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Abstract

We report 73Ge-nuclear-quadrupole resonance (NQR) study of heavy-fermion compound CeNi2Ge2. The temperature dependence of

the 73Ge nuclear-spin-lattice-relaxation rate 1=T1 indicates the development of magnetic correlations and the formation of a Fermi-liquid

state at temperatures lower than TFL ¼ 0:4K, where 1=T1T is constant. The 1=T1T decrease below TNQR
c ¼ 0:1K, whereas resistance

decreases below Tonset
c ¼ 0:2K and does not become zero. These results indicate CeNi2Ge2 closely locates to a superconducting quantum

critical point.

r 2006 Elsevier B.V. All rights reserved.
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Unconventional superconductivity(SC) observed around
the antiferromagnetic (AFM) quantum critical point
(QCP) has been one of the most important issues in cerium
(Ce)-based heavy-fermion (HF) compounds, since it was
universally found at the border of antiferromagnetism [1] .

The HF compound CeNi2Ge2 crystallizes in the
ThCr2Si2 structure. The measurements of resistivity and
specific heat at low temperatures clearly revealed non-
Fermi-liquid-like behaviors associated with antiferromag-
netism [2–4]. So, CeNi2Ge2 is suggested to locate near the
AFM QCP. Remarkably, there exist several reports
indicating that resistance becomes zero below T c�0:2K
in CeNi2Ge2, suggesting the onset of SC [3,5]. Therefore, it
is suggested that magnetic fluctuations with regard to the
AFM QCP are responsible for the onset of SC in this
compound.
- see front matter r 2006 Elsevier B.V. All rights reserved.
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Here, we report 73Ge nuclear quadrupole resonance
(NQR) measurements on CeNi2Ge2. High-quality single
crystals of 73Ge-enriched CeNi2:02Ge2 were grown by the
Czochralski method and moderately crushed into grains in
order to enable easy penetration of the rf pulses into the
samples. However, to avoid crystal distortions, the size of
the grains is kept larger than 100mm. Note that the onset of
SC in this compound is extremely sensitive to the sample
preparation method and/or the nominal stoichiometry in
the Ni element. The sharpest SC transition was reported
for the Ni-rich sample CeNi2:02Ge2 [5]. The T dependences
of 73Ge-NQR spectra and 1=T1 were measured at H ¼ 0
down to T ¼ 0:03K using a 3He/4He dilution refrigerator.
In order to detect the possible onset of some magnetic
ordering at low temperatures, the NQR spectrum for the
1nQ transition was precisely measured by the Fourier
transform method for spin-echo signals.
Fig. 1 shows the temperature dependence of 1nQ

transition of 73Ge-NQR spectra for CeNi2Ge2 with nQ ¼
1.632MHz and the asymmetry parameter Z ¼ 0 due to the

uniaxial symmetry. Note that the full width at half
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Fig. 1. Temperature dependence of the 73Ge 1nQ-NQR spectrum in

CeNi2Ge2. Dotted line denotes the peak position.
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Fig. 2. Temperature dependence of 1=T1T for CeNi2Ge2 (open circle).

Solid triangles and open squares indicate the temperature dependence of

1=T1T under a magnetic field of H ¼ 0:03 and 0.1T, respectively. Solid

line indicates a 1=T1T ¼ const: law. Solid and dashed arrows indicate Tc

and TcðHÞ and TFL (see the text), respectively. Inset shows the

temperature dependence of resistivity. Solid arrow indicates the Tonset
c .
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maximum (FWHM) for the 1nQ-NQR spectrum is quite
sharp at FWHM ¼ 8 kHz, confirming the high quality of
the sample used in this study. Here, the NQR spectra can
indicate the emergence of a static magnetic order for
CeNi2Ge2 from the splitting and/or the broadening of the
1nQ-NQR spectrum due to the appearance of an internal
field, if any. Since the FWHM of the 1nQ-NQR spectrum
does not exhibit any change as shown in Fig. 1, there is no
evidence for a magnetic order and/or a structural change
down to 0.03 K in CeNi2Ge2.

Next, we present the T dependence of 1=T1 in
CeNi2Ge2. Fig. 2 shows the T dependence of 1=T1T under
zero field ðH ¼ 0Þ (circle), H ¼ 0:03T (triangle), and H ¼

0:1T (square) in the T range of 0:042150K. The 1=T1T at
H ¼ 0 increases as the temperature decreases to 0.4K, thus
revealing the growth of magnetic correlations. This result
demonstrates that CeNi2Ge2 is very closely located to the
AFM QCP. On the other hand, at temperatures lower than
TFL ¼ 0:4K, 1=T1T is constant; this indicates the forma-
tion of the Fermi-liquid state.

A remarkable finding in the Fermi-liquid regime is that
the 1=T1T at H ¼ 0 slightly decreases below
TNQR

c ¼ 0:1K. Note that this temperature is lower than
Tonset

c ¼ 0:2K below which the resistance begins to
decrease as shown in the inset of Fig. 2. In order to
confirm whether this decrease in 1=T1T is associated with
the onset of SC, 1=T1T was measured under external fields
of H ¼ 0:03 and 0.1 T, as shown by the solid triangles and
open squares in the figure, respectively. The application of
such tiny fields causes 1=T1T to remain constant down to
T ¼ 0:07 and 0.04K at H ¼ 0:03 and 0.1 T, respectively.
This result possibly provides evidence for the onset of SC at
TNQR

c ¼ 0:1 and 0.07K at H ¼ 0 and 0.03T, respectively.
Since 1=T1T indicates a power-law like dependence with-
out a coherence peak just below Tc, the origin of SC in
CeNi2Ge2 seems to be unconventional.
Notably, 1=T1T ¼ const. behavior is observed down to

0.04K for the annealed sample. Although the sample
quality is improved by annealing, this SC anomaly in
1=T1T as well as resistance disappears [6]. This is possibly
because a slight unconventional SC in CeNi2Ge2 is
observed in the heavy Fermi-liquid state in the close
vicinity of the AFM QCP. As a result, the annealed sample
seems to be apart from the superconducting QCP.
In conclusion, systematic studies of 73Ge NQR in

CeNi2Ge2 have revealed the development of magnetic
correlations down to 0.4K followed by the formation of a
Fermi-liquid state below TFL ¼ 0:4K. A remarkable
finding is that the significant reduction in 1=T1T is
associated with the onset of SC below T c ¼ 0:1K, this is
because the application of a tiny magnetic field causes
1=T1T to remain constant without a reduction of Tc below
0.1K. These results are due to the emergence of the
unconventional superconducting fluctuations in associa-
tion with the superconducting QCP. This is because zero
resistance is not observed. As a result, these results are
consistent with the fact that bulk SC does not emerge but
the superconducting coherence length remains finite over a
short-range distance due to the closeness to the super-
conducting QCP.
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