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Si-NMR study of antiferromagnetic heavy-fermion compounds CePgSi, and CeRh,Si,
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We report Si-NMR studies on the magnetic property of pressure-induced superconductosSiCaRd
CeRRBSi,, which exhibit antiferromagneti¢AF) order with the Nel temperatureTy=10 K and 36 K at
ambient pressure, respectively. The NMR results in G8Rdare consistent with those obtained from the
previous neutron-diffractiofND) experiments. On the other hand, the NMR study in oriented powder
CeRNBSi, has revealed that the spectrum splits into two peaks due to the onset of the AF order with the wave
vector ofg,=(1/21/20) belowT ;=36 K and each peak splits further into two peaks belgy=25 K due
to the formation of AF domains with,= (1/2 1/2 1/2). The saturation momevit,-(NMR) =0.36 and 0.225
estimated from NMR are significantly smaller thishy-(ND)=1.86 and 1.6Qz from ND. From this discrep-
ancy in the sizes o 5¢, it is proposed that a correlation time in fluctuations-efectron moments is longer
than the characteristic time of observation for thermal neutrons but shorter than that for NMR. This probe
dependence dfl o was observed in the uranium heavy-fermidtF) compounds URtand URySi,. From
the temperature dependence of the nuclear spin-lattice relaxationTatie ihe paramagnetic state, the Kondo
temperaturd i in CeRhSi, is estimated to be around100 K, much higher thafiy~12 K in CePdSi,. The
1/T;’s in both the compounds decrease markedly belgw followed by aT,T= constant behavior far below
Tn. From the latter result, it is suggested that low-lying excitations at low temperatures are dominated by
guasiparticle excitations in the AF ordered state in G&RBdand CeRhkSi,. [S0163-1828)00837-9

. INTRODUCTION T.~0.3 K under a pressure of 2.7 GPé CeRhSi,, the
_ _ previous ND(Refs. 5 and 1Dexperiments revealed that there
A series of Ce-base_d compounds with the Tjﬁ?g—type _exist two AF phases with the wave vector af;
structure possess various types of ground states, including (1/21/20) belowTy;~36 K andq,=(1/21/21/2) below
superconductivity at ambient pressure, pressure-induced st ,~25 K212 An application of P.~0.9 GPa, which is
perconductivity near an antiferromagnet&F) to nonmag-  much lower tharP.~2.5 GPa in CeP@i,, is reported to be
netic phase boundary, long-range magnetic order, and a noenough to destroy the AF order withl\;=36 K
magnetic phase with magnetic correlatiénA parameter completely®®**! Pressure-induced superconductivity was
controlling physical properties is believed to be a strength ireported in a range of 0.5-1.6 GPa where the superconduct-
the hybridization between conduction electrons dnelec-  ing transition temperature reaches a maximum valud of
trons (c-f hybridization. A competition between the ~0.35 K, although the subsequent experiments have not yet
Ruderman-Kittel-Kasuya-Yosid&®KKY) and the Kondo in- confirmed the onset of superconductivifyCePdSi, and
teraction, both of which originate from tleef hybridization, = CeRhSi, are thus suitable systems for the investigation of
governs what types of ground states are realfZecthe case  magnetic and electronic properties in the vicinity of the AF
of weak hybridization, the RKKY interaction is dominant, magnetic to nonmagnetic phase boundary.
leading to a long-range magnetic order. In contrast, in the |n this paper we report the Si-NMR studies of both com-
case of strong hybridization, the Kondo interaction is domi-pounds at ambient pressure. CQ&Q is a conventional AF
nant, leading to a nhonmagnetic valence fluctuating state. Fahagnet withTy=10 K and a Kondo temperatufig~12 K.
heavy-fermion(HF) states in the case of intermediatef By contrast, the magnetic properties in CeBh are found
hybridization, superconductivity or itinerant magnetism withto pe anomalousT is estimated to be as high as 100 K,
tiny magnetic moments was reported so far. PressurgyhereasT, has a record high value @f;=36 K in cerium-
induced AF to a nonmagnetic phase transition is the focus dhased HF AF compounds. BeloT,=25 K, the two AF
recent experiments since non-Fermi-liquid behaviors deviatyomains coexist with different wave vectors and saturation
ing from the canonical Fermi-liquid concept are obsefved moments. A remarkable finding is that the sizes in
and superconductivity is realized close to such a phasg, (NMR) obtained from NMR are much smaller than
boundar)f?_ _ M 5e(ND) from ND. This suggests that a correlation time of
CePdSi, and CeRbSi; show the AF order aly~10 K fjyctuations inf-electron moments is longer than the charac-

and 36 K, respectivelyIn CePdSi,, the neutron-diffraction  teristic time of observation for thermal neutrons but shorter
(ND) experiments clarified that the AF spin structure has gnan that for NMR.

