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Exotic magnetism and superconductivity in Ge-substituted CeCu2Si2: A Cu NQR study
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We report Cu NQR results on Ge-doped heavy-fermion superconductors CeCu2(Si12xGex)2 (0,x<0.2)
and compare with previous results on Ce0.99Cu2.02Si2 (x50). Once only 1% Ge is substituted for Si to expand
the lattice, an antiferromagnetic~AFM! order sets in atTN;0.7 K, followed by the onset of superconductivity
at Tc50.5 K. The sudden emergence of AFM order due to the slight Ge doping reinforces that an exotic
magnetic phase atx50 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 belowTN , excludes the presence of phase segregation between the superconducting~SC! and the AFM
phases in the coexistent state belowTc . The 1/T1 result does not show significant reduction belowTc ,
followed by aT1T5const 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 increases,TN is progres-
sively increased, whileTc is steeply decreased. As a result of the suppression of the slowly fluctuating AFM
waves in the samples with more thanx50.06, their magnetic properties aboveTN progressively change to
those in a localized regime as observed in CeCu2Ge2. The exotic interplay between magnetism and supercon-
ductivity in 0<x,0.06 is discussed in the context of a SO~5! theory that unifies superconductivity and
antiferromagnetism.

DOI: 10.1103/PhysRevB.66.224502 PACS number~s!: 74.70.Tx, 71.27.1a, 74.62.Dh, 76.60.2k
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I. INTRODUCTION

Heavy-fermion ~HF! superconductivity has receive
much attention with respect to the intimate relation betwe
magnetism and superconductivity. Up to now, it has be
established that the superconductivity in Ce-based HF c
pound appears close to a magnetic phase. Actually, a num
of HF compounds are shown to exhibit superconductiv
around a critical pressure where some kind of magnetic o
is suppressed by applying pressure (P).1–4 In contrast, the
superconductivity in underlying compound CeCu2Si2
emerges just at the border of the antiferromagnetic~AFM!
phase at ambient pressure (P50). This was demonstrate
by the existence of a magnetic phase adjacent to the su
conducting~SC! state. When magnetic field~H! exceeds its
upper critical field, the field induced normal state is replac
by magnetic phaseA.5 Although the nature of phaseA is still
unknown, it was shown to be magnetic in origin by seve
experiments.5–7

From the Cu-NQR measurements,8 we suggested tha
phaseA at H50 behaves as a marginal AFM state, whe
slowly fluctuating AFM waves propagate over a long d
tance and coexist with the SC state. It is quite unusual
their characteristic frequency (vc;33106 sec21) is ex-
tremely low and comparable to a Cu-NQR frequency in t
compound.9 Therefore, this marginal AFM state that sets
well aboveTc , wipes out the NQR intensity.6 This wipe-out
effect was reported in high-Tc cuprates La22xSrxCuO4 as
well.10,11Thereby, the emergence of slowly fluctuating AF
waves seems to be one of characteristics for strongly co
lated electron systems nearby the AFM phase.

These exotic magnetic and SC properties
0163-1829/2002/66~22!/224502~8!/$20.00 66 2245
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Ce0.99Cu2.02Si2 (Tc;0.65 K) have been extensively invest
gated through the transport, thermal, and NQ
measurements.9,12–24From these studies, it was clarified th
Ce0.99Cu2.02Si2 is just at the border to the AFM phase an
that exotic superconductivity manifests itself under the u
conventional normal state where the slowly fluctuating AF
waves propagate over a long range without any trace of A
order. The measurement of nuclear spin-lattice relaxa
rate 1/T1, that probes the development of low-lying magne
excitations, revealed a distinct peak atTc , followed by a
1/T1T5const behavior well belowTc .8

Quite recently, Takimoto and Moriya have studied an
terplay between antiferromagnetism and superconducti
by using the spin-fluctuation theory within the fluctuatio
exchange~FLEX! approximation.15 They have found that
d-wave superconductivity coexists with an incommensur
spin-density wave~SDW! and that soft components of in
commensurate SDW spin fluctuations grow as the coex
ence phase is approached. Also, they have calculated
temperature~T! dependence of 1/T1T which shows a sharp
peak atTc , followed by a saturation in 1/T1T below Tc .
This result is in good agreement with the experimental
sults in 1/T1T for Ce0.99Cu2.02Si2 and hence reinforces tha
Ce0.99Cu2.02Si2 is located at the border of the AFM phas
Remarkably, the recentmSR experiment has demonstrate
that the exotic superconductivity in Ce0.99Cu2.02Si2 coexists
in a microscopic level with slowly fluctuating AFM waves.16

This result has suggested that the superconductivity and
marginal AFM state in CeCu2Si2 have a common back
ground.

