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Si-NMR study of antiferromagnetic heavy-fermion compounds CePd2Si2 and CeRh2Si2
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We report Si-NMR studies on the magnetic property of pressure-induced superconductors CePd2Si2 and
CeRh2Si2 , which exhibit antiferromagnetic~AF! order with the Ne´el temperatureTN510 K and 36 K at
ambient pressure, respectively. The NMR results in CePd2Si2 are consistent with those obtained from the
previous neutron-diffraction~ND! experiments. On the other hand, the NMR study in oriented powder
CeRh2Si2 has revealed that the spectrum splits into two peaks due to the onset of the AF order with the wave
vector ofq15(1/2 1/2 0) belowTN1536 K and each peak splits further into two peaks belowTN2525 K due
to the formation of AF domains withq25(1/2 1/2 1/2). The saturation momentMAF(NMR)50.36 and 0.22mB

estimated from NMR are significantly smaller thanMAF(ND)51.86 and 1.69mB from ND. From this discrep-
ancy in the sizes ofMAF , it is proposed that a correlation time in fluctuations off-electron moments is longer
than the characteristic time of observation for thermal neutrons but shorter than that for NMR. This probe
dependence ofMAF was observed in the uranium heavy-fermion~HF! compounds UPt3 and URu2Si2 . From
the temperature dependence of the nuclear spin-lattice relaxation rate 1/T1 in the paramagnetic state, the Kondo
temperatureTK in CeRh2Si2 is estimated to be around;100 K, much higher thanTK;12 K in CePd2Si2 . The
1/T1’s in both the compounds decrease markedly belowTN , followed by aT1T5 constant behavior far below
TN . From the latter result, it is suggested that low-lying excitations at low temperatures are dominated by
quasiparticle excitations in the AF ordered state in CePd2Si2 and CeRh2Si2 . @S0163-1829~98!00837-6#
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I. INTRODUCTION

A series of Ce-based compounds with the ThCr2Si2-type
structure possess various types of ground states, inclu
superconductivity at ambient pressure, pressure-induced
perconductivity near an antiferromagnetic~AF! to nonmag-
netic phase boundary, long-range magnetic order, and a
magnetic phase with magnetic correlations.1 A parameter
controlling physical properties is believed to be a strength
the hybridization between conduction electrons andf elec-
trons (c-f hybridization!. A competition between the
Ruderman-Kittel-Kasuya-Yosida~RKKY ! and the Kondo in-
teraction, both of which originate from thec-f hybridization,
governs what types of ground states are realized.2 In the case
of weak hybridization, the RKKY interaction is dominan
leading to a long-range magnetic order. In contrast, in
case of strong hybridization, the Kondo interaction is dom
nant, leading to a nonmagnetic valence fluctuating state.
heavy-fermion~HF! states in the case of intermediatec-f
hybridization, superconductivity or itinerant magnetism w
tiny magnetic moments was reported so far. Press
induced AF to a nonmagnetic phase transition is the focu
recent experiments since non-Fermi-liquid behaviors dev
ing from the canonical Fermi-liquid concept are observ3

and superconductivity is realized close to such a ph
boundary.4

CePd2Si2 and CeRh2Si2 show the AF order atTN;10 K
and 36 K, respectively.5 In CePd2Si2 , the neutron-diffraction
~ND! experiments clarified that the AF spin structure ha
wave vector ofq5(1/2 1/2 0) and its saturation moment
MAF;0.7mB . It was reported that the AF order is su
pressed by an application of pressure,Pc;2.5 GPa,6–9 which
is much smaller thanPc;7.6 GPa for CeCu2Ge2 .4 Remark-
ably, an onset of superconductivity has been found be
PRB 580163-1829/98/58~13!/8634~6!/$15.00
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Tc;0.3 K under a pressure of 2.7 GPa.7 In CeRh2Si2 , the
previous ND~Refs. 5 and 10! experiments revealed that the
exist two AF phases with the wave vector ofq1
5(1/2 1/2 0) belowTN1;36 K andq25(1/2 1/2 1/2) below
TN2;25 K.11,12 An application of Pc;0.9 GPa, which is
much lower thanPc;2.5 GPa in CePd2Si2 , is reported to be
enough to destroy the AF order withTN1536 K
completely.6,9,13,14 Pressure-induced superconductivity w
reported in a range of 0.5–1.6 GPa where the supercond
ing transition temperature reaches a maximum value ofTc
;0.35 K, although the subsequent experiments have not
confirmed the onset of superconductivity.13 CePd2Si2 and
CeRh2Si2 are thus suitable systems for the investigation
magnetic and electronic properties in the vicinity of the A
magnetic to nonmagnetic phase boundary.

