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Exotic magnetism and superconductivity in Ge-substituted CeCySi,: A Cu NQR study
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We report Cu NQR results on Ge-doped heavy-fermion superconductors,(&LCyGe), (0<x<0.2)
and compare with previous results onyG&u, ,,Si, (x=0). Once only 1% Ge is substituted for Si to expand
the lattice, an antiferromagneti&FM) order sets in al~0.7 K, followed by the onset of superconductivity
at T.=0.5 K. The sudden emergence of AFM order due to the slight Ge doping reinforces that an exotic
magnetic phase at=0 is in fact a marginal AFM state where slowly fluctuating AFM waves propagate over
a long distance. The appearance of internal fields throughout the sample that is deduced from the NQR spectral
shape beloviT, excludes the presence of phase segregation between the supercon@Ctiagd the AFM
phases in the coexistent state bel@w. The 1T, result does not show significant reduction beldw,
followed by aT,T=const behavior. This indicates that the SC phase is in a gapless regime, dominated by
magnetic excitations due to the coexistence of AFM and SC phase. As Ge content incFgasegrogres-
sively increased, whild; is steeply decreased. As a result of the suppression of the slowly fluctuating AFM
waves in the samples with more thar0.06, their magnetic properties aboVg progressively change to
those in a localized regime as observed in C£&®4. The exotic interplay between magnetism and supercon-
ductivity in 0=x<0.06 is discussed in the context of a (SDtheory that unifies superconductivity and

antiferromagnetism.
DOI: 10.1103/PhysRevB.66.224502 PACS nuni®er74.70.Tx, 71.27%a, 74.62.Dh, 76.66:k
. INTRODUCTION Cey. ol oSi; (Tc~0.65 K) have been extensively investi-

gated through the transport, thermal, and NQR
Heavy-fermion (HF) superconductivity has received measurements!?=?*From these studies, it was clarified that
much attention with respect to the intimate relation betweerte, .{Cu, ,,Si, is just at the border to the AFM phase and
magnetism and superconductivity. Up to now, it has beeRhat exotic superconductivity manifests itself under the un-
established that the superconductivity in Ce-based HF contonventional normal state where the slowly fluctuating AFM
pound appears close to a magnetic phase. Actually, a numbgjayes propagate over a long range without any trace of AFM
of HF compounds are shown to exhibit superconductivity,rqer. The measurement of nuclear spin-lattice relaxation
around a critical pressure where some kind of magnetic ordqra,[e 1T, that probes the development of low-lying magnetic
is suppressed by applying pressuf) (~* In contrast, the excitatioyns revealed a distinct peak Bt, followed by a
superconductivity in underlying compound CeSiy 1T T=con,st behavior well belo. 8 '
emerges just at the border of the antiferromagn6&EM) L . c" . .
Quite recently, Takimoto and Moriya have studied an in-

phase at ambient pressurB=0). This was demonstrated terplay betw tif i d ductivit
by the existence of a magnetic phase adjacent to the sup grpiay between antiierromagnetism and superconductivity
y using the spin-fluctuation theory within the fluctuation-

conducting(SC state. When magnetic fieldd) exceeds its T
upper critical field, the field induced normal state is replacec*cnange(FLEX) approximation’” They have found that

by magnetic phasa.® Although the nature of phaskis still d-wave superconductivity coexists with an incommensurate
unknown, it was shown to be magnetic in origin by severalSPin-density waveSDW) and that soft components of in-
experiments:’ commensurate SDW spin fluctuations grow as the coexist-

From the Cu-NQR measuremefitsye suggested that €nce phase is approached. Also, they have calculated the
phaseA at H=0 behaves as a marginal AFM state, wheretemperaturgT) dependence of TAT which shows a sharp
slowly fluctuating AFM waves propagate over a long dis-peak atT., followed by a saturation in TAT below T..
tance and coexist with the SC state. It is quite unusual thathis result is in good agreement with the experimental re-
their characteristic frequencyw(~3x10° sec’!) is ex- sults in 1T;T for Cey ol oSk, and hence reinforces that
tremely low and comparable to a Cu-NQR frequency in thisCe) odlCWU, Si, is located at the border of the AFM phase.
compound Therefore, this marginal AFM state that sets in Remarkably, the recentSR experiment has demonstrated
well aboveT,, wipes out the NQR intensifyThis wipe-out  that the exotic superconductivity in §&Cu, o,Si, coexists
effect was reported in higfi; cuprates La_,Sr,CuQ, as in a microscopic level with slowly fluctuating AFM waves.
well.1® Thereby, the emergence of slowly fluctuating AFM This result has suggested that the superconductivity and the
waves seems to be one of characteristics for strongly corrgnarginal AFM state in CeG$i, have a common back-
lated electron systems nearby the AFM phase. ground.