Such an exotic coexistent phase is tuned in a delicate
©2002 The American Physical Society02-1
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by varying a coupling constantg5uJc fu/W, where uJc fu is
the exchange coupling constant between the 4f moment and
conduction-electron spin andW the bandwidth of the con
duction electron. As a matter of fact, the slowly fluctuati
AFM waves are depressed completely by applying press
exceedingP50.2 GPa, i.e., the increase ofg.17 The normal
state is well described in terms of the self-consistent ren
malized ~SCR! AFM spin-fluctuation theory. The HF SC
state with a line-node gap manifests itself under such
AFM Fermi liquid state.

On the other hand, the Ge substitution for Si expands
lattice, leading to the reduction ofg. Therefore, it would be
expected that magnetic@Ruderman-Kittel-Kasuya-Yosida
~RKKY !# interactions of 4f moments become stronger as G
content ~x! increases. In fact, only 2% Ge substitutionx
50.02) leads to an emergence of AFM order atTN
50.75 K, followed by the SC transition atTc50.4 K.18

With increasingx, TN is increased, butTc is steeply de-
creased. Note, on the one hand, that the SC transition
vives up tox;0.15 and the superconductivity atx50.1 was
suggested to be of HF origin, coexisting with AFM order.19

In the previous paper,18 superconductivity (Tc50.4 K)
and antiferromagnetism (TN50.75 K) were suggested to co
exist in CeCu2(Si0.98Ge0.02)2. It was proposed that the exoti
SC phase in the nearly homogeneous sample and the c
istence of AFM and SC phases in the slightly Ge-substitu
sample can be accounted for on the basis of SO~5! theory
that unifies superconductivity and antiferromagnetism.18,20

We believe that this model could shed light on current id
regarding the magnetically mediated mechanism of the
perconductivity in other strongly correlated electron syste
in addition to high-Tc cuprates.

In order to gain further insight into an interplay betwe
superconductivity and antiferromagnetism, it is important
investigate how magnetic and SC properties change asx is
increased or asg is decreased. In this study, we have carr
out Cu-NQR measurements on CeCu2(Si12xGex)2 in 0,x
<0.2. Note that the isostructural CeCu2Ge2 exhibits the
AFM order belowTN54.15 K atP50,21,22but it turned out

FIG. 1. 63,65Cu-NQR spectra of CeCu2(Si12xGex)2 at x50.02,
0.04, 0.06, 0.1, and 0.2 at 4.2 K.
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to exhibit the HF superconductivity at pressures exceed
7.6 GPa.1,23 Remarkable results are presented as follows.~1!
The AFM order emerges suddenly atTN50.7 K by substi-
tuting only 1% Ge for Si, followed by the SC transition
Tc50.5 K. The sudden emergence of the AFM order re
forces that the exotic magnetic phase atx50 is in fact the
marginal AFM state where the slowly fluctuating AFM
waves propagate over a long distance.~2! The appearance o
internal field (H int) throughout the sample, that is deduc
from an NQR spectral shape belowTc , excludes the pres
ence of phase segregation between the SC and the A
phase in the coexistent state belowTN . However, no signifi-
cant anomalies in 1/T1 and NQR spectrum are observed b
low Tc , suggesting the persistence of magnetic excitati
even in the coexistent phase.~3! As x increases,TN is pro-
gressively increased, butTc is steeply decreased. As a resu
of the suppression of the slowly fluctuating AFM waves
the samples with more thanx50.06, their magnetic proper
ties aboveTN progressively change to those in a localiz
regime as observed in CeCu2Ge2.

II. EXPERIMENT AND RESULT

Samples of CeCu2(Si12xGex)2 at x50.01, 0.02, 0.04,
0.06, 0.1, and 0.2 were prepared as described elsewhe19

These samples were moderately crushed into grains with
ameters larger than 100mm in order to avoid some crysta
distortion, if any. A SC transition temperatureTc was con-
firmed by a distinct change in inductance of NQR coil. Asx
increases,Tc decreases steeply asTc50.5, 0.4, 0.2, and 0.15
for x50.01, 0.02, 0.06, and 0.1, respectively. This resul
totally consistent with the previous resistivity and suscep
bility measurements.24 The NQR spectrum was obtained b
measuring a spin-echo intensity as a function of frequen
using a phase coherent pulsed NMR spectrometer.
nuclear spin-lattice relaxation rate 1/T1 was measured by the
conventional saturation-recovery method.

