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29Si nuclear spin-lattice relaxation measurements have been performed in the heavy-fermion alloys
CePtS|_Geg,, x=0 and 0.1, in order to study spin dynamics near a magnetic instability. The spin-relaxation
curves for bothx=0 and x=0.1 are found to fit to a stretched exponential slightly better than a single
exponential function, which suggests that the relaxation rates are inhomogeneous to some extent, due to
structural disorder. Within experimental resolution, the relaxation curve is in agreement with the theoretical
curve calculated from the Kondo-disorder model. The temperature-dependent relaxatiornTitdlaws the
Korringa relation in CePtSi below 4 K, but not in CeRt§$be, 1. This means that Fermi-liquid and non-Fermi-
liquid excitations appear in=0 andx=0.1 samples, respectively, which agrees with the results from specific
heat experiments. The effective moments of Gens in CePtSi_,Ge, for directions parallel and perpendicular
to thec axis, calculated from the crystalline electric fi€ldEP levels, explain the anisotropy in the observed
susceptibilities, hyperfine coupling constants, and spin-lattice relaxation rates. The magnitude of the CEF-
corrected Korringa products for the two samples shows the same order as the expected value for a Fermi gas,
which indicates that no obvious spin-correlated fluctuations or magnetic order are present. This seems to
disagree with the Griffiths phase model, in which magnetic clusters are spatially-extended objects containing

many spins.
DOI: 10.1103/PhysRevB.70.174430 PACS nuni®er75.30.Mb, 71.10.Hf, 71.2%a
[. INTRODUCTION tetragonal unit cell of CePtSiGe, are equivalent,so that

.29Si NMR spin relaxation data from this system can be ana-

. h2 ‘fyzed easily and accurately. OtiSi NMR linewidth analysis
heavy-fermion system; although sample-dependent proper- i, ceptSi and CePtSiGey; (Ref. 11 revealed that a spa-

ties attributed to impurities have been obser¥édhe sub-  iajly inhomogeneous distribution of tHelocal-moment sus-
stitution of Si by Ge alters the hybridization betweenafid  ceptibility develops at low temperatures in both materials.
conduction electrons, and tunes the system toward an antpisorder-driven NFL modeté!3were able to account for the
ferromagnetic quantum critical poitQ@CP).>¢ Specific heat  increased low-temperatuféSi linewidth.
experiments at low temperatufebave revealed typical  2°Sj NMR spin-lattice relaxation experiments have been
Fermi-liquid (FL) behavior(constant specific heat coefficient carried out in CePtSi and CeP§gGe, ;. In order to investi-
Y%=C/T~800 mJ/mol ¥) in CePtSi, but non-Fermi-liquid gate further the effect of disorder on the spin fluctuations, the
(NFL) behaviorC/T«=InT in CePtSjGey 4. Like many  possibility of the inhomogeneous relaxation in the two
other NFL systems in the neighborhood of a QCP, samples is considered in this article. Several important fea-
CePtSj (G&, ; exhibits unusual electronic ground-state prop-tures were observed, which may be summarized as follows.
erties. Quantum criticality has been intensively studied in the First, the relaxation rates are spatially inhomogeneous in
similar NFL compound CeGu,Au,,® where a NFL state also both samples, because the relaxation functions are found to
appears at a critical concentratiar0.1. It is believed that exhibit upward curvature on a semi-logarithmic plba the-
unusual spin fluctuations at®e=0 quantum phase transition oretical relaxation function based on the Kondo-disorder
(QPT) give rise to NFL behavior in this systetn. model? fits the experimental results within the experimental
Nuclear magnetic resonan¢BlMR) is a local probe of resolution.
spin, and therefore is very helpful to understand spin dynam- Second, the spin-lattice relaxation rateT1 /At low tem-
ics in a NFL state. CePt8iGe, has a very similar phase peratures exhibits Korringa behavi@r, T=consj in CePtSi,
diagrant® to that of CeCy,Au,2 but Cu (nuclear spinl  but not in CePtSisGe, . This result is consistent with the
=3/2) NMR in CeCy_Au, is complicated by quadrupolar Fermi-liquid and non-Fermi-liquid excitations observed in
splitting, two isotopeg®*Cu and®Cu), and signals from in-  specific heat experimefitfor x=0 andx=0.1, respectively.
equivalent Cu sites in the unit cef°Si is a spinl=1/2  The behavior of 1T, in CePtSj G&y 1 is not in agreement
nucleus(no quadrupole momeptand all 2°Si sites in the  with the predicted power lawgl/T; ~ T3 and 1/T, ~ T4

1098-0121/2004/10.7)/17443@13)/$22.50 70174430-1 ©2004 The American Physical Society



YOUNG et al. PHYSICAL REVIEW B 70, 174430(2004)

or 1/T;=const in QCP-based theori€s!’We obtain instead ' ' T
1/T,~TO7-073at low temperatures. oot ST
Third, anisotropy in 1T; and the transferred hyperfine
coupling constantA is observed in both CePtSi and
CePtSj Gey 1. The strong C¥ crystalline electric field
(CEP level splitting in C&* ions is the probable origin of
this anisotropy.
Fourth, anisotropy in the Korringa produdt$T,T, where
K is the 2°Si Knight shift, and deviations from the free-
electron Korringa product could also be explained by taking
into account the effective moment. calculated for the

¥$i, 25.5MHz, 14K, H, || ¢

(a) CePtSi

M(), spin-echo intensity (arb. unit)

Ce** CEF ground state’$ The Korringa products after CEF (b) CePtSiy Ge,,

Meff COrrection are the same order of magnitude as the value .

expected for a Fermi gas, which suggests that neither the —— MO=M(=}[MO)-M=)]e '

magnetic order nor spin correlation have a strong effect on e MM MO MY e A

relaxation behavior in the two materials.
Last, an anomaly in the magnetic field dependence of
1/T, is observed in CePtgiGe, ; around 2.7 Tesla, but not
in CePtSi. However, the mechanism for this field dependence
is not clear at present. FIG. 1. ?°Si nuclear magnetization recovery curvéd(t)
The article is organized as follows. Experimental tech-(circles for (a) CePtSi andb) CePtSj G&); measured at 1.4 K
niques and procedures are briefly described in Sec. Il. Variwith the NMR fieldHgllc axis at a frequency of 25.5 MHz. Solid
ous aspects of the experimental results are discussed in Segrves: exponential fits. Dashed curves: stretched-exponential fits.
[ll. Anisotropy and a comparison of T{ with QCP-based

theories are discussed in Sec. IV. Finally, in Sec. V we sumsystems, fluctuations of thef 4r 5f electrons usually domi-

0 200 400 600 800 1000
Time ¢ (ms)

marize our conclusions. nate the relaxation. In the motional narrowing limit, nuclear
spins are expected to relax exponentially in a uniform sys-
II. EXPERIMENTAL DESCRIPTION tem, even though several relaxation mechanisms are often
involved??