In this paper we report the Si-NMR studies of both co
pounds at ambient pressure. CePd2Si2 is a conventional AF
magnet withTN510 K and a Kondo temperatureTK;12 K.
By contrast, the magnetic properties in CeRh2Si2 are found
to be anomalous.TK is estimated to be as high as 100 K
whereasTN has a record high value ofTN1536 K in cerium-
based HF AF compounds. BelowTN2525 K, the two AF
domains coexist with different wave vectors and saturat
moments. A remarkable finding is that the sizes
MAF~NMR! obtained from NMR are much smaller tha
MAF~ND! from ND. This suggests that a correlation time
fluctuations inf -electron moments is longer than the chara
teristic time of observation for thermal neutrons but shor
than that for NMR.

II. EXPERIMENTAL PROCEDURES

Polycrystal ingot samples of CePd2Si2 , CeRh2Si2 ,
LaPd2Si2 , and LaRh2Si2 were prepared by an argon-arc fu
8634 © 1998 The American Physical Society



re
or

th
as

K
-
r

ou
a
i
en
i

r

e
e

l
ed

er
the

s

ib
-

w-

PRB 58 8635Si-NMR STUDY OF ANTIFERROMAGNETIC HEAVY- . . .
nace. Stoichiometric quantities of Ce~3N!, La ~3N!, Pd~3N!,
Rh ~3N!, and Si~5N! were melted in an argon atmosphe
with zirconium getters, followed by annealing in vacuum f
4–5 days at 1000 °C in CePd2Si2 and LaPd2Si2 , and at
800 °C in CeRh2Si2 and LaRh2Si2 . The x-ray diffraction
confirmed that all the samples are of a single phase with
ThCr2Si2-type structure. The magnetic susceptibility w
measured at 1 kOe by using a superconducting quantum
terference device magnetometer. The temperature (T) depen-
dence of susceptibilities,x(T) in CePd2Si2 and CeRh2Si2 ,
are indicated in Fig. 1.x(T) has a sharp cusp at 10 and 36
for CePd2Si2 and CeRh2Si2 , respectively, pointing to an on
set of AF order. From the respective Curie-Weiss behavio
x(T) above 60 and 100 K in CePd2Si2 and CeRh2Si2 , an
effective paramagnetic momentmeff is estimated to be 2.61
and 2.58mB , which is close to 2.54mB for the trivalent Ce31

state. These results are consistent with the previ
results.15,16 The samples were crushed into powder with
size smaller than;38mm for NMR measurements. The S
NMR was carried out by a conventional phase-coher
laboratory-built pulsed NMR spectrometer. A field-swept S
NMR spectrum was obtained by using a boxcar integrato
a constant frequency of 11.1 and 25.14 MHz for CePd2Si2
and CeRh2Si2 in a T range of 1.4–300 K, respectively. Th
nuclear spin-lattice relaxation timeT1 was measured by th
saturation recovery method.

III. RESULTS AND DISCUSSIONS

A. NMR spectrum, Knight shift, and internal field

1. CePd2Si2

Figure 2~a! indicates theT dependence of the Si-NMR
spectrum aboveTN510 K for partially-oriented powder
CePd2Si2 , where the@110# direction is parallel to an externa
field H0 . As compared with the spectrum of the unorient
powder sample at 11.4 K shown in the inset of Fig. 2~a!, the

FIG. 1. Temperature dependence of the magnetic suscept
ties,x(T) of CePd2Si2 and CeRh2Si2 . Inset shows the inverse sus
ceptibilities,x21(T).
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NMR linewidth in the oriented powder is one-third narrow
than that in the unoriented one. This allows us to measure
Knight shift precisely. Figure 3 shows theT dependence of
the Knight shiftKab(T) parallel to@110#. The inset of Fig. 3
indicates theKab(T) vs xab(T) plot with the temperature a
an implicit parameter. The susceptibility,xab parallel to

ili-

FIG. 2. The Si-NMR spectra of oriented powder CePd2Si2 with
the @110# direction parallel to the external field~a! above and~b!
belowTN . Inset shows the NMR spectrum for the unoriented po
dered sample.