Figure 1 indicates63Cu- and 65Cu-NQR spectra atx
50.02, 0.04, 0.06, 0.1, and 0.2 at 4.2 K. Here, the spect
at x50.01 is not shown, since it is nearly equivalent to th
at x50.02. Forx50.02, the respective main peaks at 3.4
and 3.175 MHz arise from63Cu and 65Cu nuclei with
nuclear spinI 53/2. Satellite peaks at 3.315 and 3.064 MH
are assigned to the Cu sites around Ge atoms, since t
peaks appear by substituting Ge for Si and grow up w
increasingx. This kind of satellite peak is often observe
once a small amount of impurities is introduced into H
systems, for example, the La doped CeRu2Si2.25 As x in-
creases, the NQR linewidth becomes broader, pointing
large inhomogeneous distribution of the electric field gra
ent~EFG! at the Cu site. Nevertheless, their magnetic stat
rather homogeneous through the whole sample as sh
later.

A. NQR spectrum—probe of internal field due to AFM order

The previous work revealed that the slowly fluctuati
AFM waves in the nearly homogeneous Ce0.99Cu2.02Si2 (x
50) evolve into the AFM order, once only 2% Ge (x
2-2
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EXOTIC MAGNETISM AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B66, 224502 ~2002!
50.02) is substituted for Si.18 This is because the NQR spe
trum at x50.02 undergoes a significant broadening due
the appearance of internal fieldH int belowTN . It is notewor-
thy that the spectrum atx50 does not show any broadenin
down to 0.012 K.8 Here, we report extensive measurement
NQR spectrum atx50.02, 0.04, 0.06, 0.1, and 0.2. From
detailed analysis of it, an intimate evolution in magnetic n
ture is extracted.

Figure 2~a! indicates the NQR spectra atx50.02 at vari-
ous temperatures. It is evident that the spectral width ma
edly broadens belowTN;0.75 K. The emergence of AFM
order is also corroborated by the 1/T1 result that exhibits a
sharp peak atTN as shown in the following subsection. Th
T andx dependencies of NQR spectrum allow us to exam
a systematic evolution of the AFM order.

A NQR spectral shape was simulated by incorporat
both the distributions of EFG andH int . The distribution in
EFG due to the Ge substitution is obtained from the NQ
spectrum in the paramagnetic state indicated in Fig. 1.
distribution inH int is assumed by taking into account a po
sible magnetic structure reported from the neutro
diffraction results on CeCu2Ge2.21,22

The nuclear Hamiltonian atH50 belowTN is described
in terms of the nuclear electric quadrupole (eqQ) interaction
and the Zeeman interaction due toH int as

HQ5
e2qQ

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

h

2
~ I 1

2 1I 2
2 !G ,

HZ52gn\I •H int ,

wheregn and h are the63,65Cu nuclear gyromagnetic rati
and the asymmetry parameter for the EFG tensor, define
eq[VZZ and h[(VXX2VYY)/VZZ , respectively. Here,h
;0. Note that the direction ofVZZ at Cu site is parallel to

FIG. 2. ~a! Temperature dependence of63,65Cu-NQR spectrum
in CeCu2(Si0.98Ge0.02)2 (x50.02). The broadening of NQR line
width belowTN50.75 K indicate the presence of internal fieldH int

at the Cu sites.~b! NQR spectra atx50.06 and 0.1 atT50.1 K.
The solid lines are simulations where the Zeeman shift due toH int is
incorporated~see the text in details!. ~c! DistributionsD(H int) of
H int at the Cu sites in the ordered states atx50.02, 0.06, and 0.1.
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the tetragonalc axis.26 By resolving the total Hamiltonian
H5HQ1HZ exactly, we calculated the eigenerergies of fo
nuclear-spin levels. The transition probability between
adjacent eigenstate gives an expected intensity for each r
nance line. Thus, a full line shape is numerically simula
by taking both the contributions ofH int andnQ into consid-
eration. The result atT50.1 K is indicated by the solid lines
at x50.02 in Fig. 2~a! andx50.06 and 0.1 in Fig. 2~b!. The
overall agreement between the experiment and the sim
tion seems to be satisfactory for all the results.