295 spin-lattice relaxation experiments were performed |4 g system with magnetic disordeée.g., a spin glags
in field-aligned powder sampl¥s'® of CePtSi and  gpin fluctuation rates are expected to vary randomly over the
CePtS)Ge, at a NMR frequency of 25.5MHz material, so that the nuclear spin-lattice relaxation rate is
(~3 Tesla over the temperature range from 1.4 to 20 K. gistributed. The nuclear magnetization recovery function
The samples are the same ones used previously for the megi(t) then is the spatial average result of the local relaxation

surements of susceptibility and NMR spectrum experimentgynctions, i.e.M(t) recovers after saturation according%o
as described in Ref. 11. Relaxation functions were measured

for applied fieldsH perpendicular and parallel to the tetrag- M) (7
onal c axis. The field dependence of the spin-lattice relax- M)
ation was also measured in both samples at 2.1 K for fields
Hollc between 1.8 and 4.8 Tesla. A standard NMR nucleawhereP(1/T;) is the distribution function for the relaxation
spin saturation-recovery technique, using either a single rfate 1/T,. Instead of a single exponential €xp/T;) for a
pulse or a short comb of rf pulses, was used for the spinuniform system, the sample-averaged relaxation function,
lattice relaxation measuremerifsThe number of saturating therefore, tends to have a sub-exponential fgam upward

rf pulses and the pulse width were found not to modify thecurvature in a semi-log plpt Often this behavior can be
nuclear magnetization recovery curve significantly. In orderparametrized by a stretched exponential form[ekat)¥],

to ensure irradiating the NMR lines uniformly, but to avoid whereK <1 characterizes the spread in relaxation rates and
sample heating, a moderate numig@r of saturation pulses A is a characteristic relaxation rat&(1/A is the time for the
was used. Alternating 180° phase-flipped2- and m-pulse  nuclear magnetization to relax tod ¢f its initial value) For
spin echo sequencéswere used to cancel any spurious sig- example, spin-lattice relaxation via dilute paramagnetic im-

P(1/T)eVMd(1/Ty), (1)
0

nals from the rf pulses. purities with no spin diffusion in the nuclear spin system
exhibits exp-(At)Y?] behavior
. EXPERIMENTAL RESULTS Figure 1 shows typicat®Si relaxation curvescircles in

CePtSi and CePt$iGe, 1 at 1.4 K forHglic at a frequency

of 25.5 MHz. The curves are fit to single exponential
In a spin-lattice relaxation process the NMR probe[xexp(-t/T;), solid curvé and stretched-exponential

nucleus is relaxed by the fluctuation of local magnetic fields(<exd —(At)X], dashed curvefunctions, respectively. The

which in paramagnetic solids commonly arise from Fermistretched-exponential function is found to fit the data slightly

contact, dipolar, orbital, and transferred hyperfine interachetter. At this temperature, the expon&nt 0.85 is obtained

tions between nuclear and electron sgihk heavy-fermion  for both samples, which indicates a resolved but relatively

A. Spin-lattice relaxation functions
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w—————7—— 1.5 ation curve then can be calculated via Eb.
(@ CePiSi  25.5MHz, *Si, H, | c | The nuclear spin, in general, is coupled to sevérspins,
sor - so that, if there is no correlation between the fluctuations of
P S A - - - 1.0 these spins, the relaxation rafé=1/T, is a sum over the
8 Y % g7 e O : these spins, the re . 1 | OV
2 Or asget” Bz A ST oy individual contributionsw;, i.e., W=X,w;. The derivation of
g wl o000 o° [ the distribution functiorP(W) for the relaxation rate is simi-
é_ — . e0%e® 1058 lar to the solution of the random walk problem, and gives the
Tl e = expressioH26
oio «— o0 o]
0 ponnp o § 0 §OON0QODORO0OD0DOQO 0.0 P(VV) = f Cee J Pn(W11W21 . an)
150 T T 1.5 —o —%
~ (b) CePtSi, Ge,, 1 X 5<W— E Wi>dW1 dw, ... dw,
Bro0lomnns . I G S Y . i
Eloo P !§li’§} Hlxﬁ- S 10% * . * . n
& #z == § . T % :f dTeZWIWT<f P(W)e—ZmWT dW) , (3)
8_ o (.) o ® 0 $ Q ¢ [} Ev —» —
= 50 ee®”® T 105 = _ o o
e’ o Raoa whereP(w) describes the distribution of the individual con-
0" - Y 1 tributions andh is the number of near-neighbbions. Again
o e o o socazoone 0.0 no correlation is assumed, so that the distribution function
0 Temeprature (K) > 16 20 P.(wi,W,, ... ,w,) becomes the product of thé(w;):
, Pr(wy, Wy, ... W) =P(wy) P(wy) - - - P(wy) =[P(w)]".
FIG. 2. Temperature dependence of the exporte(T) (tri- In single-ion Kondo physics, the local nuclear spin-lattice

angles, relaxation rated\ (open circley and 1/, (filled circles in  rglaxation ratav has the forrd’
(a) CePtSi andb) CePtS) Gy 4 for the Hyllc axis at 25.5 MHz.

Rectangles: estimated Ty, (see the tejt C\TITg, T<T,

| — (4)
CZVTK/T, T > TK'

w=TXT;Te) = {
narrow distribution of the relaxation rates. Since the band- )
width of the NMR rf pulses used to saturate the nuclear spin¥’hereC, andC, are temperature-independent constants. The

covers most of the spectrum linewidth feiplic, the effects ~@bove relation can be easily obtained from E2), if the
of cross relaxation due to incomplete saturation, also knowdPProximationsl'e1/x~Ty for T<Ty, and I'(T) =T/ Ty

to relax nuclear spins nonexponentid@fyare minimized. (Ref. 28 and y~1/T for T> Ty are made. We seT,/C,
The temperature dependencieskdfT), A(T), and 17T,  =1/Tk to ensure the continuity of;~ at T=T.
are given in Fig. 2. The sub-exponential rat€T) (open In the Kondo-disorder modeTy is distributed, so thatv

circles is found to be nearly the same as the exponential rati$ distributed. Therefore, the distribution functiéiWw) in-
1/T, (filled circles. The exponenk(T) (triangleg is close to ~ Ed: (3) can be calculated in a similar fashion as the Knight
unity at high temperatures, and decreases slightly at low tenshift distribution described in Ref. 11, wh_ere the dlstrlbut|0ns
peratures. This suggests that inhomogeneous relaxation déf the Kondo temperaturesP(Ty) in CePtSi and
velops gradually at low temperatures in both materials, buf€PtSiG& 1 have been estimated from the susceptibility
does not dominate the form of the relaxation function. datq. )

In our previous NMR linewidth stud¥ strongly en- Figure 3a) shows an example of the predictedw) from
hanced line broadening at low temperatures gave evidendge Kondo-disorder model fdr'Si NMR in CePtSj Ge, , at
for a magnetic disorder in the static magnetic susceptibility3-5 K and 25.5 MHz with the NMR fieltlic. The calcu-
in both samples. In order to investigate the effects of inholated spin-lattice relaxation curves from E(l) for the
mogeneity on the relaxation rate, we have compared the rd¢ondo-disorder model is given in Fig(t3. Often it is diffi-

laxation curves with the observed NMR linewidth as de-cult to resolve the NMR long-time relaxation tails after the
scribed below. nuclear magnetization has relaxed+d0-1072 of its ini-

Since the NMR Larmor frequency (~MHz) is much  tial value. Within experimental resolution, however, we find
smaller than the-electron spin fluctuation ratE (~THz),  that the experimental dateircles agree with the model

the nuclear spin-lattice relaxation rate due to a sirfgien ~ curve(solid curve. _ _
has the forr&® In the calculation of theoretical relaxation curves, we

made the important assumption that the spin fluctuations are
1Ty o« TA?XIT, (2) not spatially correlated. Indeed, from ourT,/analysis, we
conclude that spatial correlation is not significant in CePtSi
whereA is the hyperfine coupling constant agds the static  and CePtSigGe, ; (see Sec. llI D.
susceptibility. This relation suggests that any magnetic disor- In an inhomogeneous spin environment, spin diffusion be-
der in the local susceptibility can result in an inhomogeneousween the slowly- and rapidly-relaxed nuclear spins may take
relaxation rate. If the distribution functioR(1/T,) of the  place in addition to the spin-lattice relaxation process, and
relaxation rate is known, the ensemble average of the relaxmodify the relaxation curvé This spin diffusion effect is
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0.020 - y - y y Since the exponentK obtained from the stretched-
CePrSi, Ge, @ exponential fit is not too far from unity in the two samples,
£0015 ®5i,25.5 MHz, H || ¢ ) the difference between the initial slopes from the experimen-
f tal relaxation curveor stretched exponentjahnd single ex-
& ponential function are minor. Therefore, the exponential re-
5o0010r ) laxation rate 1T, shown in Fig. 2 will be taken as the
g average value in the following discussion.
£ 0.005 . As mentioned in the previous section, several mechanisms
A are usually involved in a nuclear spin-lattice relaxation pro-
cess. If there is no correlation in these relaxation mecha-
0.000 : . . ) . . i
50 100 150 200 250 300 nisms, the spin-relaxation rate is expected to be the sum of
Relaxation rate W (sec”) the individual rates due to each mechanism. In a heavy-
10° - - g fermion system, 1T,, in general, can be written as T/
CoPrSi e, 35K =1/T.+1/Ty;, where 1T, is the relaxation rate due to the
3 78i, 25.5MHz, H, [le fluctuations of conduction electrorigia the Fermi contact
§10"- T y interaction, and 1/T4; is the contribution fromf-electron
2 N local moments(via the transferred hyperfine interactjéh
5 s (except for systems with light nuclei such e in CeBegs
%10.2 s | and UBg3, where the dipolar interaction is also importént
§ © Exp.data s In concentrated-electron systems, conduction electrons of-
Kondo-disorder L ten relax nuclear spins slowly at low temperatures, so that
. . . O\ the spin-lattice relaxation is dominated by thepins33
%% 50 100 150 200 In metals, the conduction-electron relaxation ratd;1/
Time t(ms) obeys the relatiott
FIG. 3. (a) The distribution functiorP(W) of 2°Si nuclear spin- /T, o« N(Ep)?T, (5

