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Evolution from Magnetism to Unconventional Superconductivity in a Series
of Ce,Cu,Si; Compounds Probed by Cu NQR
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We report on the basis of Cu-NQR measurements that the ground state in a series of
Ce,Cu,Si; compounds evolves from a magnetically ordered phase at x = 0.975 to a heavy-electron
superconducting (SC) phase at x = 1.025. We have found that the sample of x = 0.99 does not
exhibit any trace of magnetic phase transition down to 0.012 K. Slow magnetic fluctuations with
low frequencies comparable to the NQR frequency develop rapidly below T,, ~ 1.2 K. This unusual
“critical magnetic phase” can coexist with the SC phase. For the samples of x = 1.00 and 1.025 such

a dtate is expelled by the onset of the SC state.

PACS numbers: 74.25.Ha, 74.70.Tx, 75.30.Kz, 76.60.Gv

Since the discovery of heavy-fermion superconductivity
(HFS) in CeCu,Si, (T. ~ 0.7 K) [1], a great dedl of in-
terest is attracted to the intricate physics of strongly corre-
lated electron systems. Up to now, it has been established
that the superconductivity in Ce-based HF compounds oc-
curs close to the magnetic instability. In a stoichiometric
CeCu,Si, at ambient pressure, it is now believed that the
superconducting (SC) phase is embedded in another phase
denoted as A phase. ThisA phase, which was shown to be
in magnetic origin first by NMR[2] and then by subsequent
muon spin rotation (wSR) [3] measurements, was ensured
by elastic and thermal expansion experiments on a high-
quality single crystal [4]. The NMR experiments reveaded
that the NQR intensity observed at about 3.435 MHz de-
creases upon cooling below T, ~ 1 K without any NQR
spectral broadening associated with spontaneous magnetic
moments [2,5]. This result implies that magnetic correla-
tions with a certain wave number Q develop rapidly below
Ty, and then its characteristic frequency I'q(T)/i = wq
approaches NMR/NQR frequencies wy due to a large
enhancement of yqo(T), because 1/T) = wq/(0g + @y)
and 1/T, « xo(T). The A phase should be distinguished
from a static magnetic order (SMO), but characterized
by magnetic correlations fluctuating with low frequencies
comparable to wy [5]. This dynamical aspect of the A
phase is consistent with recent 1SR experiments [6]. The
lack of SMO seems to be supported by the fact that all at-
tempts at direct observation of the magnetic structure by
neutron diffraction (ND) have failed so far [7].

One may expect that the A phase has a common fea-
ture to unusual “antiferromagnetic (AF) order” below
Ty = 5 K in UPt; detected by the ND [8]. No NMR
anomalies, however, were ever detected in UPt; [9,10].
Recently, Okuno and Miyake proposed that UPt;, ex-
hibiting the mysterious behaviors in the AF order, is in
the spin-density wave (SDW) state oscillating with fi-
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nite frequencies (wq) larger than those of the NMR fre-
quency (wy ~ 10°~7 Hz) and smaller than those of the
ND (wnp ~ 1011~12 Hz) [11].

A series of polycrystal Ce,Cu,+,Si> in the vicinity
of stoichiometric composition as well as a high-quality
single crystal have been studied thoroughly by means of
resistivity, specific-heat, uSR, elastic constant, and dilata-
tion measurements [4,6,12—15]. It was found that both
the A and SC phases are extremely sensitive to sample
preparation, especially to a Ce-nominal content x [14], and
that these two phases are nearly degenerate [4]. The A
phase was furthermore suggested to be expelled below T,
under zero field due to the onset of superconductivity in
both the high-quality single [4] and polycrystal samples
[14]. Quite recently, macroscopic measurements have re-
vealed that CeCu,Si, is located in the vicinity of a quan-
tum critical point [15]. In order to highlight an interplay
between the A and SC phases and to clarify an evolution
of ground state with varying the Ce-nominal content x
from amicroscopic point of view, we have made Cu-NQR
studies on the same series of Ce,Cu,,Si, polycrystal
samples used in the previous measurements [6,12,14,15].