Thus obtained shape of distribution inH int , D(H int) is
represented in Fig. 2~c!. The H int at a peak,̂ H int& slightly
increases aŝH int&50.3, 0.4, and 0.45 kOe atx50.02, 0.06,
and 0.1, respectively. Provided that a possible magn
structure is of an AFM type with a wave vectorq1
5(1/2, 1/2, c) in CePd2Si2 and CeRh2Si2 or with q2
5(0, 0, 1/2) in URu2Si2,27–32H int is canceled out at the Cu
sites that occupy a magnetically symmetric position. The
fore, a likely spin structure may be either helical or sp
density-wave~SDW! type. These spin structures were ind
cated by the elastic neutron-diffraction experiments on
CeCu2(Si12xGex)2 with x50.6, 0.8, and 1.21,22 The SDW
type of order is, however, unlikely becauseD(H int) should
have a peak aroundH int;0 associated with the presence
nodes in SDW and a different shape fromD(H int) in Fig.
2~c! is simulated.

In contrast, in a helical spin structure, it should be no
thatH int is predominantly produced by four nearest-neighb
Ce moments. Therefore,^H int& allows us to estimate an av
erage ordered moment using the value of hyperfine coup
constantAi524.6 kOe/mB in the paramagnetic state.33 Fig-
ure 3 shows theT dependence of̂H int& at x50.02. It seems
to follow a T variation on the mean-field approximation b
low TN even though coming acrossTc;0.4 K. As shown in
the inset of Fig. 3, a magnetic momentm0;0.06mB at T
50.1 K andx50.01 increases slightly with the Ge conce
tration, consistent with the result from themSR
experiments.34,35This AFM order with a tiny moment is con
sistent with the result by recent neutron-diffractio
measurements.36

The full width DH int at the half maximum ofD(^H int&)

FIG. 3. Temperature dependence of^H int& at x50.02. The inset
indicates the size of magnetic moment at 0.1 K as the function
Ge concentration. Both dotted lines are guide for eye.
2-3
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becomes narrower asx increases. A large value ofDH int at
x50.02 may be explained by the combined contributions
an intrinsic distribution inH int due to its helical structure an
of an inevitable spatial distribution in size of spontaneo
moments due to the Ge doping. In the helical structure,H int

consists ofH int
i and H int

' parallel and perpendicular to th
tetragonalc axis, respectively. Note that the Zeeman shift
NQR spectrum due toH int

' is four times larger than that du
to H int

i because the principal axis of EFG is parallel to thec
axis. Therefore, even when a size inH int is fixed, its direction
is actually distributed due to the helical structure, resulting
the large value inDH int .

It should be mentioned that no peak inD(H int) appears at
H int50. The absence of peak inD(H int) at H int50 excludes
a possibility that the SC phase is spatially separated from
AFM phase. Because, in case of the spatial segregation
tween two phases, two peaks inD(H int) at H int50 and
^H int&Þ0 might arise from SC and AFM phase, respective
Whenx increases, this phase segregation due to the Ge
stitution, if any, would induce considerable changes in t
distribution inH int . However, the same type of distributio
in H int is deduced irrespective ofx. Thus, the possibility of
any phase segregation is ruled out by this systematic ev
tion in the Cu-NQR spectra with the Ge content.

B. Nuclear spin-lattice relaxation rate 1ÕT1

The T dependence of the nuclear spin-lattice relaxat
rate 1/T1 of 63Cu atx50.2, 0.1, and 0.02 is shown in Fig
4~a!, 4~b!, and 4~c!, respectively. 1/T1 is uniquely determined
aboveTN , but it is distributed belowTN for all the samples.
The distribution in 1/T1 below TN is presumably associate
with the distribution ofH int , related to the helical magneti
structure in the AFM state. The value of faster componen

FIG. 4. Temperature dependence of the nuclear spin-lattice
laxation rate 1/T1 of 63Cu atx5 ~a! 0.2, ~b! 0.1, and~c! 0.02.
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1/T1 is about three times larger than that of slower one be
TN , as shown later. Only slow component in 1/T1 is shown
below TN for a simplicity of discussion.

In a high T region, 1/T1 becomes almostT independent
above a temperature marked asT* in Fig. 4, exhibiting that
local-moment fluctuations dominate the relaxation proces
is known in HF systems thatT* is scaled to the quasielasti
linewidth in neutron-scattering spectrum, leading to a ten
tive estimation of the bandwidth of HF state@T* }exp
(21/g)#. Therefore, the decrease inT* due to the Ge sub-
stitution indicates the reduction of HF bandwidth. In such
localized regime aboveT* , the constant value of 1/T1 is
proportional topeff

2 W/Jc f
2 , where peff is an effective para-

magnetic local moment. Therefore, the progressive incre
in 1/T1 with increasingx is ascribed to the increase inpeff
and/or the reduction ofuJc fu. This result is consistent with
the decrease inT* due to the reduction ofg5uJc fu/W caused
by the Ge substitution.