These exotic magnetic and SC properties in Such an exotic coexistent phase is tuned in a delicate way
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by varying a coupling constarg=|J.|/W, where|J | is  to exhibit the HF superconductivity at pressures exceeding
the exchange coupling constant between thenbment and 7.6 GPa** Remarkable results are presented as follais.
conduction-electron spin and/ the bandwidth of the con- The AFM order emerges suddenly B=0.7 K by substi-
duction electron. As a matter of fact, the slowly fluctuatingtuting only 1% Ge for Si, followed by the SC transition at
AFM waves are depressed completely by applying pressureb,=0.5 K. The sudden emergence of the AFM order rein-
exceeding®=0.2 GPa, i.e., the increase gf’ The normal forces that the exotic magnetic phasexatO is in fact the
state is well described in terms of the self-consistent renormarginal AFM state where the slowly fluctuating AFM
malized (SCR AFM spin-fluctuation theory. The HF SC waves propagate over a long distan@.The appearance of
state with a line-node gap manifests itself under such amternal field H;,) throughout the sample, that is deduced
AFM Fermi liquid state. from an NQR spectral shape beloly, excludes the pres-
On the other hand, the Ge substitution for Si expands thence of phase segregation between the SC and the AFM
lattice, leading to the reduction of Therefore, it would be phase in the coexistent state beldy. However, no signifi-
expected that magneti¢Ruderman-Kittel-Kasuya-Yosida cant anomalies in T, and NQR spectrum are observed be-
(RKKY)] interactions of 4 moments become stronger as Gelow T., suggesting the persistence of magnetic excitations
content(x) increases. In fact, only 2% Ge substitution ( even in the coexistent phas@) As x increasesTy is pro-
=0.02) leads to an emergence of AFM order &f  gressively increased, bilit, is steeply decreased. As a result
=0.75 K, followed by the SC transition af,=0.4 K.®*  of the suppression of the slowly fluctuating AFM waves in
With increasingx, Ty is increased, bufl, is steeply de- the samples with more that=0.06, their magnetic proper-
creased. Note, on the one hand, that the SC transition suties aboveT, progressively change to those in a localized
vives up tox~0.15 and the superconductivity @=0.1 was  regime as observed in Cegbe,.
suggested to be of HF origin, coexisting with AFM ordr.
In the previous papéf superconductivity T,=0.4 K)
and antiferromagnetisnTg=0.75 K) were suggested to co-
exist in CeCu(Sip ofG& 00 2- It was proposed that the exotic  Samples of CeCySi;_,Ge,), at x=0.01, 0.02, 0.04,
SC phase in the nearly homogeneous sample and the coex:06, 0.1, and 0.2 were prepared as described elsewhere.
istence of AFM and SC phases in the slightly Ge-substituted'hese samples were moderately crushed into grains with di-
sample can be accounted for on the basis ofSs@heory  ameters larger than 100m in order to avoid some crystal
that unifies superconductivity and antiferromagnetiA?.  distortion, if any. A SC transition temperatufe was con-
We believe that this model could shed light on current ideasirmed by a distinct change in inductance of NQR coil.As
regarding the magnetically mediated mechanism of the SlincreasesT, decreases steeply #s=0.5, 0.4, 0.2, and 0.15
perconductivity in other strongly correlated electron systemsor x=0.01, 0.02, 0.06, and 0.1, respectively. This result is
in addition to highT, cuprates. totally consistent with the previous resistivity and suscepti-
In order to gain further insight into an interplay between pjlity measurement&* The NQR spectrum was obtained by
superconductivity and antiferromagnetism, it is important tomeasuring a spin-echo intensity as a function of frequency,
investigate how magnetic and SC properties changeias using a phase coherent pulsed NMR spectrometer. The
increased or ag is decreased. In this study, we have carriednyclear spin-lattice relaxation rateTl/was measured by the
out Cu-NQR measurements on CeCsi;_,Gg,), in 0<X  conventional saturation-recovery method.
=<0.2. Note that the isostructural Cef@s, exhibits the Figure 1 indicates®®Cu- and %°Cu-NQR spectra ak
AFM order belowTy=4.15 K atP=0,>"?*but it turned out  =0.02, 0.04, 0.06, 0.1, and 0.2 at 4.2 K. Here, the spectrum
atx=0.01 is not shown, since it is nearly equivalent to that

