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Pressure-induced anomalous magnetism and unconventional superconductivity in CeRRIn
1Yn-NQR study under pressure
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We report9n nuclear-quadrupole-resonan@®QR) measurements of the pressiRg{induced supercon-
ductor CeRhlg in the antiferromagneti€AF) and superconductin@SC) states. In the AF region, the internal
field H;,, at the In site is substantially reduced frdfy,;=1.75 kOe atP=0 to 0.39 kOe aP=1.23 GPa,
while the Neel temperature slightly changes with increasihdrhis suggests that either the size in the ordered
momentM (P) or the angled(P) between the direction d#l o(P) and the tetragonal axis is extrapolated to
zero atP*=1.6+-0.1 GPa at which a bulk SC transition is no longer emergent. In the SC stde at
=2.1 GPa, the nuclear spin-lattice relaxation r&t%1/T;) has revealed @° dependence without the coher-
ence peak just below, , giving evidence for the unconventional superconductivity. The dimensionality of the
magnetic fluctuations in the normal state is also discussed.
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There is increasing evidence that a superconduc®®@  the internal fieldH;,; at the In site due to the magnetic or-
order in cerium(Ce)-based heavy-fermiofHF) compounds  dering is substantially reduced wikh This P-induced reduc-
takes place nearby the border where an antiferromagnettion in H;,,, might be attributed to either an ordered moment
(AF) order is suppressed by applying pressuR) (o the  Mq(P)—0 or the angled—0 atP*=1.6+0.1 GPa, where
HF-AF compounds CeG®e,," CePdSi,* and Celg®> ¢ is the angle between the direction Mfo(P) and the te-
When a magnetic medium is near an AF phase, AF waves dfagonal ¢ axis; (3) the *1/T,) in the SC state aP
electron-spin density tend to propagate over a long distance 2.1 GPa obeys &° dependence without the coherence
with a low characteristic energy. Thereby, it was argued thapeak just belowl . consistent with a line-node gap model as
the binding of the Cooper pairs could be described in termseported in all previous HF-SC compourtiand (4) in the
of the emission and absorption of fluctuating AF wa¥@e  normal state aP=2.1 GPa, theT dependence of'(1/T,)
interplay between the AF and SC states in the Ce-based Hig consistent with the three dimensiorf8D) self-consistent
systems may share some common aspects with otheenormalization(SCR theory for a nearly AF Fermi-liquid
strongly-correlated-electron systems, and the understandingate®-2
of mechanisms for superconductivity different from the con-  The single crystal of CeRhirwas grown by the self-flux
ventional electron-phonon mediated one is still an importanimethod* Powder x-ray diffraction measurements indicated
and unresolved issue. that the compound consists of a single phase that is formed

Quite recently, it was discovered that a new HF-AFin the primitive tetragonal HoCoGastructure. The single
CeRhln (the Neel temperatureT = 3.8 K) becomes a bulk crystal was moderately crushed into grains in order to make
HF superconductor at pressures exceedipg 1.63 GP4. It rf pulses penetrate into samples easily. The hydrostatic pres-
was suggested that a first-order-like transition from an AFsure was applied by utilizing a NiCrAl/BeCu piston-cylinder
state to a SC state occurs with a SC transition temperatureell, filled with a Si-based organic liquid as a pressure-
T.~2.2 K that is nearly 10 times larger than the maximumtransmitting medium. The high-frequency ac-susceptibility
values for CePsBi, and Celn. Apparently, the evolution (ac-y) was measured &=1.5, 1.65, 1.8, and 2.15 GPa hy
from the AF to SC states differs from all previous examples.using thein situ NQR coil. The acy data show a sharp SC
Ty was reported to increase weakly with the pressurePfor transition atT,=2.1 and 2.2 K atP=1.8 and 2.15 GPa,
<1.45 GPa, above which there is no resistive signature forespectively[see Fig. 40)]. The In-NQR spectrum was
Ty In order to shed light on &-induced exotic evolution obtained by plotting the intensity of spin-echo signal
from the AF to SC states in CeRRlnone needs to uncover as a function of frequency ilT=1.4—-10K and P=0
magnetic and SC characteristics through extensive experi-2.1 GPa.T; was measured by the conventional saturation-

ments undeP. recovery method inf=0.15-50 K at P=0, 1.23, and 2.1
Here we report extensivén-NQR measurements of GPa.
CeRhln; in the AF and SC states. The temperaturg &éndP CeRhln; consists of alternating layers of Cgland Rhinp