Next, we focus on the magnetic properties atx50.02 and
subsequently its evolution with increasingx. For x50.02,
1/T1 gradually decreases down toTN below T* , revealing a
crossover from a localized to an itinerant regime. A cle
peak atTN50.75 K, below which the NQR linewidth broad
ens rapidly, reflects a critical slowing down associated w
the AFM transition. A rapid drop of 1/T1 below TN is pre-
sumably due to a partial loss of low-lying excitations.

The 1/T1 result nearby the AFM phase is well explaine
by the SCR theory for nearly or weakly AFM itineran
magnets.37,38 In this scheme, 1/T1 is predicted as follows:

1/T1}TAxQ~T!}T/AT2TN

aboveTN ,

1/T1}T/MQ~T!}T/ATN2T

belowTN . Here,xQ(T) andMQ(T) are a dynamical suscep
tibility and the magnetization of AFM sublattice, respe
tively. The 1/T1T data atx50.02 are fitted by including the
term 6.6/AT2TN in 1.5 K.T.TN50.75 K and 12/ATN2T
in Tc,T,TN as presented in the inset of Fig. 5. The go
agreement between the experiment and the calculation i
cates a long-range nature of the AFM ordering in the itin
ant regime.

By substituting Ge for Si, as indicated by arrows in Fig.
while T* is decreased,TN is gradually increased in collabo
ration with the development of saturation momentm0. As a
result, T* approaches toTN , indicating that the magnetic
properties just aboveTN change from the itinerant to local
ized regime. Correspondingly, the peak in 1/T1 at TN disap-
pears at x50.2, resembling the behavior observed f
f-electron antiferromagnets that are in the localized regim39

The SCR theory is not applicable to the data forx50.06 and
0.1 any more, since the itinerant regime is limited in a n
row T range for 1/T1 to be fitted.

We now turn to the SC state in which low-energy prop
ties are intimately changed by substituting Ge for Si or a

e-
2-4



f
r

k

t
um

e
e
d
e

at
n

-

er
d
-

it
m

o
te
e
r
n

re

h
/

e
ce

h

f
ted
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plying P. In order to demonstrate this, theT dependence o
1/T1 at x50.02 is indicated in Fig. 5 with those fo
Ce0.99Cu2.02Si2 (x50) at P50 and 0.85 GPa.17 As seen in
Fig. 5, the line-node SC gap atP50.85 GPa is evidenced
from a 1/T1}T3 dependence. However, the 1/T1 at x50 is
deviated well belowTc from theT3 one and exhibits a wea
T dependence. Likewise, the 1/T1 at x50.02 is nearly pro-
portional to the temperature far belowTN . This suggests tha
the low-energy spectral weight in spin-fluctuation spectr
survives even belowTc at x50 and 0.02.

Here, we should remark whether or not the disorder eff
associated with the Ge substitution influences the magn
property because the satellite peak is actually observe
NQR spectrum~see Fig. 1!. In order to investigate som
local inhomogeneous effect, the 1/T1’s at x50.02 were mea-
sured at the main~3.435 MHz! and the satellite~3.315 MHz!
peaks. Note that the latter arises from the63Cu sites around
the Ge atoms. As shown in Fig. 6, in the paramagnetic st
the value of 1/T1 at the satellite peak is slightly larger tha
that at the main peak over a wholeT range. The small dif-
ference in the values of 1/T1 may be due to a possible dif
ference ing. Nevertheless, both the 1/T1’s exhibit a distinct
peak atTN , evidencing a long-range character of AFM ord
Below TN , although bothT1’s are not uniquely determine
owing to the distribution inH int , the short and long compo
nents undergo a similarT dependence. Thereby the AFM
order takes place throughout the whole sample, although
not completely excluded that the size in spontaneous
ments is spatially distributed.

One may suspect that the potential scattering due to n
magnetic Ge impurities brings about a finite density of sta
at the Fermi surface, leading to the observed enhancem
of 1/T1 below Tc .41,42 However, a recent NQR result unde
P at x50.02 reveals that the AFM order is suppressed a
the HF superconductivity with the line-node gap is recove

FIG. 5. Temperature dependence of 1/T1 for x50.02 and
Ce0.99Cu2.02Si2 (x50) at ambient pressure and at 0.85 GPa. T
inset shows the 1/T1T vs T plot for x50.02. The solid line is a fit
on the basis of the SCR theory that is consistent with the data
TN,T,1.5 K andTc,T,TN ~see text!.
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by applying pressures.40 This result apparently excludes suc
the impurity effect as a cause for the enhancement of 1T1
below Tc .

