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We report systematic measurements of ac susceptibility, nuclear-quadrupole-resonance spectrum,
and nuclear-spin-lattice-relaxation time (7;) on the pressure (P)-induced heavy-fermion superconductor
CeRhlIns. The temperature (T) dependence of 1/7 at P = 1.6 GPa has revealed that antiferromagne-
tism (AFM) and superconductivity (SC) coexist microscopically, exhibiting the respective transition at
Ty = 2.8 K and TMF = 0.9 K. It is demonstrated that SC does not yield any trace of gap opening in
low-lying excitations below T9™¢ =2 K, but TMF = 0.9 K, followed by a T,T = const law. These
results point to the unconventional characteristics of SC coexisting with AFM. We highlight that both of
the results deserve theoretical work on the gapless nature in the low-lying excitation spectrum due to the
coexistence of AFM and SC and the lack of the mean-field regime below T = 2 K.
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In recent years, an intimate interplay between antifer-
romagnetism (AFM) and superconductivity (SC) has
been the most interesting and outstanding issue in cerium
(Ce)-based heavy-fermion (HF) systems. The finding
of P-induced SC in CeCu,Ge, [1], Celns, CePd,Si,
[2,3], and CeRhlns [4] strongly suggest that AFM and
SC are related to each other since P-induced SC occurs
either when AFM vanishes or coexists with it [5]. Among
them, the study on the cubic Celn; and the quasi-two-
dimensional tetragonal CeRhlns is promising for system-
atic investigation of an intimate interplay between AFM
and SC. A new HF antiferromagnetic compound CeRhlIns
revealed an antiferromagnetic to superconducting transi-
tion at a relatively lower critical pressure P, = 1.63 GPa
and higher T, = 2.2 K than in previous examples [1-4].

At P =0, a previous study of “In NQR (nuclear-
quadrupole-resonance) found that CeRhlIns has an incom-
mensurate wave vector q,; = (1/2,1/2,0.297) below the
Néel temperature Ty = 3.8 K [6]. A neutron experiment
revealed the reduced Ce magnetic moments M, ~ 0.8 ug
in the antiferromagnetic ordered state [7,8]. Our previous
NQR study showed that Ty gradually increases up to 4 K
as P increases up to P = 1.0 GPa and decreases with
further increasing P [5,9,10]. In addition, the temperature
(T) dependence of nuclear-spin-lattice-relaxation rate
1/T, has probed pseudogap behavior at P = 1.23 and
1.6 GPa [10]. This suggests that CeRhIns may resemble
other strongly correlated electron systems [11,12]. At P =
2.1 GPa above P,, 1/T, decreases, obeying a T° law
without the coherence peak just below T,.. This indicates
that the SC of CeRhlIn; is an unconventional one and it has
line-node gap [9,13]. Most remarkably, at P = 1.75 GPa,
the onset of AFM is evidenced from a clear split in '°In
NQR spectrum due to the spontaneous internal field H;,
below Ty = 2.5 K. Simultaneously, bulk SC below T, =
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2.0 K is demonstrated by the observation of the Meissner
diamagnetism signal. These results have demonstrated
that AFM coexists homogeneously with the SC at a
microscopic level at the border where both SC and
AFM meet one another [5].

In this Letter we report systematic measurements of ac
susceptibility (y,.) in P = 1.12-2.0 GPa and focus on
novel superconducting characteristics in the coexistent
state of AFM and SC for CeRhIn; at P = 1.6 GPa.