dependences of thé'In-NQR spectrum and the nuclear and hence has two inequivalent In sites per a unit cell. The
spin-lattice relaxation raté%1/T,) were measured in 8  In(1) site, analogous to the single In site in a cubic Gels
range of 0-2.1 GPa and & range of 0.15-50 K. The sa- located on the top and bottom faces of the tetragonal unit
lient results are as followd:1) Ty slightly increases up to cell. By considering the symmetry of the(n site, this site
P=1.00 GPa, but decreaseshat 1.23 GPaf2) by contrast, was characterized byy=6.78+0.01 MHz and an asymme-
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FIG. 1. *¥In-NQR spectra at various values of pressure. The
upper panel indicates thevg and 3vq transitions belowrl'y . The
lower panel indicates th&®In-NQR spectrum at ambient pressure
(P=0) aboveTy . In the absence of internal field, the(1n spec-
trum consists of four transitions given by=nv,, wheren=1, 2,

3, and 4(see text Below Ty, the 2v5 and 3vq transition splits

asymmetrically and shifts, respectively.

try parameter»=0 in the previous NQR studiy.Here
vqo and n are defined by the NQR Hamiltoniartig
= (hvo/6)[31Z—12+ 5(1Z—12)]. The I1)-NQR spectrum
in the paramagnetic state at 4.2 K aRe-0 is shown in the
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FIG. 2. (a) Temperature dependence of the resonance frequency

v, of the 3vq transition atP=0, 0.46, 1.00, and 1.23 GPa. The
arrow indicatedT, . The inset shows the temperature dependence of

bottom of Fig. 1 where four transitions are found at the dif- _ _
ferent frequencies’=nvg with n=1, 2, 3, and 4, respec- thatTy slightly increases from 3.8 K @=0 to ~4 K at
P=1.00 GPa, but decreases+t®3.6 K atP=1.23 GPa. The

In order to deduce th& dependence of the internal field occurrence of the magnetic ordering Bt=1.23 GPa is
Hin:(T) at the I(1) site in the AF state, we focus on the clearly corroborated by a distinct peak inTiT at Ty
splitting of the 2vg (+3/2= = 1/2) transition and the shift of =3.6 K that probes critical magnetic fluctuations toward the

tively.

resonance frequency of therg (+5/2< + 3/2) transition in

the In(1) spectrum belowl . This is becausél;,; lies per-
pendicular to the tetragonalaxis as reported in the previous the size ofy, reduction of the 34 transition as well as the

study? Including the Zeeman tertd ;= — y7il - H;,; where

1¥1/T,T) at P=1.23 GPa.(b) Temperature dependence of the
internal fieldH;, is plotted against=T/Ty at P=0, 0.46, 1.00,
and 1.23 GPa. The inset indicatids,(t)/H;,(0) vst plots. Here
Hin:(0) is a saturated value at low temperature.

magnetic ordering as shown in the inset of Fi¢g)2
Hi,t=1.75 kOe atP=0 andT=1.4 K is estimated from

splitting of the v transition. This is consistent with the

y is the gyromagnetic ratio, we diagonalize the full Hamil- previous resulf.Note thaty, is only sensitive to the magni-

tonianH,c=Hq+H; and determine thél;,(T) for differ-
ent values ofP. The 2vq transition atP=0 shown in the

tude ofH;,;. H;(P) is plotted against a reduced tempera-
turet=T/Ty in Fig. 2(b). Unexpectedly, the saturated value

upper panel of Fig. 1 is asymmetrically split into two reso-of H;,;~0.39 kOe atP=1.23 GPa is about five times

nances byH,,,, consistently with the previous resdlBy
contrast, the resonance frequengyof the 3vq transition is
decreased b, as seen in Fig. 1. Thé dependence of,
atP=0, 0.46, 1.00, and 1.23 GPa is shown in Figp) 2T

smaller tharH;,;~1.75 kOe atP=0, althoughTy changes
moderately. This slight pressure dependenc&ptontrasts
with the strong reduction dofl;,;. A recent neutron experi-
ment reported that Ce-ordered momefit,=0.264(4 Jug

is marked by arrows in Fig.(2) and is precisely determined at 1.4 K andP=0] that lie in the basal plane are antiferro-
as the temperature below whiah, decreases. It is notable magnetically aligned, but they spiral transversely alongcthe
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FIG. 3. Temperature dependence Bfin nuclear spin-lattice
relaxation rate 'Y 1/T;) at P=2.1 GPa along with the data &
=0 both displayed in logarithmic scales. The solid line is a fit
assuming a line-node gabp(¢)=Ay cos¢ with 2A,=5kgT;. In-
set: (T;T)? vs T plot atP=2.1 GPa. The solid line is a fit based on
the 3D-SCR theofy® that predicts the following behavior:
(T1T)?xlxo(T)=(T+6) where §=1.5K. Note that yo(T
+ 6) ! follows a Curie-Weiss law for the nearly AF Fermi-liquid
regime.