II. EXPERIMENT AND RESULT

T T T atx=0.02. Forx=0.02, the respective main peaks at 3.435
CeCuy(Sii-Gey T-42K and 3.175 MHz arise from®*Cu and ®Cu nuclei with
z 56y Cu nuclear spinl = 3/2. Satellite peaks at 3.315 and 3.064 MHz
5 - -’\ x=0.02 are assigned to the Cu sites around Ge atoms, since these
€ e Nt N, peaks appear by substituting Ge for Si and grow up with
; '.\'..‘..!‘-‘ 004 increasingx. This kind of satellite peak is often observed,
2 .o e once a small amount of impurities is introduced into HF
g .‘,.,:-‘ Y eooe systems, for example, the La doped Cg&il?° As x in-
é e’ e l creases, the NQR linewidth becomes broader, pointing to a
$ X 04 large inhomogeneous distribution of the electric field gradi-
= A RET ent(EFG) at the Cu site. Nevertheless, their magnetic state is
& v et rather homogeneous through the whole sample as shown
et .. Xm0z later.
L 1 L L L M 1 L L L M
3 35 4 A. NQR spectrum—probe of internal field due to AFM order

Frequency (MHz . .
quency (MHz) The previous work revealed that the slowly fluctuating

FIG. 1. %35%Cu-NQR spectra of CeG(Si;_,Ge), atx=0.02, AFM waves in the nearly homogeneous G&uw, o,Si, (X
0.04, 0.06, 0.1, and 0.2 at 4.2 K. =0) evolve into the AFM order, once only 2% Ge (
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3.5 3 35 4 FIG. 3. Temperature dependence(bf,;) atx=0.02. The inset

Frequency (MHz) Hit (kOg) indicates the size of magnetic moment at 0.1 K as the function of
Ge concentration. Both dotted lines are guide for eye.
FIG. 2. (@) Temperature dependence ¥*Cu-NQR spectrum

in CeCy(SipeeGe.002 (x=0.02). The broadening of NQR line- the tetragonak axis®® By resolving the total Hamiltonian

width be'OWTN=O.75 K indicate the presence of internal flé‘lq“ H:HQ+HZ exacﬂy, we calculated the eigenerergies of four

at the Cu sites(b) NQR spectra ak=0.06 and 0.1 af=0.1 K.  nyclear-spin levels. The transition probability between the

The solid lines are simulations where the Zeeman shift dé&fds  adjacent eigenstate gives an expected intensity for each reso-

incorporated(see the text in details(c) DistributionsD(Hiy) of  pance fine. Thus, a full line shape is numerically simulated

Hi.: at the Cu sites in the ordered statex&t0.02, 0.06, and 0.1. by taking both the contributions ¢, and Vo into consid-

. : o eration. The result ai=0.1 K is indicated by the solid lines
=0.02) is substituted for S This is because the NQR spec- _. i - Y
trum atx=0.02 undergoes a significant broadening due toatx 0.02 in Fig. Z8) andx=0.06 and 0.1 in Fig. ®). The

. . X overall agreement between the experiment and the simula-
the appearance of internal fiektly, below Ty, . It is notewor- tion seems to be satisfactory for all the results.
thy that the spectrum at=0 does not show any broadening

down to 0.012 K& Here, we report extensive measurement of Thus obtained shape of distribution M., D(Hin) is
) ' ! ted in Fig.(8). The H;, at k{H; lightl
NOQR spectrum ak=0.02, 0.04, 0.06, 0.1, and 0.2. From a cPresented in Fig. (). The Hiy at a peak(H) slightly

derailed sis of it ntimat ution i " increases aéH;,)=0.3, 0.4, and 0.45 kOe at=0.02, 0.06,
tuer:Ii: e;?:g;('js orit, an intimate evolution in magnetic na-, , 4 0.1, respectively. Provided that a possible magnetic