FIG. 3. Temperature dependence of the Knight shiftKab parallel
to the @110# direction. Inset shows theKab(T) vs xab(T) plot for
CePd2Si2 . Solid line indicates a best fit to the data withAhf52.84
kOe/mB .
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@110# in the single crystal was used.15 Kab is nearly propor-
tional toxab . From a linear fit to the data, as drawn by so
line, a hyperfine-coupling constantAhf52.84 kOe/mB is ob-
tained from the relation ofKab5(Ahf /NmB)xab , whereN is
the Avogadro’s number andmB is the Bohr magneton.

Below TN , the spectrum is markedly affected by the a
pearance of the internal fieldH int at the Si sites, as seen i
Fig. 2~b!. The spectrum forms a rectangular shape charac
istic of the AF powder pattern forH0@H int . The orientation
of the powder seems to be disturbed belowTN , associated
with some change in the anisotropy of susceptibility. Figu
4 shows theT dependence of the half width at half maximu
~HWHM! proportional toH int . As seen in the figure,H int
increases to;530 Oe at 4.2 K as the temperature decrea
below TN . It is evident thatH int(T) is in good agreemen
with theT dependence of the square root of the ND intens
proportional to MAF .5 In this AF-spin structure withq
5(1/2 1/2 0), the direction ofMAF is aligned along@110#
and, hence,H int is produced through the transferred hype
fine interaction with one Ce AF moment in the five neare
neighbor Ce sites. This is because the contributions from
four Ce AF moments in the basal plane are canceled ou
the Si sites. The isotropic transferred hyperfine-coupl
constantH thf per Ce 1mB is estimated to beAhf/5;568 Oe/
mB . By usingH int5532 Oe, an estimate of its size at 4.2
gives rise to MAF(NMR);0.94mB from the ratio of
532(Oe)/568(Oe/mB), which is somewhat larger tha
MAF(ND);0.7mB .

2. CeRh2Si2

Figure 5 indicates theT dependence of the Si-NMR spe
trum at 25.14 MHz for the oriented powder CeRh2Si2 with
the c axis parallel toH0 . The NMR spectrum aboveTN
consists of a single peak. The Knight shiftKc increases upon
cooling, in proportion to the susceptibility, as seen in Fig.
The inset displays theKc vs xc plot with xc parallel to thec

FIG. 4. Temperature dependence of the half width at half ma
mum ~HWHM! in the Si-NMR spectrum of CePd2Si2 below TN .
HWHM is proportional to the internal fieldH int . Open circle shows
the square root of the neutron magnetic scattering intensity~Ref. 5!.
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axis for the single crystal.11 From a slope in theKc vs xc
plot, a hyperfine-coupling constant is deduced to beAhf
52.34 kOe/mB .

As seen in Fig. 5, the spectrum belowTN1536 K splits
into two peaks (A1 andA2) due to the appearance of th
first AF phase withq15(1/2 1/2 0). Below TN2525 K,
where the secondary AF phase sets in, the two peaksB1
andB2) newly appear, as seen in the figure. The intensi
of A1 andA2 decrease rapidly belowTN2525 K but remain
about half volume. The intensities ofA1, A2, B1, andB2 are

i-

FIG. 5. The Si-NMR spectra of CeRh2Si2 at f 525.14 MHz with
the c axis parallel to the external field.

FIG. 6. Temperature dependence of the Knight shiftKc in
CeRh2Si2 . Inset showsKc(T) vs xc(T) plot. Solid line indicates a
best fit to the data withAhfi52.34 kOe/mB .
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independent of the temperature below;23 K where both the
intensities for theA and B peaks are comparable to ea
other. Figure 7 shows the respectiveT dependence o
HA, int(T) and HB, int(T), which are obtained from a hal
value of separation in theA and B peaks.HA, int5161 Oe
andHB, int5101 Oe stay constant below 23 K, which mea
that both theMAF’s are totally saturated just belowTN2
525 K.