We used four samples with different Ce-nominal
content such as CeCu, ¢5Si, with T, ~ 0.7 K (hereafter
denoted as Cel.00), Ce g5Cu,Si; with T, ~ 0.6 K
(Cel.025), Ceyg9CupnSi; (Ce0.99), and nonsupercon-
ducting Cey975Cu,Si, (Ce0.975). We should remark that
the ground state in the four samples depends not on off-
stoichiometry in Cu content y but mainly on Ce content
x, since the 7, in CeCu,4+,Si, (—0.01 =y =0.2) isin
the narrow range between 0.6 K (CeCu;.99Si,) and 0.65 K
(CeCu,,Sis) [16]. Detailed preparation of samples was
reported elsewhere[14]. Thex-ray diffraction pattern does
not show any differencefor all of the compounds, ensuring
that the lattice parameter is independent of x. Although
the small diamagnetic signal was observed at 7. ~ 0.6 K
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in Ce0.99, the absence of sharp anomalies at 7. in the
specific-heat and the thermal expansion data are indicative
of its nonbulk nature on the SC transition. All of the
samples were moderately crushed into powder with diame-
ters larger than 100 wm in order to avoid some crysta
distortion if any.

The NQR frequency vnor = wy /27 (~3.435 MHz)
is confirmed to be independent of x. Full width at half
maximum (FWHM) in Cu-NQR spectrum, which depends
on crystal homogeneity, is estimated to be 26, 13, 14, and
35 kHz for Cel.025, Cel.00, Ce0.99, and Ce0.975, respec-
tively. The FWHM isabout twice aslargefor Cel.025 and
Ce0.975 than for Cel.00 and Ce0.99; however, amaximum
value of FWHM ~35 kHz for Ce0.975 is even smaller
than ~40 and ~150 kHz reported in Refs. [17] and [18].
We note that the FWHM ~13 kHz (14 kHz) for Cel.00
(Ce0.99) is comparable to 11 kHz for the single crystal,
ensuring the high quality of Cel.00 and Ce0.99 in a mi-
croscopic level.

We now remark on the anomalies relevant to the A
phase. Figure 1 displaysthe T dependence of NQR inten-
sity () multiplied by temperature (T'), I X T normalized
by I X T at 4.2 K for al of thesamples. I X T decreases
rapidly below T, due to the SC diamagnetic shielding of
rf field, whereas it is aso clear that 1 X T starts to de-
crease below T, far above T.. Since I(7) depends on
a pulse interval (7) between two pulses by means of the
spin-echo method, 7(0) is evaluated through the relation
of I(7) = 1(0) exp(—27/T,) where 1/T, is the spin-echo
decay rate. Ty, is estimated as 0.8, 1, 1.2, and 1 K for
Cel.025, Cel.00, Ce0.99, and Ce0.975, respectively. The
1SR measurements on the same samples detected the A
phase below T, dominated by very slow magnetic fluctua-
tions (~3 MHz) close to the NQR frequency and a co-
existence with the paramagnetic region where frequencies
of magnetic fluctuations remain over a higher frequency
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FIG. 1. T dependence of the Cu-NQR intensity multiplied by
temperature, I X T normalized by I X T at 4.2 K. Dotted and
solid arrows indicate T,,, and T, respectively.
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range[6]. The SC volumefractionsat 7. are considered to
be proportional to the paramagnetic region by comparison
with the specific-heat results[6]. The marked reduction in
I X T without any spectral broadening is therefore due to
the emergence of the A phase. Note that the decrease in
I X T upon cooling is ascribed to an extraordinary short
T, and/or T, in the A phase, which is estimated to be
~0.14 usec from the very slow fluctuations (~3 MHz).
Onthe other hand, asshownin Fig. 2, both ®>Cu-NQR
spectral widths increase in Ce0.975 below 0.6 K, which
givesevidencefor an onset of static magnetic order (SMO).
Provided that possible magnetic structure in Ce0.975 is
of an antiferromagnetic type with a wave vector Q =
(1/2,1/2,¢) in CePd,Si, and CeRh,Si, or with Q =
(0,0,1/2) in URW,Si,, hyperfine fields are canceled out at
the Cu sites occupying a magnetically symmetric position.
Therefore either such ahelica structure asin CeCu,Ge, or
some SDW may beredlized [19]. Theincrease of FWHM
proportional to spontaneous moment M iscloseto a mean-
field type below Tn = 0.6 K. A rough estimate of M;
from the FWHM at low T gives rise to 0.05ug per Ce
ion by assuming the hyperfine coupling constant Aps =
—4.6 kOe/up [20]. We note that this SMO coexists
with the A phase below Ty ~ 0.6 K, because the value
of I X T below Ty, remains reduced, as seen in Fig. 1.
Next, in order to demonstrate an evolution of the ground
state from the magnetically ordered to the SC state in a
series of Ce,Cu,+,Si> compounds, we show the 7 de-
pendence of 1/7; of ©3Cu under zero field for al of the
samplesin Fig. 3. 1/T, isdetermined by a single compo-
nent, except for the T, data below 1 K in Ce0.975 where
long (T;1) and short (T';s) components are estimated ten-
tatively. Above 3 K, 1/T’sfor al of the samplesfall on
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FIG. 2. T dependence of ®*%Cu-NQR spectrum in Ceyg7s-
Cu,Si,. The bottom figure shows the T dependence of the
FWHM for the *Cu-NQR spectrum.
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FIG. 3. T dependence of 1/T; in Ce,Cu,1,Si,. Above 1K,
the T in Cey975Cu,Si; is determined by a single component.
Below 1 K, short (Ts) and long (7)) components of 1/T; are
presented.