. o . structure is of an AFM type with a wave vect

Figure 2a) indicates the NQR spectra at0.02 at vari- =(1/2, 1/2,¢) in CePgsSi ygnd CeRBSi, or with “;1
ous temperatures. It is evident that the spectral width mark-:(0 O 1/é) in URYSI 27‘%2H~ is Canceléd out at theZCu
edly broadens belowy~0.75 K. The emergence of AFM _..> ' .’ 2 . L )
order is also corroborated by theT1/result that exhibits a sites that occupy a magnetically symmetric position. There

sharp peak aTy as shown in the following subsection. The fore, a likely spin structure may be either helical or spin-
N &= -~ density-wave(SDW) type. These spin structures were indi-
T andx dependencies of NQR spectrum allow us to examin y S(SDW) typ P

: . %ated by the elastic neutron-diffraction experiments on the
a systematic evolution of the AFM order. CeCu(Si,_,Ge), with x=0.6, 0.8, and £-22 The SDW.
X . . x .6, 0.8, :
A NQR.sp_ectr_aI shape was simulated b.y Incorporatin ype of order is, however, unlikely becauB€H;,;) should
both the distributions of EFG and;,;. The distribution in have a peak around;,~0 associated with the presence of

EFG due to the Ge substitution is obtained from the NQ . . N e
spectrum in the paramagnetic state indicated in Fig. 1. T%&(ﬁg é?miatlgdand a different shape fran{Hin) in Fig.

distribution inHy is assumed by taking into account a pos- In contrast, in a helical spin structure, it should be noted

Zli?ferctirgr?grgggﬁs gg“g;“c{:@e;%ﬁ%ted from  the neutron'thatHim is predominantly produced by four nearest-neighbor

. _ . . Ce moments. ThereforéH,,;) allows us to estimate an av-
. The nuclear Hamiltonian aﬂ =0 belowTy IS descrll_:)ed erage ordered moment using the value of hyperfine coupling
in terms of the nuclear electric quadrupoég(@) interaction

. . constantA|= — 4.6 kOelug in the paramagnetic statéFig-
and the Zeeman interaction duet, as ure 3 shows thd dependence dfH;,) atx=0.02. It seems
2
eqQ

7 to follow a T variation on the mean-field approximation be-
HQ:m 3I§— I(1+1)+ E(|i+|2,) , low Ty even though coming acro3s~0.4 K. As shown in
the inset of Fig. 3, a magnetic moment~0.06ug at T