The ND measurements revealed that the two indepen
magnetic reflections with q15(1/2 1/2 0) and q2
5(1/21/21/2) coexist at low temperatures, indicative of tw
possible magnetic structures.5,10 One scenario is that two AF
phases exist with different magnetic moments and AF w
vectors,Mq1

51.86mB with q1 ~denoted as theq1 domain!

and Mq2
51.69mB with q2 ~denoted as theq2 domain!. An-

other one is that the two magnetic structures are supe
posed in the single magnetic phase, which yields the mo
lated structure with two kinds of moments, 2.52 and 0.12mB .
For either case, the two Si sites should exist with differ
H int . The ratio of the internal fieldHA,int /HB,int5161/101
;1.59, deduced from NMR is comparable to the ratio
MAF , Mq1

/Mq2
51.86/1.69;1.1 for the former scenario, bu

far from 2.52/0.12;21 for the latter scenario. From th
NMR spectrum combined with the ND results, it is co
cluded that the two AF domains coexist belowTN2 . The
comparable NMR intensities in theA and B peaks indicate
that each domain occupies half volume.

In estimatingMAF for each domain, we notice that one C
moment in the five nearest-neighbor Ce sites yields a do
nant transferred hyperfine field,H thf , at the Si sites. This is
because a sum ofH thf at the Si sites arising from the four C
moments in the basal plane becomes zero in CeRh2Si2 as
well as in CePd2Si2 . From the relation ofH thf5Ahf/5
5467 Oe/mB with Ahf52.34 kOe/mB , the MAF in the q1
andq2 domains are estimated to be 0.36 and 0.22mB , respec-
tively. The result is thatMAF(NMR)50.36 and 0.22mB are
more significantly reduced thanMAF(ND)51.86 and 1.69mB
in the q1 and q2 domain, respectively. This is in a strikin
contrast with the result in CePd2Si2 where MAF(NMR)
;0.9mB is comparable withMAF(ND);0.7mB . The fact

FIG. 7. Temperature dependence of the internal fieldsHA, int(T)
andHB, int(T) that are obtained from the half value of separation
the A andB peaks in Fig. 5.
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that MAF is apparently probe dependent in CeRh2Si2 shows
that the correlation time in fluctuations off -electron mo-
ments is longer than the characteristic time of observation
thermal neutrons but shorter than for NMR.

The probe dependence ofMAF was reported in the ura
nium HF compounds UPt3 ~Refs. 17–19! and URu2Si2 .20–22

In these compounds the saturation moments are as sma
;1022mB from ND, but no indication ofH int from NMR
was observed. The AF saturation moments in CeRh2Si2 ,
which are two orders of magnitude larger than those in U3
and URu2Si2 , may make it easy to detect the reduced ma
netic moments in CeRh2Si2 by NMR. Such a probe-
dependent aspect ofMAF in CeRh2Si2 may be explored from
the mSR experiment as well.

The recent ND result on the single crystal,23 which is
consistent with the previous ND results by Grieret al.,5 has
revealed that theq1 domain involves two structures with
crystallographically equivalent wave numbers ofq1

1

5(1/2 1/2 0) andq1
25(21/2 1/2 0). Combined with the

NMR results, they concluded that the three phases form a
domain-superlattice structure with 1.42mB for theq1

1 andq1
2

domains and 1.34mB for the q2 domain. We stress that thes
values are significantly different from those obtained fro
NMR as well. In magnetic structures with wave vectors
(1/2 1/2C) in the body-centered lattice, the magnetic inte
action is independent ofC between the nearest-neighborc
planes and, hence, has a similar energy between each
main. This may be the main reason why the AF doma
superlattice structure is stabilized as the peculiar gro
magnetic structure. Furthermore, due to the small energy
ference between each domain, thermal and/or quantum
tuations of each domain are likely sources for the estimat
MAF being probe dependent in CeRh2Si2 . This magnetic
state may be responsible for the small critical pressurePc
;0.9 GPa, regardless of the large value ofTN1 .