the same curve regardless of varying x. It is experimen-
tally known that a constant value of 1/7) startsto decrease
below Tx. Tx ~ 10 K is hence nearly independent of Ce
concentration x. Below 2 K, the T dependence of 1/T;
reflects the difference in the ground state of each com-
pound. A clear peak in 1/T;s for Ce0.975 is observed at
Ty = 0.6 K due to critical magnetic fluctuations towards
the SMO.

By contrast, the 1/T, for Cel.025 exhibits a linear-
T decrease below 1.2 K (denoted as Tr), probing the
formation of heavy-fermion band. It isconfirmed fromthe
present NOQR, the uSR [6], and the specific-heat [12,14]
measurements that the anomalies relevant to the A phase
below Ty, are much more pronounced for Cel.00 than for
Cel.025. It should, however, be noted that 1/7T;'s in the
SC state for Cel1.025 and Cel.00 follow a 7° dependence
inthe T range of 0.6-0.1 K, fallingon asingleline. This
result suggests that the A phaseis expelled below T.. by the
onset of SC phase, which is consistent with the result by
elastic measurement on the high-quality single crystal [4].

In Ce0.99, as seen in Fig. 1, the 7 X T at 0.012 K re-
duces to ~5% of the value at 4.2 K without any trace of
SMO. This proves that the A phase remains dominated
by slow magnetic fluctuations comparable to wy down to
0.012 K. In this context, the A phase should be charac-
terized as “critical magnetic phase” (CMP). The fact that
the NQR spectrum is yet visible below T3, demonstrates a

contamination of “paramagnetic domain” (PD) character-
ized by magnetic fluctuations with much higher frequen-
ciesthan wy. 1/T; for the PD state decreases gradually
with decreasing T, followed by a small hump at about
0.6 K. With further decreasing T below 0.6 K, the small
SC diamagnetization emerges associated with an onset of
SC in the PD. Correspondingly, 1/T; decreases steeply
below 0.6 K and exhibits a similar T variation to (1/71)
in Ce0.975 below 0.3 K. Thus the SC characteristics for
the PD are not the same as those in the bulk SC phase
for Cel.00 and Cel.025. We note that the SC phase con-
tained in Ce0.99 is significantly affected by the low-lying
magnetic excitations of thermally excited quasiparticles.
The sample of Ce0.99 reveals the magnetic criticality at
the border to both the magnetic and SC phases.