Ho= — v %1 H =0.1 K andx=0.01 increases slightly with the Ge concen-

z= "7 nt> tration, consistent with the result from theuSR
where y, and » are the%*®Cu nuclear gyromagnetic ratio experiments*3*This AFM order with a tiny moment is con-
and the asymmetry parameter for the EFG tensor, defined a&istent with the result by recent neutron-diffraction
eq=Vzz and n=(Vxx—Vyy)/Vzz, respectively. Herepy measurement¥.
~0. Note that the direction 0¥, at Cu site is parallel to The full width AH;, at the half maximum oD ((Hj))
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J2ARA B IR 1/T is about three times larger than that of slower one below
2:, (a)x=02 E it ands __ Ty, as shown later. Only slow component iff/is shown
10 MR 4" below Ty, for a simplicity of discussion.
i v T ] In a high T region, 1T, becomes almost independent
E above a temperature marked B in Fig. 4, exhibiting that
local-moment fluctuations dominate the relaxation process. It
is known in HF systems that* is scaled to the quasielastic
E () x= 0.1 i s ] linewidth in neutron-scattering spectrum, leading to a tenta-
102F T gﬂi‘ﬂﬂz 2 tive estimation of the bandwidth of HF staf@*«exp
i v :F'fFD 4 - ] (—1/g9)]. Therefore, the decrease T due to the Ge sub-
3 o Tn 4 stitution indicates the reduction of HF bandwidth. In such a
F go” ] localized regime abov@™*, the constant value of Tj is
qoold v vl Wl proportional topZ;W/J2;, where p. is an effective para-
( -)---| '2' HRRALH IR B magnetic local moment. Therefore, the progressive increase
of ©@x=00 . in 1/T, with increasingx is ascribed to the increase m
. 4 _ and/or the reduction ofJ|. This result is consistent with
i . .; 4 T ] the decrease i* due to the reduction af=|J|/W caused
E o ; Tn by the Ge substitution.
bt Sl il ] Next, we focus on the magnetic propertiexat0.02 and
10 107" 10° 10! subsequently its evolution with increasixg For x=0.02,
Temperature (K) 1/T, gradually decreases down 1@, below T*, revealing a
crossover from a localized to an itinerant regime. A clear
FIG. 4. Temperature dependence of the nuclear spin-lattice repeak afTy=0.75 K, below which the NQR linewidth broad-
laxation rate If, of ®Cu atx= (a) 0.2, (b) 0.1, and(c) 0.02. ens rapidly, reflects a critical slowing down associated with
the AFM transition. A rapid drop of T/ below Ty is pre-
becomes narrower asincreases. A large value d@H;,; at  sumably due to a partial loss of low-lying excitations.
x=0.02 may be explained by the combined contributions of The 1T, result nearby the AFM phase is well explained
an intrinsic distribution irH;,; due to its helical structure and by the SCR theory for nearly or weakly AFM itinerant
of an inevitable spatial distribution in size of spontaneousmagnets’In this scheme, 17, is predicted as follows:
moments due to the Ge doping. In the helical structtig,
consists ofH|i|nt and Hi,, parallel and perpendicular to the
tetragonalk axis, respectively. Note that the Zeeman shift in
NQR spectrum due tbl;, is four times larger than that due
to Hl. because the principal axis of EFG is parallel to the 2POVeTy,
axis. Therefore, even when a sizeHgp, is fixed, its direction
is actually distributed due to the helical structure, resulting in UT < TIM(T) =T/ JTn=T
the large value im\H,,.
H lt_SQOl.Jrlg be mentioned that no peakDr(HiT) appears at belowTy . Here,xo(T) andM(T) are a dynamical suscep-
int=0. The absence of peak I(H;,;) atH;,,=0 excludes bilit d th Q tizat f AEM sublatti i
a possibility that the SC phase is spatially separated from thg ity an € magne 'Zi‘ lon o v sublatlice, respec
AFM phase. Because, in case of the spatial segregation bgyely. The 17, T .data ax=0.02 are fitted by including the
tween two phases, two peaks D(H,) at H,=0 and term 6.64/T— Ty in 1.5 K>T>Ty=0.75 Kand 12(Ty—T

(Hin # 0 might arise from SC and AFM phase, respectively.in Tc<T<Ty as presented in '_[he inset of Fig. 5. The go_od_
Whenx increases, this phase segregation due to the Ge syfgreement between the experiment and the calculation indi-

stitution, if any, would induce considerable changes in theCates a long-range nature of the AFM ordering in the itiner-

strihtion i P t regime.
distribution inH;,,. However, the same type of distribution an . . - -
in H,, is deduced irrespective of Thus, the possibility of By substituting Ge for Si, as indicated by arrows in Fig. 4,

gt ) . . i
any phase segregation is ruled out by this systematic evoIlehlle T” is decreasedly is gradually increased in collabo

tion in the Cu-NQR spectra with the Ge content ration with the development of saturation moment As a
' result, T* approaches tdy, indicating that the magnetic

properties just abov&y change from the itinerant to local-
ized regime. Correspondingly, the peak i LAt Ty disap-
The T dependence of the nuclear spin-lattice relaxatiorpears atx=0.2, resembling the behavior observed for
rate 1T, of ®3Cu atx=0.2, 0.1, and 0.02 is shown in Figs. f-electron antiferromagnets that are in the localized redime.
4(a), 4(b), and 4c), respectively. I, is uniquely determined The SCR theory is not applicable to the dataxer0.06 and
aboveTy, but it is distributed belowl for all the samples. 0.1 any more, since the itinerant regime is limited in a nar-
The distribution in 1T, below Ty is presumably associated row T range for 1T, to be fitted.
with the distribution ofH,,, related to the helical magnetic We now turn to the SC state in which low-energy proper-
structure in the AFM state. The value of faster component irties are intimately changed by substituting Ge for Si or ap-

100'......| T BT B

1/ T, (sec”)

LT, =T xo(T)=TINT—Ty

B. Nuclear spin-lattice relaxation rate YT,
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FIG. 5. Temperature dependence ofTl/for x=0.02 and

: _ : FIG. 6. Temperature dependence of (LAt x=0.02, measured
Cey ol oS (x=0) at ambient pressure and at 0.85 GPa. The . .
inset shows the T4 T vs T plot for x=0.02. The solid line is a fit at a main peak of 3.435 MHelosed symbolsand at a satellite

on the basis of the SCR theory that is consistent with the data fopeak of 3.315 MHz(open syml_aol)s' Th_e fast and _slow relaxa}tlon
Ty<T<L15 K andT,<T<Ty (see text components owing to the distribution in internal field are estimated

for each belowT .

plying P. In order to demonstrate this, tHedependence of by applying pressure®.This result apparently excludes such
1/T; at x=0.02 is indicated in Fig. 5 with those for the impurity effect as a cause for the enhancement ©f 1/
Cey ol oSk (x=0) atP=0 and 0.85 GPa’ As seen in  pelowT,.