lattice relaxation rate¥/ for Hyllc at 3.5 K and 25.5 MHz predicted

by the Kondo-disorder mode{b) A comparison of the relaxation WhereN(Eg) is the conduction-electron density of states at

curves from the experimeqtircles and Kondo-disorder model cal- Fermi energy. The productT,.T)™* is proportional to

culation (solid line). Dashed line denotes the single exponential N(Eg)?, and is independent of temperature. In a free-electron

function. metal, 17T, is related to the Knight shifK, due to the
conduction electrons by the Korringa relation,

usually not easy to characterize experimentally, so that it is ’ 5

often difficult to separate thé-spin relaxation mechanism KoTicT = (hldmke) (vl ) = S, (6)

from diffusion effects. This problem seems not to be impor- . .
tant in our samples, however, because the ratio of the di1’“fu\fvhere 7e and y, are the gyromagnetic ratios of the electron

. . . . = and the NMR nucleus, respectively. However, in systems
sion IenthL o the lattice spacmgi, €., L/.d VT,/50T, with strong electron-electron interactions, spatial spin corre-
whereT, is the transverse r.ela>_<at|o.n tird¢js found to be lations, magnetic order, or other effe¢esg., spin-orbital in-
;maller than unity. Thus spin dlffu5|9n does nqt changg th?eractions and CEF effegtgleviations from the free-electron
inhomogeneous nuclear magnetization appreciably during

. . - orringa productS, are often seen, because such effects ma
time T,. The low natural abundan¢b%) of the2°Si nuclei is gap S y

RS affect the Knight shift and 1T, differently3536
also unfavorable to spin diffusion. We conclude that relax-", strongly-correlated-electron systems at low tempera-

ation behavior in CePtSi and CeRjgbe, is consistent tures, if thef moments are completely quenched by the

W|tfl\1/|the dlso.rder Todefls. . ts for CePtSi dKondo effect and the system enters a Fermi-liquid state, the
uon sSpin relaxation expenments for Lertst and,qjeq; spin then relaxes to the quasiparticles near the Fermi

CePtSh Ga.1 have. been rgported in Ref. 31, in which surface. The Korringa relation is also expected, except that
stretched exponential behavior for muon decay was observetﬁje Korringa product may be enhandédkuramoto and

in both samples. This gives us an independent evidence cI\];I[JIIer-Hartmanﬁ7 have given a theoretical proof of the Ko-

the existence of magnetic disorder. rringa relation in heavy-fermion systems at low temperatures
as long as interactions betweémoments are negligible.
An estimate of 1T,. can be obtained from the Korringa
In Sec. Ill A we have seen that a stretched-exponentiaproductS, if Kq is known. The intercept in a plot of Knight
function describes the low-temperature relaxation curves beshift K versus susceptibilityy (with temperature an implicit
ter in both CePtSi and CePg3Ge, 4, and a distribution of parameter can give a good estimate ¢f,, becauseK, is
the spin relaxation rates is inferred. Therefore, the use of aimmdependent of temperature. The estimated;din CePtSi
average relaxation rate rather than a single rate is more apnd CePtSiGey; is shown in Fig. 2(rectangles As ex-
propriate for the discussion. In general, the initial slope of gpected, 17T,. is small enough compared to T/ so that it
relaxation curve defines the average relaxation rate, whichan be ignored in this temperature range, and the observed
can be understood by taking the time derivative in 8. relaxation rate 1T, is a good measure of T{;.

B. Relaxation rate 1/T,
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FIG. 4. Spin-lattice relaxation rate€l/T;) measured in(@  opment of NFL fluctuations. We delay a further discussion to
CePtSi and(b) CePtSj G, 1, for the NMR fieldsHylic (filled Sec. IV. The FL and NFL behavior observed in these spin
circles andHy_L ¢ (open circles Triangles: ratio of'I'IH1 to T, relaxation data for CePtSi and CeRtsde,,, respectively,

Curve: ratio of %, to (x, +x;), wherey, andy; are theab-plane  are consistent with the results from the specific heat
and c-axis susceptibilities, respectively. experiments:®

The temperature dependence ofl1 for the NMR fields
Hollc (filled circley and Hq L ¢ (open circleg is shown in
Figs. 4a) and 4b) for CePtSi and CePt$iGe, ,, respec- From the discussion of Sec. Il B, we have seen that;1/
tively. The relaxation rate T, for Hylic is found to be is anisotropic in CePtSi and CePigbe, ;. Surprisingly, the
greater than the relaxation rateT,/ for Hy L c. Neverthe- ratio T{Hl/Tﬁ (triangleg is found to be nearly temperature
less, 1Ty, and 1/T,, have a similar temperature dependenceindependent, and approximately coincides with the ratio
in the two samples. They both decrease wiitat low tem- 2y, /(x, +x;) = 1.5 (curveg as shown in Fig. 4 for the two
peratures, and extrapolate to zerolatO. The saturation of materials, wherge, and y; are theab-plane andc-axis sus-
1/T, around 15 K is an indication of the breakup of the ceptibilities, respectively. The reason for comparTrié/Tﬁ
Kondo resonance; at higher temperatures thepins are  with 2y, /(x, + ;) is that the nuclear relaxation rate is domi-
weakly interacting with the conduction electrons. These feanated by spin fluctuations perpendicular to the NMR field,
tures have been seen in many other heavy-fermioghich in turn are related to the susceptibility in that
compounds?® direction®*

Figures 4a) and 4b) also reveal that CePi{jGe) 1 ex- In order to investigate this anisotropy further, frequency
hibits a faste” Si relaxation rate than CePtSi. T,/of ®*Cu  shift measurements have been carried out in CePtSi and
in CeCuy_,Auy also shows a greater value for a larger dopingCePtSj Gg, ; for Hyll and Lc. The frequency shifts deter-
x.3° This may be understandable from the disorder enhanceghined from the center peak é1Si NMR spectra are plotted

C. Anisotropic spin-lattice relaxation

1/T, as proposed by Shastry and Abrahdfhs. against the magnetic susceptibilityith temperature an im-
In the plot of the temperature dependence (®fT)™*  plicit parameterin Fig. 6.
given in Fig. 5, we find that CePtSi and CeRts&e, 1 ex- We find that the frequency shift curves are linear in the

hibit different behavior at low temperatures. For CePtSi,susceptibility at high temperaturgsmall susceptibilities
(T,T)~* reaches a constant below 3 K for both directions ofbut become curved at low temperaturgggh susceptibili-
Ho: this is Korringa relaxation and indicates FL behavior. Asties). Similar frequency shift anomalies have been observed
for CePtS) (G&, 5, @ continuing increase ¢, T)"* with de-  in other Ce compound¥-44The deviation from the linear
creasing temperature is seen at the lowest temperature feglation K=Ayx suggests that the hyperfine coupling is tem-
both field directions, which obviously does not follow the perature dependentia CEF effects! valence fluctuation®;
Korringa relation and is not expected for a FL state. Al-or the onset of Kondo screentitfy

though this may simply reflect the reduction ©f as the The slopes of the linear parts of tKkey plot show strong
QCP is approache@vhich would also explain the faster rate anisotropy in the hyperfine coupling constants for the two
noted abovg it might be due to at least in part to the devel- samples, and yield hyperfine coupling constants as follows:
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FIG. 6. Plots 0°Si NMR Knight shifts as a function of mag-
netic susceptibility in CePtS(filled symbolg and CePtSigGey
(open symbols Circles:Hg L c. Triangles:Hyllc.