wave vector ofg=(1/21/20) and its saturation moment is

Mae~0.7ug. It was reported that the AF order is sup- Il. EXPERIMENTAL PROCEDURES
pressed by an application of pressie;- 2.5 GP&°which
is much smaller tha® .~ 7.6 GPa for CeCyGe,.* Remark- Polycrystal ingot samples of Cef&l,, CeRhSi,

ably, an onset of superconductivity has been found belowaPdSi,, and LaRhSi, were prepared by an argon-arc fur-

0163-1829/98/5@.3)/86346)/$15.00 PRB 58 8634 © 1998 The American Physical Society



PRB 58 Si-NMR STUDY OF ANTIFERROMAGNETIC HEAVY-. .. 8635

14 1T T LA B LR B RN R BN
L - a H -
T, _ @ CePd,Si, _
~ 12
o 9 —~ 400 B K T
E T[4 = i 11.4K 53.0K7]
3 /o Q
£ 10 24 E s |
% _
o® Tw = ﬁ i 40.0K |
o sl g 200 -
Z s r E
A %y”OT 5 | 129 130 131 132 316K |
= 6 SN I € | H o9 ottt Munaane ]
:g | 2 Q%‘%ﬂ % 160T . 200 300 % | 191K -
% 4 RRKRKX ® Ll - -
a N =
S T o
L )

R i a 11.4K 1
—o— CePd,Si, Saanan L i

N2 —a—CeRh,Si, AR ] 1 R ,
13.0 13.1 13.2

ol v b e T

0 50 100 150 200 250 300 L o N
Temperature (K)

FIG. 1. Temperature dependence of the magnetic susceptibili-
ties, x(T) of CePdSi, and CeRhkSi,. Inset shows the inverse sus- Vol
ceptibilities, xy ~1(T). 12.0

125 135 14.0
External Field (kOe)

13.0

nace. Stoichiometric quantities of C&N), La (3N), Pd(3N),
Rh (3N), and Si(5N) were melted in an argon atmosphere FIG. 2. The Si-NMR spectra of oriented powder Cg®igl with

with zirconium getters, followed by annealing in vacuum for the [110] direction parallel to the external fiel@ above and(b)

4-5 days at 1000 °C in CeR®i, and LaPgSi,, and at belowTy. Inset shows the NMR spectrum for the unoriented pow-
800 °C in CeRhSi, and LaRBSi,. The x-ray diffraction dered sample.

confirmed that all the samples are of a single phase with the

ThCr,Si,-type structure. The magnetic susceptibility wasNMR linewidth in the oriented powder is one-third narrower
measured at 1 kOe by using a superconducting quantum iriban that in the unoriented one. This allows us to measure the
terference device magnetometer. The temperafliyel¢pen-  Knight shift precisely. Figure 3 shows tfledependence of
dence of susceptibilitiesy(T) in CePdSi, and CeRhSi,,  the Knight shiftk ,,(T) parallel to[110]. The inset of Fig. 3

are indicated in Fig. 1y(T) has a sharp cusp at 10 and 36 K indicates theK ,,(T) Vs xap(T) plot with the temperature as
for CePgSi, and CeRbSi,, respectively, pointing to an on- an implicit parameter. The susceptibility,, parallel to

set of AF order. From the respective Curie-Weiss behavior in

x(T) above 60 and 100 K in CeRd8i, and CeRbSi,, an e L
effective paramagnetic momepiy is estimated to be 2.61 ' ' '
and 2.585, which is close to 2.54 for the trivalent Cé™* 10k
state. These results are consistent with the previous I
results'®® The samples were crushed into powder with a .
size smaller than-38um for NMR measurements. The Si [
NMR was carried out by a conventional phase-coherent
laboratory-built pulsed NMR spectrometer. A field-swept Si- 0.8 |
NMR spectrum was obtained by using a boxcar integrator at !
a constant frequency of 11.1 and 25.14 MHz for C&hd
and CeRbSi, in a T range of 1.4-300 K, respectively. The
nuclear spin-lattice relaxation tinie; was measured by the
saturation recovery method. 06 ° ]