Fig. 5, the line-node SC gap &=0.85 GPa is evidenced
from a 1T,«T* dependence. However, theTl/at x=0 is
deviated well belowT; from the T2 one and exhibits a weak
T dependence. Likewise, theTl/at x=0.02 is nearly pro-
portional to the temperature far beldly . This suggests that ~ Figures 7a) and (b) indicate theT dependence of NQR

the low-energy spectral weight in spin-fluctuation spectrumintensity multiplied by temperaturgl (T)XT] at x=0.06
survives even below, atx=0 and 0.02. and 0.02 along with tha{Fig. 7(c)] at x=0 reported

Here, we should remark whether or not the disorder effecPreviously’ Here, 1(T) is an integrated intensity over the

associated with the Ge substitution influences the magnetfd @R Spectrum and normalized by the value at 4.2 K. Since
property because the satellite peak is actually observed " NQR intensity depends on a pulse intervaletween two

NQR spectrum(see Fig. 1 In order to investigate some

local inhomogeneous effect, theTlss atx=0.02 were mea- d s e

sured at the maif3.435 MH2 and the satellit€3.315 MH2 PSR TT PR L PR

peaks. Note that the latter arises from ff#€u sites around A )

the Ge atoms. As shown in Fig. 6, in the paramagnetic state, Te Tn

the value of 1T, at the satellite peak is slightly larger than

that at the main peak over a wholerange. The small dif-

ference in the values of I{ may be due to a possible dif-

ference ing. Nevertheless, both theTly's exhibit a distinct

peak afT, evidencing a long-range character of AFM order.

Below Ty, although bothT,’s are not uniquely determined

owing to the distribution irH,,;, the short and long compo-

nents undergo a similaf dependence. Thereby the AFM : To e

order takes place throughout the whole sample, although it is M

not completely excluded that the size in spontaneous mo- - (©) x=0

ments is spatially distributed. Olewsmssssecoedee®, . . ', | |
One may suspect that the potential scattering due to non- 0 ?'5 1K 1.5

magnetic Ge impurities brings about a finite density of states emperature. (K)

at the Fermi surface, leading to the observed enhancement fiG. 7. Temperature dependencel ¢T) X T wherel(T) is an

of 1/T; below T..***?However, a recent NQR result under NQR intensity normalized by the value at 4.2 K(at x=0.06, (b)

P at x=0.02 reveals that the AFM order is suppressed an@®.02 in CeCu(Si_,Gg,),, and(c) the undoped Gg,dCu, ¢;Si, (X

the HF superconductivity with the line-node gap is recovered=0).

C. Temperature dependence of NQR intensity
probing the marginal AFM state

(a)x=0.06 ]

1t T, N .’...: LXPY™

(X TYI[1(42)% 4.2]
.8
'
H
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pulses by means of the spin-echo methidd=0) is evalu- CeCu,(Si;_Gey)s N
ated through the relation of (7)=1(7=0)exp27T,) 03 02 01 0 “5
where, 1T, is the spin-echo decay rat&(T) is generally s T T T -
proportional to 1T following to the Curie susceptibility for a I oot 1oo
nuclear-spin system Thereforé(T) X T should stay con- . oo T,
stantly if the nuclear relaxation time ranges in an observable < . -o-- sl o
time window that is typically more than several microsec- W2 ‘
onds. Therefore, the large reductionl ¢T) X T on cooling at 2 T
x=0 is ascribed to the development of the slowly fluctuating Wz TNl"\ x
AFM waves. Note that & ;~0.14 usec, that is estimated N
from the relation I ;% w (T)/[ w(T)?+ w,z\,QR], is too short i "‘1\ ) Tc
for the NQR signal to be observed experimentally. Herg, AF }0--0--0 ----- ©
(~3 MHz) and wyggr (~3.4 MHz) is a characteristic fre- | 0 SC
guency of the slowly fluctuating AFM waves and the central ---—00%ﬁ+SC . . .
NQR frequency, respectively. 0 o 1 s 3