CeRhlIns forms in HoCoGas-type structure where Celn,
and RhIn, layers alternately stack along the c¢ axis.
Accordingly, there are two inequivalent In sites per unit
cell for NQR measurements. The ""In NQR measure-
ments at the In(1) site surrounded by four Ce atoms
were performed using a laboratory-built spectrometer
[5,6,9,10]. The NQR spectrum was obtained by plotting
the intensity of a spin-echo signal as a function of fre-
quency at 1y, (£ 1/2 « *+3/2) transition which is the
lowest one of the four transitions for the In nuclear spin
1=9/2. The 'In NQR T, was measured at the transi-
tions of 2v (+ 3/2 <> £5/2) above T =1.4K,and at 1 v,
below T = 1.4 K with the saturation-recovery method.
The high-frequency y,. measurements under P were
carried out by measuring the inductance of an in situ
NQR coil as reported in the previous report [9]. To obtain
hydrostatic P, a BeCu piston-cylinder cell was used with
Daphne oil (7373) as a P-transmitting medium up to P =
2.0 GPa. For our P cell, a value of P distribution (AP/P)
is less than 3% at low T, determined from a broader NQR
linewidth at P = 1.6 GPa than at ambient P.

Figure 1 indicates a rich P-T phase diagram of CeRhlIns
for AFM and SC referred to in the previous report [S]. The
SC seems to survive under AFM near the magnetic crit-
icality in CeRhIns. Note that the present measurement of
Xac Teveals progressive reduction in the value of bulk
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FIG. 1. The P-T phase diagram for CeRhlns. The respective
marks denoted by squares, triangles, and crosses correspond to
the pseudogap temperature Tng, the antiferromagnetic order-
ing temperature 7y, and the internal field H;, at the In site. The
open and solid circles correspond to the onset temperature
7o and TMF of superconducting transition (see text). The
dotted line denotes the position for P = 1.6 GPa. The shaded
region indicates the coexistent P region of AFM and SC.

superconducting transition temperature TMF, as shown by
closed circles in Fig. 1.

Figures 2(a) and 2(b) indicate the respective 7" depen-
dencies of x,.’s and their T derivatives dy,./dT in P =
1.12-2.0 GPa. At P = 1.12 GPa, y,. decreases slightly
below 1 K with a size in reduction of y,. (A x,.) due to
SC being about only 4% of Ay, (bulk) for the bulk
Meissner diamagnetism at P = 2.0 GPa. It remains un-
clear whether this reduction arises from some diamag-
netism associated with superconducting fluctuations or
possible experimental uncertainty. At least it may be
ruled out that bulk superconducting transition does not
occur at P = 1.12 GPa. We note that the specific-heat
result under P suggests P.(SC) ~ 1.5 GPa at which the
bulk SC sets in [14]. Consistently, a bulk nature of SC in a
range P = 1.53-2.0 GPa is corroborated by the observa-
tion of the Meissner diamagnetism signal whose size is
almost the same as in the exclusively superconducting
phase. Thus, the SC in CeRhIns emerges at pressures ex-
ceeding P.(SC) ~ 1.5 GPa, as seen in Fig. 1. As seen in
Fig. 2(a), however, it should be noted that the supercon-
ducting transition width becomes significantly broader
with decreasing P. A similar behavior is also seen in
the P dependence of resistivity over the same P range.
Although a zero resistance is observed at 72°°, the de-
crease in resistance towards 7% becomes broadest at
P = 1.6 GPa [see Fig. 5(b)] [4]. Ax,.s at P = 1.53 and
1.6 GPa decrease to 80% of Ay,. (bulk) for the bulk
Meissner diamagnetism at P = 2.0 GPa. These anoma-
lous phenomena are associated with novel superconduct-
ing characteristics inherent to the microscopic coexisting
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FIG. 2. (a) The T dependencies of y,. and (b) the T deriva-
tives of x, (dx../dT) at P = 1.12-2.0 GPa. The arrows in-
dicate TMF at each value of P (see text).

state of AFM and SC, but not due to some phase separa-
tion between SC and AFM. This is because the homoge-
neous AFM over the whole sample is evidenced at
P = 1.6 GPa without any trace for the phase separation
between AFM and SC, as shown below. As seen in
Fig. 2(a), To™ is defined as a temperature below which
the diamagnetism starts to appear, whereas a peak of
dx,./dT as TMF, as seen in Fig. 2(b).

