63, 054529(2001).

°l.R. Walker, E.M. Grosche, D.M. Freye, and G.G. Lonzarich, 2C. Petrovic, R. Movshovich, M. Jaime, P.G. Pagliuso, M.F.
Physica C282-287 303(1997. Hundley, J.L. Sarrao, Z. Fisk, and J.D. Thompson, Europhys.

10y, Kohori, T. Kohara, Y. Yamato, G. Tomka, and P.C. Riedi, Lett. 53, 354 (2001).

020504-4