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

Figures 7~a! and ~b! indicate theT dependence of NQR
intensity multiplied by temperature@ I (T)3T# at x50.06
and 0.02 along with that@Fig. 7~c!# at x50 reported
previously.8 Here, I (T) is an integrated intensity over th
NQR spectrum and normalized by the value at 4.2 K. Sin
an NQR intensity depends on a pulse intervalt between two

e

or

FIG. 6. Temperature dependence of 1/T1 at x50.02, measured
at a main peak of 3.435 MHz~closed symbols! and at a satellite
peak of 3.315 MHz~open symbols!. The fast and slow relaxation
components owing to the distribution in internal field are estima
for each belowTN .

FIG. 7. Temperature dependence ofI (T)3T where I (T) is an
NQR intensity normalized by the value at 4.2 K at~a! x50.06, ~b!
0.02 in CeCu(Si12xGex)2, and ~c! the undoped Ce0.99Cu2.02Si2 (x
50).
2-5
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pulses by means of the spin-echo method,I (t50) is evalu-
ated through the relation ofI (t)5I (t50)exp(22t/T2)
where, 1/T2 is the spin-echo decay rate.I (T) is generally
proportional to 1/T following to the Curie susceptibility for a
nuclear-spin system Therefore,I (T)3T should stay con-
stantly if the nuclear relaxation time ranges in an observa
time window that is typically more than several microse
onds. Therefore, the large reduction ofI (T)3T on cooling at
x50 is ascribed to the development of the slowly fluctuat
AFM waves. Note that aT1;0.14msec, that is estimated
from the relation 1/T1}vc(T)/@vc(T)21vNQR

2 #, is too short
for the NQR signal to be observed experimentally. Here,vc
(;3 MHz) andvNQR (;3.4 MHz) is a characteristic fre
quency of the slowly fluctuating AFM waves and the cent
NQR frequency, respectively.9

We now turn to the result on the Ge substituted co
pounds. TheI (T)3T at x50.02 decreases down to;0.4
upon cooling from 1.2 K down toTN50.75 K, resembling
the behavior atx50. The reduction ofI (T)3T stops around
TN , but does not recover with further decreasingT. Note that
the reduction belowTc50.4 K is due to the SC diamagnet
shielding of rf field for the NQR measurement. Apparent
the AFM order, that suddenly appears atx50.02, coexists
with the marginal AFM state. It seems, therefore, that
onset of AFM order due to the lattice expansion is indicat
of a first-order type.

By contrast, theI (T)3T at x50.06 does not decreas
significantly upon cooling down toTc50.2 K acrossTN
50.9 K. It indicates that the slowly fluctuating AFM wave
are not appreciable abovex50.06 and that the magneti
property changes to a rather conventional type of beha
with increasingx. The mSR measurements also sugges
change toward more static character of the magnetic ph
with increasingx.35

III. DISCUSSION

Figure 8 shows the phase diagram determined agains
Ge content~x! on CeCu2(Si12xGex)2 and the pressure o
Ce0.99Cu2.02Si2 (x50). Here we expect that a primary effe
of the Ge doping is to expand the lattice and that its chem
pressure is27.6 GPa per 100% Ge doping as sugges
from theP dependence ofnQ in CeCu2Ge2 and CeCu2Si2.43

The data atx50 underP are cited from the previous paper.17

The characteristic temperatureT* which is scaled to the
bandwidth of HF band, increases continuously with the
tice compression by decreasingx and increasingP. TN is
determined as the temperature below whichH int develops
and at which 1/T1 exhibits a peak.Tc is obtained from this
work. The slowly fluctuating AFM waves develop belowTm
in 0<x,0.06 and 0,P,0.2 GPa. Remarkably the ma
ginal AFM state emerges only close to the border betw
AFM and SC phases.

The AFM order suddenly sets in once slight Ge is sub
tuted for Si. By contrast, any trace of AFM order is n
observed down to 0.012 K atx50. With increasingx, TN is
progressively increased, whileTc is steeply decreased. Co
respondingly, the slowly fluctuating AFM waves are su
pressed for the samples with more thanx50.06. It is note-
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worthy that the AFM order seems to suddenly disappearx
5 0 as if TN was replaced byTc . Eventually, the supercon
ductivity coexists with the marginal AFM state atx50. This
fact suggests that antiferromagnetism and superconduct
have a common background.

In 0,P,0.2 GPa, the marginal AFM state is expelled
the onset of superconductivity belowTc at H50. However,
whenH turns on to suppress the superconductivity, the fir
order like transition from SC state to the magnetic phasA
takes place.5 In P.0.2 GPa, the marginal AFM state is com
pletely suppressed and, at the same time, the typical HF
perconductivity is recovered with the line-node SC gap.