A=0.42+0.03 kOe4B and A, =3.78+0.08 kOeig for
CePtSi, and A;=0.98+0.04 kOe/g and A,
~3.99+0.04 kOeig for CePtS)j Gey ;. In heavy-fermion
compounds, the frequency shift is dominated by the tran
ferred hyperfine interaction betwednelectrons and non-
f-ion nuclei, which comes from thef hybridization and is
usually taken to be isotropic. Since the dipolar interactio
can be anisotropic, the magnetic dipolar fields between

and its surrounding CGé ions have been calculated in order

PHYSICAL REVIEW B 70, 174430(2004)

Til = 20 ke T2 [AL X ()] (7)

and
1= ﬁy,z\‘kBTE [Aiyi)(’i‘i(w)/w + Aﬁixﬁii(w)/w], (8)
I

where x"(w) is the imaginary susceptibility. The sums in-
clude the contributions from the surroundifgons near the
NMR nucleus under the condition of uncorrelatéepin
fluctuations. Equationé7) and (8) reflect the fact that only
the fluctuation fields perpendicular kty, contribute to relax-
ation. If spin correlation is important, thg dependence of
the hyperfine coupling constaA{q) and dynamic suscepti-
bility x”(q, ) must be considered, and the sums in E@s.
and(8) are often expressed i space®
The imaginary part of the dynamic susceptibility is often

slaken to have the Lorentzian foffy(w) = yol'/ (w?+1?),
where I' is the f-spin fluctuation rate ang is the static
susceptibility. Since the NMR Larmor frequeneyis usually
r]much smaller than the spin fluctuation rdtethe dynamic
§usceptibility can be approximated by (w)= yw/T". Sup-
pose that there are no spatial correlations betwieien spin

to estimate their contribution to the anisotropic hyperfinelluctuations, the relaxation rat_§§H1 andT;] for Hll and Lc
coupling. We find that the coupling constants due to the didirections, respectively, are giveny

polar interactions areA, 4,~-0.2 kOejug and A, yp
~0.36 kOejug. Clearly, the dipolar interactions alone are

too small(and in one case of the wrong sigio account for
the anisotropy.
Although the spin polarization due to tlef exchange

and RKKY interactions is isotropic according to the models,

in practice anisotropy in the transferred hyperfine couplin
has been observed in seveffaklectron compounds, e.g.,
CeCuySi, (Ref. 43 and UP§ (Ref. 4. Since the 4 orbital

of C€* lies inside the §, 5p, 5d, and & orbitals, the trans-
ferred hyperfine coupling directly from treef hybridization

may be less important than from the spin polarization ofVNerexi

these outer shells. This naneontribution is therefore con-
sidered to be responsible for the anisotrép®n the other
hand, Ohamat al*3 proposed that the-f hybridization it-

self is possibly anisotropic, if the CEF splittings of the con-

duction electrons overlapping with thie orbital are taken

Tl = 2hiake T2 AT ix /T L] 9)
I

and

g
T = ﬁ?’znkBTz [AL XL /T L+ Al Ty, (20)
|

andTI’; are the static susceptibility and fluctuation
rate, respectively, for thigh near-neighbof spin. In order to
simplify the problem, we introduce the effective near-
neighbor numbers(neﬁ,ml)a, a=ll and L, such that
SiAL i Xai(DIT 0= (Nett 117, oAG oXo(T) T 0 Where Ag,, is
the average hyperfine coupling constant due to a sihiga,

into account. The crystalline electric field is known to beandy, andI’y, represent the average susceptibility and spin

strong in CePtSi and CePt3Ge, 1, and therefore could be

responsible for the hyperfine coupling anisotropy to some

extent. In addition, we find that the ratios Af /A,~9 for
CePtSi and~4 for CePtSj Ge,; are close to the ratios of

(eir) 1/ (e In the two samples, wher€ues) , and (ueq);

fluctuation rate, respectively.

If there are no spin correlations and no disordey;iand

I';, the effective numbemeﬁyl,Tl is expected to be the number
n, of nearest-neighbdfrions to the relaxing nucleus because
the transferred hyperfine coupling is short-ranged. However,

are the effective moments calculated from the CEF groundles,1/, # No Suggests the presence of spatial correlation or,

states for theab plane and along the axis, respectively. As

alternatively, disorder in thé moments. In the case of ferro-

discussed in Sec. Il D, this behavior is expected in, andnagnetic fluctuationsneffvl,T1 is expected to be close tuﬁ

seems to support, the CEF scenatrio.

because the spins fluctuate coherently so that the near-

According to NMR spin-lattice relaxation theory, the re- neighborf spins can be thought of as a single giant spin with

laxation rates(1/T;); and (1/T,), for NMR fields parallel
and perpendicular to the crystal axis, respectively, are
given byt

no times larger value of the coupling constag;.
According to Eqs(9) and(10), the ratio of the anisotropic
relaxation rates can be written as
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FIG. 7. Temperature dependence of the Korringa proditesd ) )
circles and the fluctuation rate@pen circle for CePtSi in direc-  FIG. 8. Temperature dependence of the Korringa prodéide
tions of the(a) L and(b) Il ¢ axis. Triangles: HWHM from quasi- circles and the fluctuation rate®pen circles for CePtSi.dGe in
elastic neutron scattering spectra in CePtSi. directions of the(a) L and(b) Il ¢ axis.

We find that CePtSi has a nearly constant valueSpf
1 2(n 2 x.IT : s .
T__ll - (2 eftam) 120 . X2 /Mo . _ ~8S, for T<16 K. CePtSjGe ; has a similarS,, but it
T (neﬁ,ml)LAO]L)Q/FO,L + (neﬂ'1,r1)”AO]HXH/1“O,H shows a slight increase below 8 K. However, small values of

(11) §=0.045 and §=0.25 are obtained _for CePtSi_and
CePtSj (Ge, 1, respectively. There are obviously quantitative
Comparing this to our previous resuT'riullTﬁxZ)(L/()(L differences between the observed values and the free-
+X;), this suggests that electron Korringa product. Anisotropy again is seen in the
) ) Korringa products for the two samples. However, we will see
Lo Moy = (Ner,m) 1 A0 M (Nestam)iAoul: (120 that the effective moment calculated from the CEF ground

for CePtSi and CePt$iGe,,. The hyperfine couplings are states explains the magnitude of and anisotropy in the Kor-
known to be strongly anisotropic in the two samples, i.e.,r'nia Parr%c:)ltjc():ind Miiller-Hartmarsh have proved that the
A, >A,, as mentioned previously. Therefore the spin fluctua- u u ve prov

tions are also anisotropic, aréh , > I, according to Eq. Korringa-Shiba relatiot? holds in heavy-fermion systems if

(12), if no correlation appears in the spin fluctuations so that™® Interactions exist between thi_emoments. In cases with
orbital degeneracy or crystal-field energy splitting, the

n =(n . . : ot :
(Nestarm,) L = (Metarm )i Korringa-Shiba relation is generalizedto
D. The Korringa products