axis with an incommensurate wave vecipy=(1/2, 1/2,
0.297%.° H;,(P) is then extrapolated to zero &* =1.6
=0.1 GPa[see Fig. 4a)]. If M(P) is directed in the basal
plane, theM would be scaled téi;,; and substantially re-
duced to~0.05ug at P=1.23 GPa. On the other hand, if
Mq(P) is rotated withP from theab plane to thec axis, the
angled between the direction dfl and thec axis would be
progressively smaller, extrapolated to zero Rt =1.6
+0.1 GPa[see Fig. 4a)]. This is becausél;,; at the 1)
site is canceled out &=0. H;,; originates from the direct

RAPID COMMUNICATIONS

PHYSICAL REVIEW B3 220507R)

¢ axis

a
T
' \ M 44
TN
251
{3 ?
20t AF =]
10F — k. T B
Sis ™ Y 12 &
IE <o a
2 1.0} oo
£05F " sc || R
0.0~ 00" L L L . 0
0.0 0.5 1.0 1.5 2.0
Pressure [GPa]
(b) T, 1656Pa  18GPa 215GPa
P=15GPa_ T
—— (=%
P=1.65GPa /
Y
<
P=18GPa — | b
P=2.15GPa -
14 16 18 20 22 24

Temperature [K]

FIG. 4. (a) The pressure dependenceslgf(open triangles T,
(open circley and H;,; (open diamonds determined from the
present work are shown together with the previous dRE&t. 4.
The H,,;(P) is extrapolated to zero &* =1.6+0.1 GPa as indi-
cated by the dotted line. If the reduction I8f,,.(P) is attributed to
the rotation ofMq(P), Hin(P) is proportional to sird (see text
The SC transition width was marked by baf§"s®t- T2™! defined
in Fig. 4(b). The solid lines are guides to the eyb) Temperature
dependence of the high-frequency ac susceptiklidityy) measured
using anin situ NQR coil at various values of pressurk, is de-
fined as the temperature at which theyadecreases to 10% of the
total Meissner signal at each pressufg’®'and T2™* are defined

as the respective temperature at which the SC diamagnetism starts

to emerge and the gg+eaches to 90% of the total Meissner signal.

c axis. As a result, it might be expected that the spiral order
evolves into some commensurate AF fluctuation regime at

dipolar field from the Ce ordered moments that reaches 309%* = 1.6+ 0.1 GPa. Note tha®* is close in value to a criti-

of the total and from the indirect “pseudo-" dipoléaniso-
tropic) field via the supertransferred hyperfine interaction

cal pressureP.~1.63 GPa which was suggested from the

resistivity measuremefitTo resolve this issue, further neu-

The latter internal field acts on the In site through the hybrid-tron experiment under pressure is highly desired.

ization between In p- and Ce 4-orbits. Note that the iso-

We next deal with the SC region. THg in the SC and

tropic hyperfine field originating from Ce ordered momentsnormal state aP=2.1 GPa was measured at thegland

is canceled out at the (h) site. In order to see which

2vq transitions in order to avoid heating effect due to

P-induced change is more likely in the AF state, we need ta f-excitation pulsesT; was determined by a single compo-

consider theT dependence of;,(t)/H;,:(0) displayed in
the inset of Fig. &), whereH;,(0) is the lowT saturated
value. A rapid growing ofH;,(T) is evident even aP

nent. Figure 3 shows th& dependence of'Y(1/T;) at P
=0 and 2.1 GPal'X1/T,) exhibits no coherence peak just
below T,=2.2 K, followed by aT® dependence down to