CePd,Si, .
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Ill. RESULTS AND DISCUSSIONS

A. NMR spectrum, Knight shift, and internal field

0.4 1 N [l " 1 s 1 L [l s
1. CePdSi, 10 20 30 40 50 60

Figure 2a) indicates theT dependence of the Si-NMR Temperature  (K)

spectrum aboveTy=10 K for partially-oriented powder FIG. 3. Temperature dependence of the Knight ghift parallel
CePdSi,, where thg110] direction is parallel to an external to the[110] direction. Inset shows thi,,(T) Vs ya,(T) plot for
field Hy. As compared with the spectrum of the unorientedCePdsSi,. Solid line indicates a best fit to the data with=2.84
powder sample at 11.4 K shown in the inset of Figa)2the  kOejug.
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FIG. 4. Temperature dependence of the half width at half maxi- Lo e

mum (HWHM) in the Si-NMR spectrum of CeR8i, below Ty,. .|
HWHM is proportional to the internal fieltl;,.. Open circle shows 29.2 29.4 2?'6 298 300
the square root of the neutron magnetic scattering intetRiy. 5. External Field (kOe)

. . . FIG. 5. The Si-NMR spectra of CeR8i, at f =25.14 MHz with
[110] in the single crystal was usét K,y is nearly propor-  the ¢ axis parallel to the external field.

tional to x,,. From a linear fit to the data, as drawn by solid

line, a hyperfine-coupling constaAt=2.84 kOefug is Ob-  4yis for the single crystdf: From a slope in thek, vs x.
tained from the relation ok p=(Ant/Npeg) Xan, WhereN is ot 5 hyperfine-coupling constant is deduced to A
the Avogadro’s number andg is the Bohr magneton. =2.34 kOefug.

Below Ty, the spectrum is markedly affected by the ap-  aq seen in Fig. 5, the spectrum beldiy,=36 K splits

pearance of the internal field;,, at the Si sites, as seen in jyig two peaks Al andA2) due to the appearance of the
Flg. 2(b). The spectrum forms a rectangular shape characterﬁrst AF phase withg,=(1/21/20). Below Ty,=25 K,
istic of the AF powder pattern fdy>H;,,. The orientation \\here the secondary AF phase sets in, the two peBHs (

of the powder seems to be disturbed bel®y, associated ,nqB2) newly appear, as seen in the figure. The intensities
with some change in the anisotropy of susceptibility. Figureg¢ A1 andA2 decrease rapidly beloW,= 25 K but remain
4 shows thel' dependence of the half width at half maximum 44t half volume. The intensities Afl. A2. B1. andB2 are

(HWHM) proportional toH;,;. As seen in the figuret;,;

increases to-530 Oe at 4.2 K as the temperature decreases 1.0
below Ty . It is evident thatH;,(T) is in good agreement
with the T dependence of the square root of the ND intensity
proportional to Mag.° In this AF-spin structure withq
=(1/21/20), the direction oM 5¢ is aligned along[110]

and, henceH;,; is produced through the transferred hyper-
fine interaction with one Ce AF moment in the five nearest-
neighbor Ce sites. This is because the contributions from the
four Ce AF moments in the basal plane are canceled out at
the Si sites. The isotropic transferred hyperfine-coupling
constantH,; per Ce Jug is estimated to bé\,/5~568 Oe/ % (10° emumol)
ug- By usingH,,;=532 Oe, an estimate of its size at 4.2 K 06 L ]
gives rise to Mar(NMR)~0.94up from the ratio of '

532(0e)/568(0atg), which is somewhat larger than °
Mar(ND)~0.7ug . I o
CeRhZSi2 .
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Figure 5 indicates th& dependence of the Si-NMR spec- 04 50 100 150

trum at 25.14 MHz for the oriented powder CefSi with Temperature  (K)
the ¢ axis parallel toH,. The NMR spectrum abové
consists of a single peak. The Knight shift increases upon FIG. 6. Temperature dependence of the Knight sKift in