Next we present microscopic evidence for novel super-
conducting characteristics at the coexisting state of AFM
and SC in CeRhlng at P = 1.6 GPa. The inset of Fig. 3
displays the NQR spectra above and below Ty at P =
1.6 GPa. Below Ty = 2.8 K, the NQR spectrum splits
into two peaks due to the appearance of H;, at the In
site. This is clear evidence for the occurrence of AFM at
P = 1.6 GPa as well as reported in the previous result at
P =175 GPa [5]. The plots of Hi,(T)/H;,(0) =
M(T)/M,0) vs (T/Ty) at P =0 and 1.6 GPa are com-
pared in Fig. 3, showing nearly the same behavior. Here
H;,(0) is the value extrapolated to T = 0 K and M(T) is
the T dependence of spontaneous staggered magnetic
moment. The character of AFM at P = 1.6 GPa is ex-
pected to be not so much different from that at P = 0.

Figure 4 indicates the T dependence of 1/T, at P =
1.6 GPa. A clear peak in 1/T, is due to critical mag-
netic fluctuations at Ty = 2.8 K. Below Ty = 2.8 K, 1/T}
continues to decrease moderately down to TMF = 0.9 K

137001-2



VOLUME 91, NUMBER 13

PHYSICAL REVIEW LETTERS

week ending
26 SEPTEMBER 2003

. , . , .
CeRhin,
O ambient P
1.0r E)O‘ioo m 16GPa
|
?o
= L _
= = 1.6 GPa >
< [ |
= 42K
S05Fz £ Eg -
= c - |
g g fa
s 04K
- 0 -
Z [ .O
6.0 65 7.0 75 80
0.0k IFrequencIy [MHZz] | pu .-> |
0.0 0.5 1.0
T/ T(P)
FIG. 3. Plots of H;,((T)/H;, (0) vs T/Ty at P = 0 and 1.6 GPa

(see text). The inset shows the ''*In NQR spectra of 1v, at P =
1.6 GPa above and below Ty = 2.8 K.

even though passing across 72" ~ 2 K. This relaxation
behavior suggests that the SC does not develop following
the mean-field approximation below 72", Most remark-
ably, 1/T, decreases below TMF, exhibiting a faint 73
behavior in a narrow T range. With further decreasing
T, 1/T, becomes proportional to the temperature, indica-
tive of a gapless nature in low-lying excitation spectrum
in the microscopically coexisting state of SC and AFM.
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FIG. 4. The T dependence of 1/T; at P=1.6GPa. Both
dotted lines correspond to 1/T, « T and 1/T, = T>. The
inset indicates the T dependence of 2’Al NQR 1/7, of
UPd,Al, cited from the literature [15]. The dotted line corre-
sponds to 1/T, « T3,
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Thus the 7| measurement unravels that an intimate inter-
play between AFM and SC gives rise to some amplitude
fluctuations of superconducting order parameter between
To"et and TMF. Such fluctuations may be responsible for
the broad transition in resistance and y,. measurements
and for the slightly reduced value less than A y,. (bulk) in
the P range higher than P = 1.75 GPa (see Fig. 2).
Furthermore, the T,T = const behavior well below TMF
evidences the gapless nature in the coexisting state of
AFM and SC. This result is consistent with those in
CeCu,Si, at the border of AFM [16] and a series of
CeCu,(Si;_,Ge,), compounds that show the coexistence
of AFM and SC [17,18]. The specific-heat result that
probed a finite value of its 7-linear contribution, y, ~
100 mJ/mol K? at P = 1.65 GPa, is now understood
though not due to a first-order-like transition to SC [14],
but to the gapless nature in the coexisting state of AFM
and SC. It is noteworthy that such 7,7 = const behavior
is not observed below T, at P = 2.1 GPa [9], consistent
with the specific-heat result under P as well [14]. This
means that the origin for the 7|7 = const behavior below
TMF at P = 1.6 GPa is not associated with some impurity
effect. If it were the case, the residual density of states
below T, should not depend on P. This novel feature
differs from the uranium (U)-based HF antiferromag-
netic superconductor UPd,Al; which has multiple 5f
electrons. In UPd,Al;, a superconducting transition oc-
curs at T, = 1.8 K, well below the long-range antiferro-
magnetic order at Ty = 14.3 K [19,20]. The 2’ AINQR T}
results in UPd,Al; are indicated in the inset of Fig. 4 [15].
1/T, decreases obeying a T° law over 3 orders of magni-
tude below the onset of T, without any trace for 1/T,T =
const behavior. This is consistent with the line-node gap
even in the coexisting state of AFM and SC below T,.
In order to highlight the novel superconducting na-
ture in a microscopic level, the T dependence of 1/T;T
is shown in Fig. 5(a) at P = 1.6 GPa in T = 0.05-6 K
and is compared with the T dependence of the resistance
R(T) at P = 1.63 GPa referred to in the literature [4].
Although each value of P is not exactly the same, they
only differ by 2%. We remark that the T dependence of
1/T,T points to the pseudogap behavior around Tng =
4.2 K, the AFM at Ty = 2.8 K, and the SC at TMF =
0.9 K at which dy,./dT has a peak, as seen in Fig. 5(b).
This result itself evidences the microscopic coexistent
state of AFM and SC. A comparison of 1/T,T with the
R(T) at P = 1.63 GPa in Fig. 5(b) is informative in shed-
ding light on the uniqueness of superconducting and
magnetic characteristics. Below Th\, R(T) starts to de-
crease more rapidly than a T-linear variation extrapo-
lated from the high T side. It continues to decrease across
Ty = 2.8 K, reaching zero resistance at 7:°° ~ 1.5 K.
The resistive transition width for SC becomes broader.
Unexpectedly, 79" ~ 2 K, which is defined as the tem-
perature below which the diamagnetism starts to appear,
is higher than 77°° ~ 1.5 K. Any signature for the onset
of SC from the 1/T, measurement is not evident between
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FIG. 5. (a) The T dependence of 1/T,T at P = 1.6 GPa.
(b) The T dependencies of dy,./dT at P = 1.6 GPa and resis-
tance at P = 1.63 GPa cited from the literature [4]. TMF and
72"t correspond to the respective temperatures at which
dx./dT has a peak and below which y,. starts to decrease.
Ty corresponds to the antiferromagnetic ordering temperature
at which 1/T,T exhibits a peak and TI;(?R to the pseudogap
temperature below which it starts to decrease. The solid line is
guide for the eye for the T-linear variation in resistance at
temperatures higher than TPN(?R.