We now turn to the result on the Ge substituted com- Pressure (GPa)

pounds. Thel(T)XT at x=0.02 decreases down te 0.4 , ,
upon cooling from 1.2 K down tdy=0.75 K, resembling c '(::|G'S'8. ;’he AFgAf ancc::l SC Comb'”efophasée diagram for
the behavior ax=0. The reduction of(T) X T stops around ~C€C%(Si-xG8)2 and for Cg sl oSk, (x=0) under pressure.
- Ty (closed squargsand T, (open circley are the AFM and SC

Ty, but does not recover with further decreasing\Note that " .
the reduction belowr,=0.4 K is due to the SC diamagnetic .tra.nsmon temperature, respectively. Also shovyn are the character-
shielding of rf field ff)r tﬁe NOR measurement. Apparentl istic temperature to be scaled to the band width of HF stdte

9 - APP . Y (open squargsand T, below which the marginal AFM state devel-
th.e AFM Orde'_" that suddenly appears>at 0.02, coexists ops (open triangles The data forx=0 under pressure are cited
with the marginal AFM state. It seems, therefore, that theg,gm, 4 previous papeiRef. 17).
onset of AFM order due to the lattice expansion is indicative
of a first-order type. .

By contrast, thel (T)X T at x=0.06 does not decrease worthy t_hat the AFM order seems to suddenly disappear at
significantly upon cooling down td,=0.2 K acrossT,, = 0 asifTy was replaced by.. Eventually, the supercon-
=0.9 K. It indicates that the slowly fluctuating AFM waves ductivity coexists with the marginal AFM statexat=0. This
are not appreciable abowe=0.06 and that the magnetic fact suggests that antiferromagnetism and superconductivity
property changes to a rather conventional type of behavidp@ve a common background. _
with increasingx. The ©SR measurements also suggest a N 0<P<0.2 GPa, the marginal AFM state is expelled by

change toward more static character of the magnetic phadB€ onset of superconductivity beldf atH=0. However,
with increasingx.®® whenH turns on to suppress the superconductivity, the first-

order like transition from SC state to the magnetic phase
takes placé.In P>0.2 GPa, the marginal AFM state is com-
pletely suppressed and, at the same time, the typical HF su-

Figure 8 shows the phase diagram determined against thgerconductivity is recovered with the line-node SC gap.
Ge content(x) on CeCy(Si;_,Gg), and the pressure on Next, we shed further light on the coexisting state by
Ce oW, oS (X=0). Here we expect that a primary effect comparing with the typical HF superconductor YRt
of the Ge doping is to expand the lattice and that its chemicalvhere the AFM order sets in belowy~14.5 K, followed
pressure is—7.6 GPa per 100% Ge doping as suggestedy the onset of typical SC transition beloly~1.98 K.#4-46
from the P dependence ofg in CeCyGe, and CeCuySi,.*®  In UPQAIl,, the coexistence of the AFM order with the su-
The data ak=0 underP are cited from the previous paper. perconductivity has been established by various
The characteristic temperatufét which is scaled to the measurements:*’~**The Al- and Pd-NQR results showed
bandwidth of HF band, increases continuously with the latthat 1/T; decreases rapidly because a gap opens at a part of
tice compression by decreasingand increasing®. Ty is  the Fermi surface beloWy and follows the I, T3 below
determined as the temperature below whidh, develops T., consistent with the line-node SC g&f*® In UPd,AIS,
and at which 1T, exhibits a peakT, is obtained from this note that an average occupation dféectrons per U atom is
work. The slowly fluctuating AFM waves develop beldw,  slightly less than three and larger than one in Ce-based HF
in 0=<x<0.06 and B<P<0.2 GPa. Remarkably the mar- systems? With some relevance with this, nearly two local-
ginal AFM state emerges only close to the border betweeized 5f electrons are responsible for the AFM order, carrying
AFM and SC phases. the relatively large spontaneous moment of @.85er U