So far we have considered the shape of the relaxation
curves, the temperature dependence df;1and the aniso-
tropic relaxation. In order to further investigate the eIectronWhere
interactions or possible spin correlations in CePtSi and 2, 2 . . _
CePtS) (Gey ;, the Korringa producK?T;T is also consid- ("’“eﬁ)ﬂ/“B_gz (953 DIN, =1 or L. (14)
ered. Figures 7 and 8 show the Korringa produdiiéed &
circles for Hollc and Lc in CePtSi and CePt§iGey s, re-  Here uq and ug represent the effective moment and Bohr
spectively. These products are expressed in units of the fregnagneton, respectively, is the f-ion g factor, andN is the
electron Korringa produc®= (%i/4mkg)(ve/ v»)? [EQ. (6)].  degeneracy of the ground state. The stéiteand |j) are the
According to Ref. 49, the definitions of the Korringa prod- eigenstates in the ground-state multiplet.
ucts,S, =K3 Ty T andS =TK?/(2T;1 -T;1), are appropriate The Knight shiftK, is given byK,=SiA, xa; (@=I or
for a discussion of the anisotropy. The denomina®r,* 1), summed over individual contributions from near-
-T,) in S can be thought as an effectivig |, which is  neighborf moments. As discussed in Sec. Il C, we also
defined in such a form in order to have the similar definitionintroduce an effective numbemgs;x such that K,
asT,! in Eq. (9). =(Net k) oPo aXa- Nefi i 1S €Xpected to be close to the number

lim ()= 3mx%(0)/[N(ue)a] (T—0),  (13)
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of near-neighborf ions but unIikeneﬁ,ml, Netrk IS NOt ex- CePtS) Ge 1: (neff,lfl'l)H ~ 40 - 90,
pected to be affected by the presence of a spin correlation
(except in a magnetically ordered phase

By applying the Korringa-Shiba relatiofEq. (13)] and (Neftary) L ~1.8-4.

(8) give the Korringa products to be slightly smaller than or equal to the expected near-
S, =K2TyT= (ngﬁ’K/neﬁ’ml)imso, (15)  neighbor number for the two samples. This suggests that no
significant spatial correlation exists in the-plane spin fluc-
and tuations. The values c(f1eﬁ,1frl)H have large uncertainties. In

- TK? 1 _ 1 — (2 CePtSi,(ngf 1/7,)) varies from close to the expected value to
S = TRIRTL = Tu) = (NepgeMetramhimSo: - (16) i e large as the expected value. CeRS, ,, however,
WherenazN(Meﬁ)i/GMé:Ei‘jKi|gJJa|j>|2/2’ a=1 orl. Sur- shows an unrealistically large value(cnfeffyml)u. This makes
prisingly, the effective momenj. is involved in the Kor-  Us suspect that the CEF parameter0.77 in CePtSidGey 5,
ringa product. Since there is a tetragonal CEF effect otf Ce Obtained from fits to susceptibility data, might not be accu-
ions in CePtSi and CePtS{Ge, ;, anisotropy is expected for rate. In order to get a value @hegy/r))=~4, the effective
e, Which then may be related to the observed anisotropignoment(ueg), would have to be 0.38; for CePtSj Ge, ;.
Korringa products. In this casea=0.663 from Eq.(17). However, we find that
The ground states in CePtSi and CeR§Sie, ; are thel';  (uef) | is still close to 1.6 from Eq. (18). From the de-
doubletd! |F(71)(i)>:a|15/2)+\5m| +3/2), where the rivatives,
constant a is 0.64 for CePtSi and 0.77+0.04 for

CePtSj {G&, ;. It should be noted that the uncertaintyaoin (e /da= 83g,uga, (19
CePtSj Gey; comes from the susceptibility fitssee Ref.
11), whereasa for CePtSi is thained more accurately from d(uer) | /da= \;’1—593#8(1 -2a%)/\1-a?, (20)
neutron scatteringNS) experimentg® As T— 0, the effec-
tive moments are found to have the forms we note that(ueg), is much more sensitive to the CEF pa-
5 ) 5 rametera than (ueq) | . Sincea was obtained from fits to the
(e = 3(8a” = 3)g5 /4 (17) ab-plane susceptibility! the value might not be determined
and accurately due to the insensitivity Ofie) | to a. Therefore,
2 a2 ) a value ofa for CePtSj ¢Ge, ; closer to 0.663 than 0.77 gives
(1er)] = 1582(1 - a®)gfup. (18 a reasonable explanation of the spin-relaxation results.
We obtain (ue);=0.2ug and (uer) , =1.63ug for CePtSi, Hashiet al. have examined the Korringa products in sev-
and (per),=(1.29+0.3F 5 and (ue) , =(1.6320.04g for gral heavy-fermlon compounds, and conclyded that the qu-
CePtSi {Gey 1 ringa product in a heavy-fermion system with a nonmagnetic

ground state has the same order of magnitude as the
Korringa-Shiba value. More than an order of magnitude de-
viation from the expected value has been attributed to the
CePtSi: (niﬁ,Klneﬁ,ml)H ~2.9, development of magnetic correlation between the localized
moments® On the other hand, Moriya has pointed out that
the electron-electron interaction alone is also able to produce
an enhanced Korringa produiét.
and If there is no correlation in a uniform conduction-electron

. o _ sea between spins, the effective numbers of near neighbors

CePtSCer (Merik/Metram)i ~ 0-4£0.2, are expected t0 b@egyr, =Nesik=4-6 in CePtSi and

CePtSj (Ge, ;. By taking the prefacto(neﬁK/ Neft, 1rr1)a7ia in
Egs. (15) and (16) into account, the theoretical Korringa
products are expected to I#/S,~0.06—0.08 andS, IS,
~3.6—5.3 for CePtSi, andS/$=0.2-0.3 andS, /S
~3.6-5.3 for CePtQiG& . These values are compared
with our experimental results in Table I. We find tt&t and
S are the same order of magnitude as the theoretical values.
Small deviations from the theoretical Korringa product are
usually seen experimentafl§,due to the electron-electron
exchange interactio#, weak correlations between local mo-

After takihg Meff INtO @account and comparing the experi-
mental Korringa products with Eqgl5) and (16), we find

2 ~
(neff,K/neff,lfrl)L - 9:

(N /Mefryr,) L = 9% 0.01.

We assume thaings k), =(Nesr ), and these effective num-
bers are expected to be between 4 and 6, which are the num-
bers of near-neighbor Gtions within the first and second
shells, respectively, around tResi site (Ref. 11). However,
we recall that this assumption may not be appropriate fo
Neff 11, if correlation appears in the spin fluctuations. As a
consequence, we obtain

CePtSi: (neﬁyml)“ ~55-12, ments, or disorder effects that may enhance the relaxation
rate?® However, an order of magnitude difference in the Ko-
(Ne 1) . =~ 1.8 -4, rringa product sugggsts a strong .ma_g'netic correlat.ion. There-
T fore our results confirm that no significant magnetic correla-
and tion or ordering is present in CePtSi and CepR{Si, ;.
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TABLE |. A comparison of Korringa products from experiments and theory for CePtSi and

CePtS) Gy 1-
Korringa products CePtSi CePt3Ge) 1

(A) S(Exp)=TKZ/(2T; - =Ty ~0.045, ~0.25
(B) S(Theo) = (nZy /et .1 1 So (0.06-0.08% (0.2-0.3%

(A)/(B) 0.5-0.7 0.7-1

(©) SL(Exp)=K3TyT ~8% ~8%
(D) S, (Theo)= (N5 / Neft, 1) 1 7. o (36-5.3% (3.6-5.9%
(C)(D) 1.5-2.2 15-2.2
E. Spin fluctuation rate (22), we obtain I')/T'Q ~0.037 for CePtSi andl{/T'q