To"et and TMF, demonstrating that the mean-field—type of
gap does not grow up down to TMF ~ 0.9 K. The existence
of fluctuations due to the interplay of AFM and SC is
responsible for the broad transition toward SC that coex-
ists with AFM.

Finally, we remark that the recent neutron-diffraction
experiment suggests almost the P-independent size of
staggered moment M, in the antiferromagnetic ordered
state [8], in contrast to the large P dependence of H;,, as
seen in Fig. 1. Its relatively large size of moment with
M ~ 0.8 up seems to support such a picture that the same
f electron exhibits simultaneously itinerant and localized
dual nature because there is only one 4f electron per Ce3*
ion. In this context, it is natural to consider that the
superconducting nature in the coexisting state of AFM
and SC belongs to a novel class of phase which differs
from the conventional d-wave SC with the line-node gap.
As a matter of fact, a theoretical model has recently been
put forth to address the underlying issue in the coexistent
state of AFM and SC [21].

In conclusion, we have reported the microscopic coex-
istence of AFM and SC from the systematic measure-
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ments of the T dependencies of 1/7, and NQR spectra for
CeRhIns; at P = 1.6 GPa. Also, the coexistent state is
suggested to persist down to P ~ 1.5 GPa, at least from
the measurement of y,.. The detailed measurement of
1/T, has revealed that SC does not yield any trace of gap
opening in low-lying excitations below the onset tem-
perature 7" = 2 K, but TMF = 0.9 K, followed by the
1/T,T = const law in the low T regime. These results
differ from any previous examples, pointing to the novel
characteristics of SC coexisting with AFM. We highlight
that both of the results deserve theoretical work on the
gapless nature in low-lying excitation spectrum due to the
coexistence of AFM and SC and the lack of the mean-
field regime below T9™ = 2 K.
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