The AFM order suddenly sets in once slight Ge is substi-atom. Since the spin-wave excitations in the AFM state are
tuted for Si. By contrast, any trace of AFM order is not gapped, the particle-hole excitations in HF state are domi-
observed down to 0.012 K at=0. With increasing, Ty is nant well belowTy, as actually evidenced from thg, T
progressively increased, whilk. is steeply decreased. Cor- =const behavior typical for the Fermi liquid state. There-
respondingly, the slowly fluctuating AFM waves are sup-fore, the 1T, in the SC state is not affected by the magnetic
pressed for the samples with more than0.06. It is note- excitations even in the coexistent state, but reflects its line-

Ill. DISCUSSION
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node SC gap structure. However, the situation in underlyinglue to the lattice expansion by the Ge substitution for Si.
CeCuySi, is completely different, because oné électron  Therefore, the induced AFM order may be able to coexist
per Ce ion plays vital roles for both the magnetism and thewith the superconductivity without destroying it.
superconductivity, leading to the novel interplay between the

magnetism and the superconductivity revealed in G&Gu IV. CONCLUSION

Apparently, the exotic AFM and SC phases in<® We have investigated magnetic and superconducting

<0.06 may be new states of matter. In a previous p&pee roperties in CeCy(Si,_,Ge,), with 0<x=<0.2 by means of

proposed that the coexistence of AFM and SC phases in t ) - .
slightly Ge substituted compounds and the magnetic-field in-('?]e Cu-NQR measurement. The Ge substitution for Si acts as

: a chemical negative pressure. Once 1% Ge is substituted for
duced phas@ in 0<P<0.2 GPa are accounted for on the .. - — -
basis of the S®) theory'®?° It is considered that the mar- Si fo expand the lattice af=0, the AFM order sets in at

) : . s Ty~0.7 K, followed by the onset of superconductivity be-
ginal AFM state in 8<x<0.06 be_loch may_bg identified low T.=0.5 K. The AFM order is evidenced by both the
as a collective magnetic mode in the coexisting phase an

. o . roadening of the Cu-NQR spectrum and the distinct peak in
that it turns out to be competitive with the onset of SC phas .
in 0<P<0.2 GPa atd=0. The latter is relevant to the el/Tl atTy . This sudden emergence of AFM order due to the

emergence of the field-induced first-order-like SC to mag_sllght Ge substitution reinforces that the exotic magnetic

netic phaseA transition. Concerning the interplay between phase in the undoped 66Clp Sk, (x=0) is in fact the

magnetism and superconductivity, we would propose that th(ranargmal AFM state where the slowly fluctuating AFM

marginal AFM state in the SC state)at 0 may correspond Waves propagate over a long distance. With increasfig,

to a pseudo-Goldstone mode due to the brokéh Bymme- is progressively increased, whilg; is rather steeply de-

try. Due to the closeness to a magnetic critical point, hc)W_creased. The appearance of the internal field throughout the

er,such a gapped o he SC st shoud b chardf™)C 11 a5 Socteed Kom e NOR speciun beow

terized by an extremely tiny excitatiomesonanceenergy. S C' d th AFMp h : E =greg THe 1/

We thus believe that this §8) model could shed light on and tne phases |n_t (_e_coeX|stent §tate. 4

the intimate interplay between magnetism and supercondu esult does not ShSW any S|gn|f|cant reduction befbyy

tivity in CeCu,Si, that has been an issue for over a decade.onowefj b.y theT, T=const bghawor. It. suggests that the SC.
Finally, we compare the present experimental results wit ha'86.IS in the gapless regime dommaﬁed by the magnetic

those on CeerClySi, (Ce0.975 where an AFM order was excitations presumably due to the coexistence of AFM and

reported belowTy~0.6 K83 Unlike the Ge substituted SC phases.

samples, any signature of superconductivity was not ob-

served and the AFM order persists up =2 GPa in

Ce0.975! The recent NQR result undét at x=0.02 has We thank A. Koda, W. Higemoto, and R. Kadono for

revealed that the AFM order is suppressed and the HF supevaluable discussions. This work was supported by the COE

conductivity with the line-node gap is recovered at smallResearch in Grant-in-Aid for Scientific Research from the

pressurd? These results indicate that the AFM order in Ministry of Education, Culture, Sports, Science and Technol-

Ce0.975 is driven by some disorder effect that destroys thegy of Japan(Grant No. 10CE2004 One of the authors

superconductivity. By contrast, the AFM orderat 0.02 is  (Y.K.) was supported by the JSPS.
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