B. Nuclear spin-lattice relaxation rate, 1/T1

Measurements of the nuclear spin-lattice relaxation r
1/T1 were performed at f 511.1 MHz for CePd2Si2 ,
LaPd2Si2 , and LaRh2Si2 . The 1/T1 in CeRh2Si2 was mea-
sured atf 525.1 MHz at the A1 peak in an entire temper
ture range. 1/T1 in all the compounds was uniquely dete
mined with a singleT1 component. Figure 8 shows theT
dependence of 1/T1 in CePd2Si2 ~closed circles! and
CeRh2Si2 ~closed triangles! together with those in LaPd2Si2
~open circles! and LaRh2Si2 ~open triangles!. A T1T5 con-
stant behavior for LaPd2Si2 and LaRh2Si2 is observed with
respective value of (T1T)21;0.079 (K•sec)21 and 0.040
(K•sec)21. The 1/T1 in CeRh2Si2 is in agreement with the
previous results.24

In the high-temperature region, local spin fluctuations
4 f moments dominate the relaxation process, 1/T1 being
nearlyT independent above 12 and 100 K for CePd2Si2 and
CeRh2Si2 , respectively. Empirically, the temperature
which 1/T1 starts to decrease from theT-independent behav
ior corresponds to a Kondo temperatureTK, below which the
systems enter a crossover regime towards the HF state.
TK in CePd2Si2 is 12 K, which is in good agreement wit
TK;10 K determined from the quasielastic ND.25,26The fact
that TK is comparable with theTN in CePd2Si2 implies that
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the AF ordered state occurs before the HF state is fully
tablished, and its nature is anticipated to hold a localiz
character rather than an itinerant character. On the o
hand, theTK in CeRh2Si2 is estimated to be as high as;100
K, being much higher thanTK;33 K deduced from the
quasielastic ND.26 The fact thatTK is much higher than the
TN in CeRh2Si2 means that the AF order must be in th
itinerant regime, which makes magnetic interactions diff
ent from the conventional RKKY interaction.

The 1/T1’s in both the compounds drop rapidly belowTN
without any critical divergence nearTN . Any anomaly in
1/T1 is not appreciable aroundTN2525 K in CeRh2Si2 . Ex-
perimentally, 1/T1 below TN is well reproduced by the fol-
lowing expression as

~T1T!215A1Bexp~2Eg /kBT!,

as indicated by the solid line in Fig. 8. An exponential dr
in 1/T1 may be due to a partial loss of low-lying excitation
belowTN . The energy gapEg in CePd2Si2 is estimated to be
2.37 meV, which is in good agreement withEg;2.3 meV in
the spin-wave excitation spectrum probed by the inela
ND.25,27 The first termA is the quasiparticle contribution
The value of (T1T)21;0.33 (sec•K) 21 in CePd2Si2 below
4 K is larger than (T1T)21;0.079 (sec•K) 21 in LaPd2Si2 .
This suggests that a part of thef electrons that do not par

FIG. 8. Temperature dependence of the nuclear spin-lattice
laxation rate 1/T1 for CePd2Si2 , CeRh2Si2 , LaPd2Si2 , and
LaRh2Si2 .
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ticipate in the AF ordered moments may have an itiner
character to form the HF state even far belowTN . On the
other hand, the value of (T1T)21;0.0188(sec•K) 21 in
CeRh2Si2 below 10 K is smaller than (T1T)21

;0.0402(sec•K) 21 in LaRh2Si2 . This result indicates tha
the Fermi-liquid excitation below 10 K is considered
originate from the HF band, which is the consequence of
strongc-f hybridization, since 1/T1 cannot be explained by
the sum of two relaxation contributions from itinerant 4f
electrons and conduction electrons. The result of 1/T1 also
suggests that the magnetic order in CeRh2Si2 occurs in the
HF regime, consistent with above-mentioned experimen
results of higherTK and the small ordered moments.

IV. SUMMARY

The Si-NMR studies in CePd2Si2 and CeRh2Si2 , which
undergo the pressure-induced superconducting transi
have revealed differences in magnetic characteristics.
NMR results in CePd2Si2 are consistent with those obtaine
from ND as regarding the sizes inMAF , TK , and the gap in
the spin-wave excitation spectrum.

In contrast, the NMR results in CeRh2Si2 are unconven-
tional. Another splitting in the NMR spectrum atTN2525 K
was found, indicating a magnetic structure consisting of
dependent AF domains. A notable result is th
MAF(NMR)50.36 and 0.22mB are significantly smaller than
MAF(ND)51.86 and 1.69mB . We have suggested that th
correlation time in fluctuations off -electron moments is
longer than the characteristic time of observation for therm
neutrons, but shorter than that for NMR. Relevant to this,
propose that quantum spin fluctuations are responsible
this probe dependence ofMAF . A probable source for quan
tum spin fluctuations may originate from the fluctuations
each domain due to the small difference between the e
gies of each domain suggested from the recent
experiments.23
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