The nuclear spin-lattice relaxation rate is determined by~ 0.-14 for CePtSiGey 1.
the electronic spin fluctuation rafef. Eqs.(9) and(10)]. It is

straightforward to show that the average fluctuation rates F. Field dependence of 1T,
[y, can be expressed in terms of the Korringa product by  The field dependence of the spin-lattice relaxation has
2Kksy2S been measured in CePtSi and CeRiSi,; at 2.1 K over
AT, = (neff,ll'rllngff,K)a#! (21)  the frequency range 16—45 MHpr, equivalently, the field
a range 19-53 kOe The results are shown in Fig. 10.
wherea=| or L. If the effective fluctuation rat&®" is de- ~ CePtSi G& , exhibits an anomaly in the field dependence
fined by A= 2kg12S,/ x.. We obtain the relation around 27 kOe, whereas CePtSi has no measurable field de-
5 it pendence. In some heavy-fermion systems, e.g., CSiRY
Lo = (Neft,1m Mett i) al o - (22)  metamagnetic transitions are seen in applied fields. However,

a metamagnetic transition is excluded here, because
CePtSj (G&, ; does not show any nonlinear jump in the mag-
netization versus the field plot at 2 K. Since CeRtSig, 1 is
close to a QCP, the applied field necessary for NMR may
modify the spin dynamics if there is a critical magnetic field
in this range. The effects of field induced or suppressed QCP,
for instance, have been studied in Ce@Augy, where

The effectivef-moment fluctuation rates®™ calculated
from the Korringa products are given in Figs. 7 antbfen
circles. CePtSi and CePt§iGe, ; show much faster fluctua-
tions in theab plane than along the axis. The fluctuation
rate obtained from the half width at half maximyfWHM)
in the quasielastic NS spectra for CePf8iangles in Fig.

. eff .
7(3)] has been compared withi,” from the NMR experi- 3 Tesla is enough to suppress the NFL behavior at the QCP.

ments. The NS rates are higher, and the discrepancy betwe%}namic susceptibility experiments at fields in the neigbor-

the NS and NMR data increases at lower temperatures. If thﬁood of 27 kOe would be helpful to understand the possible

fluctuation rate from neutron scatteringllg |, according to &4 offect i Pt
Eq. (22) we find that(neﬁ,lfrl/ngﬁy,()L has to be greater than leld effect in CePL3igGe 1

unity, which, however, does not seem to happen. We notice IV. DISCUSSION
that the forms of the samples used in NS and NMR are .
different. A random powder of CePtSi was used in the NS A. Anisotropy

experiments, whereas a field-aligned powder sample was |n Sec. |1l C, we discussed the observed anisotropy in the

measured in the NMR experiments. NS gives the averagesj nyclear spin-lattice relaxation anfispin fluctuation
fluctuation rate in all directions, but the NMR data gives the

fluctuation rate only in theab plane. In addition, neutron 020 : : : :

scattering and NMR probe different domains of the fluctua- ® CePiSi

tion spectrum(=GHz for NS and~MHz for NMR). This ----AJIA=0012

intrinsic difference between the two techniques may also o OBr O CePiSi,Ge,, ]

need to be taken into account. Gbhas pointed out that « —— 414" =006

1/T; in NMR is a sum over all wave vectors of the dynamic E's o.10f %% y

susceptibility, and is expected to be less sensitive than NS to Eg 47 %) l $ %} (L % l

the coherent effects in the long-wavelength limit. < osh f} + 1 i I P ]
The anisotropy of the fluctuation rate is shown in Fig. 9. ' o ?T T

Fluctuations in thab plane are faster than fluctuations along . &

thec axis. The ratiosl“fﬁ/l“‘iff are found to be roughly equal 0.00, y §§-§§%§E $ -?6 20

to the ratios A?/A3=0.012 and 0.06 for CePtSi and Temperature (K)

CePtSj G 5, respectively, wherd,, a=ll or L, is obtained

from the slope of th&-x plot, and is equivalent t0g Ao FIG. 9. Ratios of the fluctuation rat&"/T%" for CePtSi(filled
From Eqgs.(12) and (22), it is not difficult to see that circley and CePt$jdGey; (open circles Dashed line:AZ/A%
T/~ A%/ A? is expected for the two samples. From Eq. =0.012. Solid lineA?/A% =0.06.
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FIG. 10. Field dependence of the spin-lattice relaxation mea- FIG. 11. Temperature dependence @T)™ calculated by

sured in CePtSifilled circles and CePtSigGe ; (open circlegat ~ Kondo-disorder model for cases @f,=0.4 (dashed curveand 2
2.1 K. (solid curve (see the text

rates in CePtSi and CeP§3Ge, ;. The relaxation rates for We assume a simplified rectangular distribution function
fields along thec axis are faster than for fields in treb  P(Tx) of the Kondo temperature, i.&,

plane. However, the fluctuation rates are found to be much

greater for fluctuations in thab plane than for fluctuations UTy-Tm), Tn<Tc<Tu,

along thec axis. This seems to contradict our understanding P(Tx) = 0 otherwise (24)

of the relaxation, because the faster spin fluctuations in the ' '

ab plane are expected to relax nuclear spin more slowly for hereT dT - d . | B
fields along thec axis. But from Eqs(9) and (10), we see whereTr, andTy are minimum and maximum values

that anisotropy of the static susceptibility and hyperfine Cou_respectlvely. From Eqg4) and(24), the calculation of the

. _l . . .
pling constant must also be considered in order to explain th&"'a9¢ relaxation rafe, 'is straightforward. Two different

anisotropy of the relaxation and fluctuation rates. Similar ang;UItS at low temperatures are obtained: ¥y>T—0,

_1 . .
isotropic properties have been observed in the heavy-fermioft * T/ (TmTm) (L_qe Korringa relation and  for
compound CeRyBi,4! Tu>T>T~0, T e@B-2T/T-T/TW/(Ty-Tw, i€,
As mentioned in Sec. Il D, the dynamic susceptibility T;l exhibits non-Korringa-like behavior. The minimum dis-
can be approximately expressed d@s y/T,. Combining tributed Kondo temperaturg,, determines the relaxation be-
this with the Korringa-Shiba relatiofEg. (13)], the average havior at low temperatures. This result clearly demonstrates

fluctuation rate is given by the relation the essential concept of the Kondo-disorder model that a fi-
) nite probability of finding the unquenched local moments
Lo~ N(tte)o/3TXer a@= 1 Or L. (23)  having T lower than the physical temperature, prevents the

system from entering to the FL state. Figure 11 illustrates the
two situations forT,,=0.4 K (dashed curveand 2 K (solid
curve. For both case§,,=20 K. These values of, are
roughly estimated from the predicated Kondo temperature
distribution given in Ref. 11 for CePigiGe,; and CePtSi,
respectively. Comparing Fig. 5 with Fig. 11, we find that the
Kondo-disorder model is able to account qualitatively for the
emperature dependence'blTl.

The Griffiths phase mod&i also provides a form for the
temperature dependence of the average relaxation rate, i.e.,

This expression giveB, /I’y =0.045 and 0.17 for CePtSi
and CePtSigGey 4, respectively, which are close to the re-
sults(0.037 for CePtSi and 0.14 for CePi§be, ) reported

in Sec. Il E. Sinceu.s and y are dominated by the CEF
splitting, we infer from Eq.(23) that the anisotropy of the
spin fluctuation is due to crystal field effects. In addition, the
previous resulft"/T"~A?/A% also suggests that the hy- .
perfine coupling constant is also strongly affected by the
CEF effect.