Next, we shed further light on the coexisting state
comparing with the typical HF superconductor UPd2Al3
where the AFM order sets in belowTN;14.5 K, followed
by the onset of typical SC transition belowTc;1.98 K.44–46

In UPd2Al3, the coexistence of the AFM order with the s
perconductivity has been established by vario
measurements.45,47–49The Al- and Pd-NQR results showe
that 1/T1 decreases rapidly because a gap opens at a pa
the Fermi surface belowTN and follows the 1/T1}T3 below
Tc , consistent with the line-node SC gap.47,48 In UPd2Al3,
note that an average occupation of 5f electrons per U atom is
slightly less than three and larger than one in Ce-based
systems.50 With some relevance with this, nearly two loca
ized 5f electrons are responsible for the AFM order, carryi
the relatively large spontaneous moment of 0.85mB per U
atom. Since the spin-wave excitations in the AFM state
gapped, the particle-hole excitations in HF state are do
nant well belowTN , as actually evidenced from theT1T
5const behavior typical for the Fermi liquid state. Ther
fore, the 1/T1 in the SC state is not affected by the magne
excitations even in the coexistent state, but reflects its li

FIG. 8. The AFM and SC combined phase diagram
CeCu2(Si12xGex)2 and for Ce0.99Cu2.02Si2 (x50) under pressure
TN ~closed squares! and Tc ~open circles! are the AFM and SC
transition temperature, respectively. Also shown are the chara
istic temperature to be scaled to the band width of HF stateT*
~open squares! andTm below which the marginal AFM state deve
ops ~open triangles!. The data forx50 under pressure are cite
from a previous paper~Ref. 17!.
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EXOTIC MAGNETISM AND SUPERCONDUCTIVITY IN . . . PHYSICAL REVIEW B66, 224502 ~2002!
node SC gap structure. However, the situation in underly
CeCu2Si2 is completely different, because one 4f electron
per Ce ion plays vital roles for both the magnetism and
superconductivity, leading to the novel interplay between
magnetism and the superconductivity revealed in CeCu2Si2.

Apparently, the exotic AFM and SC phases in 0<x
,0.06 may be new states of matter. In a previous paper,18 we
proposed that the coexistence of AFM and SC phases in
slightly Ge substituted compounds and the magnetic-field
duced phaseA in 0,P,0.2 GPa are accounted for on th
basis of the SO~5! theory.18,20 It is considered that the mar
ginal AFM state in 0<x,0.06 belowTc may be identified
as a collective magnetic mode in the coexisting phase
that it turns out to be competitive with the onset of SC ph
in 0,P,0.2 GPa atH50. The latter is relevant to the
emergence of the field-induced first-order-like SC to m
netic phaseA transition. Concerning the interplay betwee
magnetism and superconductivity, we would propose that
marginal AFM state in the SC state atx50 may correspond
to a pseudo-Goldstone mode due to the broken U~1! symme-
try. Due to the closeness to a magnetic critical point, ho
ever, such a gapped mode in the SC state should be ch
terized by an extremely tiny excitation~resonance! energy.
We thus believe that this SO~5! model could shed light on
the intimate interplay between magnetism and supercon
tivity in CeCu2Si2 that has been an issue for over a deca

Finally, we compare the present experimental results w
those on Ce0.975Cu2Si2 ~Ce0.975! where an AFM order was
reported belowTN;0.6 K.8,13 Unlike the Ge substituted
samples, any signature of superconductivity was not
served and the AFM order persists up toP52 GPa in
Ce0.975.51 The recent NQR result underP at x50.02 has
revealed that the AFM order is suppressed and the HF su
conductivity with the line-node gap is recovered at sm
pressure.40 These results indicate that the AFM order
Ce0.975 is driven by some disorder effect that destroys
superconductivity. By contrast, the AFM order atx50.02 is

*Present address: Department of Physics, Faculty of Enginee
Tokushima University, Tokushima 770-8506, Japan

†Present address: Department of Physics, Graduate School of
ence, Kyoto University, Kyoto 606-8502, Japan
1D. Jaccard, K. Behnia, and J. Sierro, Phys. Lett. A163, 475

~1992!.
2R. Movshovich, T. Graf, D. Mandrus, J. D. Thompson, J.

Smith, and Z. Fisk, Phys. Rev. B53, 8241~1996!.
3N. D. Mathur, F. M. Grosche, S. R. Julian, I. R. Walker, D. M

Freye, R. K. W. Haselwimmer, and G. G. Lonzarich, Natu
~London! 394, 39 ~1998!.