cooling, in proportion to the susceptibility, as seen in Fig. 6.CeRhSi,. Inset showK (T) vs x(T) plot. Solid line indicates a
The inset displays thK . vs x. plot with y. parallel to thec best fit to the data wittng=2.34 kOefug.
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that M ag is apparently probe dependent in CgRh shows
that the correlation time in fluctuations dfelectron mo-
v v ¥ INZ ments is longer than the characteristic time of observation for
I v thermal neutrons but shorter than for NMR.
150 ] The probe dependence M, was reported in the ura-
Ve : nium HF compounds URtRefs. 17—-19and URySi, .20-22
- In these compounds the saturation moments are as small as
100r v v v vy I’“ ] ~10 ?ug from ND, but no indication ofH;,, from NMR
I ] was observed. The AF saturation moments in G&Rh
ol v ] which are two orders of magnitude larger than those inUPt
I ] and URySi,, may make it easy to detect the reduced mag-
it ] netic moments in CeRBi, by NMR. Such a probe-
. . . . dependent aspect M - in CeRBSi, may be explored from
0 10 20 30 40 the uSR experiment as well.
Temperature (K) The recent ND result on the single crystalwhich is
consistent with the previous ND results by Gragral.® has
FIG. 7. Temperature dependence of the internal fields.(T)  revealed that they, domain involves two structures with
andHg i(T) that are optained from the half value of separation i”crystallographically equivalent wave numbers Gﬂ
the A andB peaks in Fig. 5. —(1/21/20) andg; =(—1/21/20). Combined with the
NMR results, they concluded that the three phases form a AF
independent of the temperature belev3 K where both the domain-supeﬂa[’[ice structure with 142 for the qir anqu
intensities for theA and B peaks are comparable to each domains and 1.34g for the g, domain. We stress that these
other. Figure 7 shows the respectiie dependence of yalues are significantly different from those obtained from
Ha,in(T) and Hg in(T), which are obtained from a half NMR as well. In magnetic structures with wave vectors of
value of separation in thé and B peaks.Ha jw=161 Oe  (1/21/2C) in the body-centered lattice, the magnetic inter-
andHsg j=101 Oe stay constant below 23 K, which meansaction is independent of between the nearest-neighbor
that both theM,g's are totally saturated just beloWy,  planes and, hence, has a similar energy between each do-
=25 K. main. This may be the main reason why the AF domain-
The ND measurements revealed that the two independeRtiperlattice structure is stabilized as the peculiar ground
magnetic  reflections with 9,=(1/21/20) and 0,  magnetic structure. Furthermore, due to the small energy dif-
=(1/21/21/2) coexist at low temperatures, indicative of twoference between each domain, thermal and/or quantum fluc-
possible magnetic structurgs? One scenario is that two AF  tuations of each domain are likely sources for the estimate in
phases exist with different magnetic moments and AF wavéM .- being probe dependent in CefSi,. This magnetic
vectors,M, =1.86ug With g; (denoted as the; domain  state may be responsible for the small critical presfye
andMg_ =1.6%ug With g, (denoted as the, domain. An- ~0.9 GPa, regardless of the large valueTqj; .

other one is that the two magnetic structures are superim-
posed in the single magnetic phase, which yields the modu- B. Nuclear spin-lattice relaxation rate, 17T,
lated structure with two kinds of moments, 2.52 and .42 Measurements of the nuclear spin-lattice relaxation rate
For either case, the two Si sites should exist with differenty/T, were performed atf=11.1 MHz for CePsSi,,
Hine. The ratio of the internal fieldp i /Hpint=161/101 | apPd,Si,, and LaRBSi,. The 1T, in CeRhSi, was mea-
"’159, deduced from NMR is Comparable to the ratio Ofsured atf =25.1 MHz at the A1 peak in an entire tempera-
Mar, Mg, /Mq,=1.86/1.69-1.1 for the former scenario, but tyre range. I, in all the compounds was uniquely deter-
far from 2.52/0.12-21 for the latter scenario. From the mined with a singleT; component. Figure 8 shows tfe
NMR spectrum combined with the ND results, it is con- dependence of T, in CePdSi, (closed circles and
cluded that the two AF domains coexist beldw,. The CeRBSi, (closed trianglestogether with those in LaR8&i,
comparable NMR intensities in th& and B peaks indicate (open circley and LaRBSi, (open triangles A T,T= con-
that each domain occupies half volume. stant behavior for LaR®i, and LaRBSi, is observed with