B. Disorder-driven relaxation

In Sec. Il B, the absence of a Korringa relation at low Ty w 2T tanh(w/T), (25
temperatures in CePt5jGe, ; has been considered as evi-

dence for non-Fermi-liquid behavior in this material down towhere A<1 is a characteristic exponent for the_Griffiths
~1.5 K. From our NMR linewidth studi# disorder-driven ~ phase. A frequency-depende(ur field-dependentT;" is
NFL models were found to be able to explain the NFL be-predicted by this model. In the temperature and frequency
havior in CePtSj¢Ge, .. In our study of NMR spin-lattice ranges of our NMR experimentsy/T<1. Thus tanfw/T)
relaxation, inhomogeneous relaxation rates also suggest thew/T, and the above equation can be approximate®,to
presence of magnetic disorder in the material. In order tocw '™, which is temperature-independent. Our experimen-
understand disorder effects on the NFL-like relaxation intal results(Fig. 4) do not agree with this relation. In addition,
CePtSj Gey 4, We consider the effect of a distribution of the field dependence d‘fIl in CePtSj G&y 1 (Fig. 10 does
Kondo temperatures on the Korringa relaxation in the singlenot obey Eq(25). Thus the Griffiths phase model seems to
ion Kondo-disorder model. disagree with our relaxation data.
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L 6 - - - - Recently, Walstedet al. reported a power law fof*Cu
s CePSi, Ge, 1/T; in CeCuy Aug 1 With a=0.75%* which is close to our
o ®si, H, || ¢, 25.5 MHz result in CePtQisGe, ;. Their argument for the disagreement
":f40- ] with Si's theory is that the nuclear spin-lattice relaxation
= . 0e%%00,0 o process may be dominated by the magnetic fluctuations in
; 030500°09%0050 o the region away from the neutron scattering Bragg peaks in
M ot & ] the Brillouin zone> It is worth noting that various power
8 ° o uT,1" laws for 1/T; have been found experimentally in these NFL
5 o T, materials: Sg/UgsPd; (@=0),%° YbRh,Si, («=0.5),%% and
5 o \ . . . CeCuy AUy, (@=0.5 and 0.75%%%% In Ugy,Y,gPds, 1/T;
= o 5 10 15 20 25 «TIn T.57
Temperature (K) YbRh,Si, is a heavy-fermion compound close to a QCP
i i H ,59 i 60 _
FIG. 12. Temperature dependence ofT{I** (filled circles but Wlthou.t chemical doping: _Ishmja et al'. have re
13 . . . ported a field dependence a@f in this material, and the
and 1/T,T+° (open circleg in CePtSj (Gey 1. . . -
temperature-independem as suggested by Si’'s local criti-
C. Other mechanisms cality tends to occur only in the extremely low-field muon

Other than disorder-driven mechanisms, several theoretfpPin relaxationuSR) experiments. In addition, no magnetic
cal models for the spin dynamics near a QCP have beeflisorder is observed in their NMR andSR experiments®-%°
studied. Since CePt§iGey; is close to a quantum phase These results suggest that the static magnetic field
transition, and comparing Figs(& and §b), the reduced (~3 Tesla in our NMR experiments might possibly sup-
Kondo energy scale due to this QPT may simply explain theoress the quantum fluctuations in CeRtfig, ;. On the
suppressed Korringa behavior in CeRBtSig); at low tem-  other hand, many of the QCP theories do not take magnetic
peratures. disorder into account. Magnetic inhomogeneity is inferred in

From scaling analyses of the NFL alloys UGRd, sand  CePtSj {Ge, 1 from our NMR experiments, and this disorder
Uo,YodPds, Tsvelik and ReizéP proposed that collective could also affect the correlation of order parameters at a
bosonic modes of the fluctuations near a QCP dominate thguantum critical phase transition, so that the predicted power
low-temperature properties. The predicted fluctuation spedaws or temperature-independef; are suppressed in
trum wx o gives a power law for the NMR relaxation rate CePtSj (Ge, ;.
1/T,«T* a=1/3. Sengupta and Georgésconsidered the
mean-field behavior in the QCP regime, and the associated V- CONCLUSIONS
NFL behavior with aT=0 spin-glass transition. They also  2°Si NMR spin-lattice relaxation measurements have been
found that the NMR relaxation rate could have a NFL tem-performed in CePtSi and CeP§3Ge, ; for applied fields in
perature dependence with=1/4. Figure 12 shows the tem- the ab plane and along the axis. Slightly sub-exponential
perature dependence of TyYT*® and 1m,TY* in  relaxation behavior is observed at low temperatures in the
CePtS) Gey 1. It is clear that neither of the above power two samples, suggesting an inhomogeneous distribution of
laws for 1/T, is satisfied at low temperatures. The fits to therelaxation rates due to magnetic disorder. A comparison of
low-temperature power law shown in Fig(bh give «  the experimental relaxation curves with the theoretical
=0.7-0.73 instead. This suggests a different relaxatiowurves based on the Kondo-disorder model shows qualitative
mechanism in CePt$iGe, ;. agreement.

Recently, Siet al!” have proposed a new type of QPT, in  The Korringa relation is observed in CePtSi but not in
which the fluctuations of the order parameters at the criticaCePtSj 4G&, ;, which means that the former has FL-like low-
point are localized in space, instead of spatially extended asnergy excitations and the latter has NFL excitations at least
expected in a conventional QPT. This so-called local critical-down to~1.4 K. This result is in agreement with that from
ity has successfully explained properties of the NFL heavythe specific heat experiments. The non-Korringa temperature
fermion alloy CeCy.,Au,, particularly neutron scattering dependence of T, in CePtS) Ge&); has been compared
data>3 According to their theory, both the Kondo and RKKY with the weak power laws or temperature-independef 1/
energy scales vanish at the critical point. In addition, thepredicted from the QCP-based theories, but none of them is
local QPT facilitates two-dimensional magnetic fluctuations.satisfied. This is evidence against a relaxation mechanism

As mentioned in the Introduction, CeP{SiGeg, has a involving quantum critical fluctuations in CeP§3Ge&, 1. The
similar phase diagram to that of Ce{yAu,. There is also a static magnetic field required for our NMR experiments
possibility for CePtSjdGey; to be considered quasi-two- might suppress the quantum fluctuations as in YSRtr6-60
dimensional in the spin and/or spatial domains, because spif@®n the other hand, the Kondo-disorder model is able to re-
in the ab plane have much greater fluctuation rates as disproduce the non-Korringa behavior and to give qualitative
cussed in Sec. Ill E, antSi has four nearest-neighbor e agreement with the 1, data in CePt$igGe, ;. This sug-
located in theab plane of the tetragonal crystal structure. Thegests that the relaxation in CeRi§bey 4 is dominated by
theory of Siet all’ is designed to accommodate these cir-disorder, which may also suppress quantum critical
cumstances. However, this theory predicts a temperaturdhuctuations®*
independent 17, in the relevant temperature range, in dis-  Anisotropy in the relaxation rates and the hyperfine cou-
agreement with our datgdrig. 4(b)]. pling constants is seen in CePtSi and CeffS&, ;. Theab
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plane has a greater &efluctuation rate and hyperfine cou- observed in CePt§iGe, ;, but not in CePtSi. The cause of
pling constant than the axis. A strong CEF effect on @&  this anomaly is not clear at this moment. Other experimental
ions in the two samples is believed to be responsible fotechniques such as the dynamic susceptibility measurements
much of this anisotropy. The Korringa products in the twoat different fields may be helpful.

samples also show anisotropy. The effective momenis

calculated from the lowest CEF-split levels are found to be

able to explain this anisotropy. The corrected Korringa prod- ACKNOWLEDGMENTS

ucts are of the same order as that for a free electron gas,

which suggests that spin-spin correlations and magnetic or- This research was supported by the U.S. NSF, Grants No.
der are not dominant in CePtSi and CeRtSig, ;. This ap- DMR-9731361, No. DMR-010229@JC Riversidg and No.
pears to be evidence against the Griffiths phase model iPMR-9820631(CSU Los Angeles Research at Whittier
these materials, because the expected spin correlations @ollege was supported by a grant from the Research Corpo-
magnetic clusters suggested in this model are not seen. Amtion, and by a ROA addendum to NSF Grant No. DMR-
anomaly in the field dependence of the relaxation rate i9731361.