4H. Hegger, C. Petrovic, E. G. Moshopoulou, M. F. Hundley, J.
Sarrao, Z. Fisk, and J. D. Thompson, Phys. Rev. Lett.84, 4986
~2000!.

5G. Bruls, B. Wolf, D. Finsterbusch, P. Thalmeier, I. Kouroudis,
Sun, W. Assmus, B. Lu¨thi, M. Lang, K. Gloos, F. Steglich, and
R. Modler, Phys. Rev. Lett.72, 1754~1994!.

6H. Nakamura, Y. Kitaoka, H. Yamada, and K. Asayama, J. Ma
Magn. Mater.76&77, 517 ~1988!.

7Y. J. Uemura, W. J. Kossler, X. H. Yu, H. E. Schone, J. R. Kem
22450
g

e
e

he
-

d
e

-

e

-
ac-

c-
.
h

-

er-
ll

e

due to the lattice expansion by the Ge substitution for
Therefore, the induced AFM order may be able to coex
with the superconductivity without destroying it.

IV. CONCLUSION

We have investigated magnetic and superconduc
properties in CeCu2(Si12xGex)2 with 0,x<0.2 by means of
the Cu-NQR measurement. The Ge substitution for Si act
a chemical negative pressure. Once 1% Ge is substituted
Si to expand the lattice ofx50, the AFM order sets in a
TN;0.7 K, followed by the onset of superconductivity b
low Tc50.5 K. The AFM order is evidenced by both th
broadening of the Cu-NQR spectrum and the distinct pea
1/T1 at TN . This sudden emergence of AFM order due to t
slight Ge substitution reinforces that the exotic magne
phase in the undoped Ce0.99Cu2.02Si2 (x50) is in fact the
marginal AFM state where the slowly fluctuating AFM
waves propagate over a long distance. With increasingx, TN
is progressively increased, whileTc is rather steeply de-
creased. The appearance of the internal field throughout
sample, that was deduced from the NQR spectrum be
TN , excludes the presence of phase segregation betwee
SC and the AFM phases in the coexistent state. The 1T1
result does not show any significant reduction belowTc ,
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excitations presumably due to the coexistence of AFM a
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Zheng, Y. Kitaoka, and Y. Ōnuki, Physica B281-282, 9 ~2000!.
40Y. Kawasaki, K. Ishida, K. Obinata, T. Mito, G.-q. Zheng, Y

Kitaoka, C. Geibel, and F. Steglich, Physica B312-313, 428
~2002!.

41S. Schmitt-Rink, K. Miyake, and C. M. Varma, Phys. Rev. Le
57, 2575~1986!.

42K. Ishida, Y. Kitaoka, N. Ogata, T. Kamino, K. Asayama, J.
Cooper, and N. Athanassopoulos, J. Phys. Soc. Jpn.62, 2803
~1993!.

43Y. Kitaoka, H. Tou, G.-q. Zheng, K. Ishida, K. Asayama, T. C
Kobayashi, A. Kohda, N. Takashita, K. Amaya, C. Geibel,
Schank, and F. Steglich, Physica B206-207, 55 ~1995!.

44C. Geibel, C. Shank, S. Thies, H. Kitazawa, C. D. Bredl,
Bohm, M. Rau, A. Grauel, R. Caspary, R. Hefrich, U. Ahlheim
G. Weber, and F. Steglich, Z. Phys. B: Condens. Matter84, 1
~1991!.

45N. Sato, N. Aso, G. H. Lander, B. Roessli, T. Komatsubaru, a
Y. Endoh, J. Phys. Soc. Jpn.66, 2981~1997!.

46N. Metoki, Y. Haga, Y. Koike, N. Aso, and Y. On̄uki, J. Phys. Soc.
Jpn.66, 2560~1997!.

47H. Tou, Y. Kitaoka, K. Asayama, C. Geibel, C. Schank, and
Steglich, J. Phys. Soc. Jpn.64, 725 ~1995!.

48K. Matsuda, Y. Kohori, and T. Kohara, Phys. Rev. B55, 15 223
~1997!.

49R. Caspary, P. Hellmann, M. Keller, G. Sparn, C. Wassilew,
Kohler, C. Geibel, C. Schank, F. Steglich, and N. E. Phillip
Phys. Rev. Lett.71, 2146~1993!.

50 S. Yotsuhashi, H. Kusunose, and K. Miyake, J. Phys. Soc. J
70, 186 ~2001!.

51Y. Kawasaki, K. Ishida, Y. Kitaoka, K. Asayama, Y. Geibel, and
Steglich, Physica B282, 14 ~2000!.
2-8