On the basis of these rich outcomes from the NQR
study, we propose a schematic view on dynamical mag-
netic response function in Fig. 4. In the figure, the ¢
averaged imaginary part of dynamical susceptibility >, X
x"(g,w) = x"(w) is schematically depicted as the func-
tion of frequency of magnetic correlations w. Near 3 K,
the spectral weight (SPW) of x"(w) is distributed over
w from 0 to wx = kgTx/h (Tx ~ 10 K) for al of the
samples, asin Fig. 4a. We note that the SPW for the CMP
develops at about wg ~ wy below T,. In Cel.025 and
Cel.00, asshownin Fig. 4b, oncethese SPW’ sdevelop be-
low Ty, they are totally transferred into a frequency range
above wy = Ag/ha T — 0 (Fig. 4c). Here A, isthe SC
energy gap. Notethat an intensity of SPW at about wg ~
wy reflects a fraction of the CMP. A larger intensity of

(a) T>3K
]
@ T <T<T
- 21.00
3 N ———
= = e
P4
I T—o0 /7Nge1.025
3 Cel.00 S _
- __/,
o /4
% | @ %
A //
Ce0.99
I fam
7 7/
e s
€) 5
/ 7
N~ T Z Ce0.975
% —f e
7/
0 ®y w

FIG. 4. Schematic figures of the frequency dependence of
the ¢ averaged imaginary part of dynamical susceptibility in
Ce,Cu,Si, (see text).

5355



VOLUME 82, NUMBER 26

PHYSICAL REVIEW LETTERS

28 JUNE 1999

T(K)

static d-wave
1 magnetic superconductivity
order /
00 | | |
Ce0.975 Ce0.99 Cel.00 Cel.025

FIG. 5. Schematic phase diagram in Ce,Cu,Si,. Tk is the
Kondo temperature. Ty and T. are the magnetic and SC
transition temperatures, respectively. T, is the temperature
below which I X T starts to decrease. Tr is the temperature
below which T,7 = const relation holds. The region denoted
by slanted lines is the critical region where the static magnetic
order crosses over to the unconventional superconductivity.

SPW in Cel.00 than in Cel.025 is because I X T pro-
portional to a fraction of the PD is smaller for the for-
mer than for the latter. In Ce0.99, the SPW for the CMP
at about wg ~ wy grows markedly below 7, ~ 1.2 K
and remains dominant down to 0.012 K. A small fraction
of the PD gives rise to the minor SC phase below 0.6 K.
Therefore, a tiny SPW (5% of the total) is present in a
frequency range higher than wq, asin Fig. 4d. Thus the
dominant CMP coexists with the SC phase. In Ce0.975, a
tiny saturation moment M; ~ 0.05ug in the SMO below
Tn = 0.6 K means that the small SPW peaks at w = 0,
asindicated in Fig. 4e. In addition, considerable SPW re-
mains finite at about wg ~ wy.

One question is what is the role played by the 1%
Ce-nomina deficiency (Ce0.99) introduced into Cel.00.
An evolution of the SC to the SMO has been found
in the 2% Ge-substituted sample for the Si sites which
decreases the Tx to ~8 K [21], whereas the magnetic
character of Ce0.99 is changed into a type of Cel.025 by
applyingthepressure p = 0.7 GPawhichincreasesthe Tk
[15]. It is possible that the strength of the hybridization
between 4 and conduction electrons is much more finely
tuned by varying Ce-nomina content than by the Ge
substitution [15].

By contrast, Fukuyama[22] and Kohno et al. [23] have
recently pointed out from a different context that, once
the disorder associated with a nominal Ce deficiency is
introduced, the SMO or the CMP at finite T is nucleated
around the impurities in the singlet ground state, i.e., the
SC phase in the present case. We note, however, that
the disorder does not always stabilize the CMP, since
the magnetic anomalies associated with the CMP are
less pronounced in Cel.025 than in Ce0.99, athough the
microscopic disorder is more distinctly introduced into
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the former rather than into the latter. |f a Ce deficiency
in Ce0.99 acted as a spin defect, this scenario would be
promising, as also thought implicitly [22,23]. In order to
settle this issue, we need further systematic studies on the
x and pressure dependences of the CMP.

In conclusion, we present in Fig. 5 the phase diagram
in a series of Ce,Cu,Si, compounds by varying the Ce-
nominal content x. We found the evolution of the ground
state from the SMO (Ce0.975) to the SC (Cel.025) at
ambient pressure. Theground statein Ce0.99 isdominated
down to 0.012 K by slow magnetic fluctuations compa-
rable to the NQR frequency wy. This state, referred to as
the critical magnetic phase, in place of the A phase, coexists
with the SC phase of a tiny fraction. The emergence of
the AF phase or the CMP at finite T out of the singlet SC
state seems to be quite ubiquitous in strongly correlated
superconductivity next to the AF phase.
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