=1.23 GPa. It would be therefore unlikely that some itiner-~0.3 K. This is a convincing experimental evidence for the

ant magnetic ordering takes place withreduced moment

unconventional nature of tHe-induced superconductivity in

and rather likely that the ordered moments rotate toward th€eRhin,. Likewise all previous examples, a line-node gap
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model is applicable to the SC state in CeRhlssuming an  in the previous work. Therefore it was ensured from the
anisotropic energy gap model with=A,cosé, a solid line  present age measurement that the bulk SC transition takes
in Fig. 3 is a fit for the'!(1/T,) data with 2\q="5kgT,. place down toP=1.8 GPa, but probably not at pressures
We argue magnetic characters in the normal state at lower thanP=1.65 GPa. The present NQR study confirms
=2.1 GPa. According to the SCR theory for nearly-AF met-that Ty slightly increases up tdy~4 K at P=1.00 GPa,
als by Moriyaet al.® LT T xo(T)". Here a power-law de- but decreases to 3.6 K &=1.23 GPa. The internal field
pendence of the staggered susceptibjig(T) is obtained as  H;, is extrapolated to zero @* =1.6+0.1 GPa which is
n=1 and 1/2 for two(2D) and three dimension&8D) elec-  close toP,~1.63 GPa. Either the reduction in the ordered
tronic systems, respectively. By noting thgg(T) follows @ momentMy, or its rotation from theab plane to thec axis
Curie-Weiss law of 1/{+6), a behavior of TiT)?<(T  may occur asP increases. From the rapid growing of
+6) is expected for the 3D nearly AF regime. As agnatter ofH. .(P) upon cooling belovl, we believe that the rotation
fact, as indicated in the inset of Fig. 3, a fit OFy(T)“<(T ¢ Mo(P) occurs withP, but its marked reduction does not.
+0) with 6=1.5 K is consistent with the present result in &, this context, we suggest that the spiral order is presumably
relatively wide T range of T,=2.2—-30 K. This shows that suppressed across a critical pressie=1.6+0.1 GPa.
3D AF fluctgations are dominant in the normal statePat Eventually, the SC transition emerges in CeRhitt pres-
_Zﬁtgi;{rﬁet al. speculated that the maximum 4t sures exceedin&*_. It is highly desired to elucidate whether
P N . Am - AF or SC fluctuations prevent the onset of any type of long-
=7.5 KandP=0 in the susceptlblllty is associated Wlth4the range orders in the vicinity oP* =1.6+0.1 GPa.
dgvelopment_of 2D AF porrelatlons n the Cgliayers, . In conclusion, we have reported that unconventional mag-
since a 2D-like ‘magnetic .character IS ex.pected. frpm It§1etic and superconducting states are induced by appRing
quaS|?2D crystal structure in the Io_w@r region. With in- . to the HF-AF CeRhlg In the magnetic regior; exhibits a
creasingP, Ty decreases approximately linearly and it moderate variation. By contradt,,; whose presence is due

would be extrapolated td =0 at P,=1.3=0.4 GPa. It is . S
) to the magnetic ordering is unexpectedly reducedPat
noteworthy thatPy, is comparable toP;~1.63 GPa and =~ _ 1.23 GPa, extrapolated to zeroRit =1.6=0.1 GPa. The

P*=1.6-0.1 GPa. It is therefore reasonable to consider_ : ;
that, atP=2.1 GPa exceeding eithér,, or P*, the 3D AF spiral order might be suppressed presumably due to the ro

fluctuations character becomes dominant through a radutﬁ‘tion of the ordered moments toward thexis. ThisP* is
crossover under pressure from the 2D regime togthe 3gD on %omparable (®c~1.63 GPa at which the bulk SC transition
P g [ not emergent as suggested from the previous resigtivity

e oo o e e eeeonaynd Corobrated by e presentpuneasurement. I e
SC state aP=2.1 GPa, we found T,>=T? that shows the

P-induced superconductivity in CeRRln ; . . .
Figure 4a) presents a phase diagram of the AF and SCexstence of line nodes in the gap function. In the normal

phases along with the previous resdltaccording to the ?;zfgﬁ;?;éﬁ{nv?{tﬁamz g%hﬁ\élgrrl O];\%];I)uo;tllﬁ aV:[Ii—;nlr'g, ;/théczu i
Ref. 4, atP.~1.63 GPa, the SC transition in the resistivity ests that the magnetic naturey 0ssesses a 3D-I?ke c’hara?cter
measurement begins araun2 K and reaches a zero- 9 9 P

resistance state with a broad transition witith. agreement, at pressures where the bulk SC sets in.

as shown in Fig. éb), we found that the onset temperature in

ac- is in accord with this zero resistan@g. However, the This work was supported by the COE Research
size of the SC diamagnetism at 1.4 K in gdés substantially = (10CE2004 in Grant-in-Aid for Scientific Research from the
reduced. AtP=1.5 GPa, no change in g¢is observable at Ministry of Education, Sport, Science and Culture of Japan.
all, supporting a critical pressufe,~1.63 GPa as suggested One of the authoréT.M.) has been supported by JSPS.
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