In estimatingM 4 for each domain, we notice that one Ce respective value of [;T) 1~0.079 (K-sec) ! and 0.040
moment in the five nearest-neighbor Ce sites yields a domiK -sec) *. The 1T, in CeRBSi, is in agreement with the
nant transferred hyperfine fieltl, at the Si sites. This is previous result§?
because a sum ofy; at the Si sites arising from the four Ce  In the high-temperature region, local spin fluctuations of
moments in the basal plane becomes zero in G8Rlas  4f moments dominate the relaxation procesd; lbeing
well as in CeP¢Si,. From the relation ofH = A./5 nearly T independent above 12 and 100 K for Ce®id and
=467 Oefug with Ap=2.34 kOepg, the M in the g CeRBSi,, respectively. Empirically, the temperature at
andg, domains are estimated to be 0.36 and p.22respec- which 1/T; starts to decrease from tieindependent behav-
tively. The result is thaM 5,-(NMR)=0.36 and 0.22g are ior corresponds to a Kondo temperatilig below which the
more significantly reduced thavi,r(ND)=1.86 and 1.68g  systems enter a crossover regime towards the HF state. The
in the g; and g, domain, respectively. This is in a striking Tk in CePdSi, is 12 K, which is in good agreement with
contrast with the result in CeP8i, where M (NMR) Tk~ 10 K determined from the quasielastic NB? The fact
~0.9ug is comparable withM ,(ND)~0.7ug. The fact that Ty is comparable with thd@y in CePdSi, implies that

200 F ]

Internal Field (Oe)
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T ticipate in the AF ordered moments may have an itinerant

2 [ ]
107 T, character to form the HF state even far bel@y. On the
i ! ] other hand, the value of T(T) 1~0.0188(secK) ! in
1 Wl CeRhSi, below 10 K is smaller than T4T) !
~10°F E ~0.0402(secK) ~! in LaRh,Si,. This result indicates that
§ ] the Fermi-liquid excitation below 10 K is considered to
=~ I originate from the HF band, which is the consequence of the
10° 3 LTM 3 strongc-f hybridization, since 17, cannot be explained by
N 7 ] the sum of two relaxation contributions from itinerant 4
" ) electrons and conduction electrons. The result af;, Hlso
107 F . 2::ﬂ2§;2 3 suggests that the magnetic order in Cg®h occurs in the
g o LaPdsi, HF regime, consistent with above-mentioned experimental
4 LaRhsi, ] results of highefy and the small ordered moments.
102”“‘; m“i'o 100
Temperature (K) IV. SUMMARY

FIG. 8. Temperature dependence of the nuclear spin-lattice re- The Si-NMR studies n CeR8i, and CeRBS!Z’ which "
laxation rate 1r, for CePdSi,, CeRhSi,, LaPGSi,, and undergo the pressure-induced superconducting transition,
LaRh,Si,. ! 2 2 2 have revealed differences in magnetic characteristics. The

NMR results in CePgbi, are consistent with those obtained

the AF ordered state occurs before the HF state is fully es’om ND as regarding the sizes Mg, Ty, and the gap in
tablished, and its nature is anticipated to hold a localizedn€ Spin-wave excitation spectrum. .

character rather than an itinerant character. On the other !N contrast, the NMR results in CeR®i, are unconven-
hand, theT in CeRB,Si, is estimated to be as high as100 tional. Another splitting in the NMR spectrum at,=25 K

K, being much higher thamy~33 K deduced from the Was found, indicating a magnetic structure consisting of in-
quasielastic NB® The fact thatT is much higher than the dependent AF domains. A notable result is that
Ty in CeRRSi, means that the AF order must be in the M r(NMR) =0.36 and 0.225 are significantly smaller than
itinerant regime, which makes magnetic interactions differ-Mar(ND)=1.86 and 1.685. We have suggested that the
ent from the conventional RKKY interaction. correlation time in fluctuations of-electron moments is

The 17T,’s in both the compounds drop rapidly beld longer than the characteristic time of observation for thermal
without any critical divergence nedfy. Any anomaly in neutrons, but shorter than that for NMR. Relevant to this, we
1/T, is not appreciable arouriEy,= 25 K in CeRhSi,. Ex-  Propose that quantum spin fluctuations are responsible for

perimentally, 1T, below Ty, is well reproduced by the fol- thiS probe dependence bf ,¢. A probable source for quan-
lowing expression as tum spin fluctuations may originate from the fluctuations of

each domain due to the small difference between the ener-
(T,T) " 1=A+Bexp(—E,/kgT), gies of each domain suggested from the recent ND
’ experimentg3
as indicated by the solid line in Fig. 8. An exponential drop

in 1/T,; may be due to a partial loss of low-lying excitations
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