*Present address: Condensed Matter and Thermal Physics, Los Ala- Maple, Rev. Sci. Instrum73, 3038(2002.
mos National Laboratory, Los Alamos, New Mexico 87545, USA. 20, Fukushima and S. B. W. Roedé&nperimental Pulse NMR: A
"Present address: Department of Physics, Kyoto University, Kyoto Nuts and Bolts ApproactiAddison-Wesley Publishing Com-

606-8502, Japan. pany, Inc., 1981
IW. H. Lee and R. N. Shelton, Phys. Rev. 35, 5369(1987). 21D, L. Cox, Phys. Rev. B35, 6504 (1987).
2M. Sera, T. Satoh, and T. Kasuya, J. Phys. Soc. Ff2.1932  22Nonexponential relaxation occurs for a quadrupolar-split spec-
(1987). trum unless all the quadrupolar-split transitions are saturated
3H. R. Ott, E. Felder, S. Takagi, A. Schilling, N. Sato, and T.  uniformly (see Ref. 62
Komatsubara, Philos. Mag. B5, 1349(1992. 23C. H. Pennington, V. A. Stenger, C. H. Recchia, C. Hahm, K.

4R. Kohler, B. Strobel, C. Kdmmerer, A. Grauel, U. Gottwick, E. Gorny, V. Nandor, D. R. Buffinger, S. M. Lee, and R. P. Zie-
Goring, A. Hohr, G. Sparn, C. Geibel, and S. Horn, J. Magn. barth, Phys. Rev. B63, R2967(1996.
Magn. Mater.90&91, 428 (1990. 24D. Tse and S. R. Hartmann, Phys. Rev. L&, 511(1968.
5F. Steglich, C. Geibel, K. Gloos, G. Olesch, C. Schank, C.?>K. Ghoshray, B. Bandyopadhyay, and A. Ghoshray, Phys. Rev. B
Wassilew, A. Loidl, A. Krimmel, and G. R. Stewart, J. Low 65, 174412(2002.
Temp. Phys.95, 3 (1994). 26M. R. McHenry, B. G. Silbernagel, and J. H. Wernick, Phys. Rev.
6T. Gotzfried, A. Weber, K. Heuser, D. Maurer, E.-W. Scheidt, S. B 5, 2958(1972.
Kehrein, and G. R. Stewart, J. Low Temp. Ph§27, 51(2002. 27B. Ambrosini, J. L. Gavilano, P. Vonlanthen, and H. R. Ott, Phys.

’G. R. Stewart, Rev. Mod. Phyg.3, 797 (2001). Rev. B 60, R11 249(1999.

8H. von Léhneysen, J. Phys.: Condens. Mat8e19689(1996). 287, Krimmel, A. Severing, A. Murani, A. Grauel, and S. Horn,

9H. von Léhneysen, J. Magn. Magn. Mat&00, 532 (1999. Physica B180&181, 191(1992.

103, Horn, A. Mehner, C. Kammerer, B. Seidel, C. D. Bredl, C. ?°A. Abragam,The Principles of Nuclear Magnetis(®@xford Uni-
Geibel, and F. Steglich, J. Magn. Magn. Mat2@8 205(1992. versity Press, London, 19%2

1B.-L. Young, D. E. MacLaughlin, M. S. Rose, K. Ishida, O. O. 30w, E. Blumberg, Phys. Rev119, 79 (1960.
Bernal, H. G. Lukefahr, K. Heuser, G. R. Stewart, N. P. Butch,3!D. E. MacLaughlin, M. S. Rose, B.-L. Young, O. O. Bernal, R. H.
P.-C. Hoet al, Phys. Rev. B70, 024401(2004). Heffner, G. D. Morris, K. Ishida, G. J. Nieuwenhuys, and J. E.
120. 0. Bernal, D. E. MacLaughlin, A. Amato, R. Feyerherm, F. N.  Sonier, Physica B326, 381(2003.
Gygax, A. Schenck, R. H. Heffner, L. P. Le, G. J. Nieuwenhuys,®?M. J. Lysak and D. E. MacLaughlin, Phys. Rev. &1, 6963

B. Andrakaet al, Phys. Rev. B54, 13 000(1996. (1985.
137, H. Castro Neto, G. Castilla, and B. A. Jones, Phys. Rev. Lett33K. Sugawara, J. Phys. Soc. Jp#d, 1491(1978.
81, 3531(1998. 34C. P. Slichter, Principles of Magnetic ResonancSpringer-

14D, E. MacLaughlin, O. O. Bernal, R. H. Heffner, G. J. Nieuwen-  Verlag, New York, 1999
huys, M. S. Rose, J. E. Sonier, B. Andraka, R. Chau, and M. B3®G. C. Carter, L. H. Bennett, and D. J. Kahan, Prog. Mater. Sci.
Maple, Phys. Rev. Lett87, 066402(200D. 20, 1 (1977.
I5A. M. Tsvelik and M. Reizer, Phys. Rev. B8, 9887(1993. 36T, Moriya, J. Phys. Soc. Jpril8, 516(1963.
16A. M. Sengupta and A. Georges, Phys. ReV68 10 295(1995.  37Y. Kuramoto and E. Miiller-Hartmann, J. Magn. Magn. Mater.
17Q. Si, S. Rabello, K. Ingersent, and J. Lleweilun Smith, Nature 52, 122(1985.

(Londonr) 413 804 (2001). 38K. Asayama, Y. Kitaoka, and Y. Kohori, J. Magn. Magn. Mater.
18K, Hashi, A. Oyamada, S. Maegawa, T. Goto, D. Li, and T. Su-  76&77, 449(1989.
zuki, J. Phys. Soc. Jpr67, 4260(1998). 39T. Omuta, K. Fujiwara, J. Takeuchi, Y. Kohori, and T. Kohara,

19B.-L. Young, M. S. Rose, D. E. MacLaughlin, K. Ishida, O. O.  Physica B259-261 378(1999.
Bernal, H. G. Lukefahr, K. Heuser, E. J. Freeman, and M. B.*°B. S. Shastry and E. Abrahams, Phys. Rev. L&®.1933(1994).

174430-12



2951 NUCLEAR SPIN-LATTICE RELAXATION IN... PHYSICAL REVIEW B 70, 174430(2004

4Ly, Kitaoka, H. Arimoto, Y. Kohori, and K. Asayama, J. Phys.  432(2000.

Soc. Jpn.54, 3236(1985. 53A. Schroder, G. Aeppli, R. Coldea, M. Adams, O. Stockert, H.
423, M. Myers and A. Narath, Solid State Commul2, 83 (1973. von Loéhneysen, E. Bucher, R. Ramazashvili, and P. Coleman,
43T, Ohama, H. Yasuoka, D. Mandrus, Z. Fisk, and J. L. Smith, J. Nature(London 407, 351(2000.

Phys. Soc. Jpn64, 2628(1995. 54R. E. Walstedt, H. Kojima, N. Butch, and N. Bernhoeft, Phys.
44D. E. MacLaughlin, O. Pefia, and M. Lysak, Phys. Rev28 Rev. Lett. 90, 067601(2003).

1039(1981). %5K. Ueda, T. Kohara, D. A. Gajewski, and M. B. Maple, Physica B
45D. E. MacLaughlin, F. R. de Boer, J. Bijvoet, P. F. de Chatel, and  281&282, 400(2000.

W. C. M. Mattens, J. Appl. Phys50, 2094 (1979. 56K. Ishida, K. Okamoto, Y. Kawasaki, Y. Kitaoka, O. Trovarelli, C.
46E. Kim, M. Makivic, and D. L. Cox, Phys. Rev. LetZ5, 2015 Geibel, and F. Steglich, Phys. Rev. Le®9, 107202(2002.

(1995. 57]3. L. Gavilano, B. Ambrosini, P. Vonlanthen, J. Hunziker, and H.
4’M. Lee, G. F. Moores, Y. Q. Song, W. P. Halperin, W. W. Kim, R. Ott, Physica B230&232, 563 (1997.

and G. R. Stewart, Phys. Rev. 88, 7392(1993. 580. Trovarelli, C. Geibel, S. Mederle, C. Langhammer, F. M.
48A. C. Hewson,The Kondo Problem to Heavy FermiogGam- Grosche, P. Gegenwart, M. Lang, G. Sparn, and F. Steglich,

bridge University Press, Cambridge, 1993 Phys. Rev. Lett.85, 626 (2000.
49J. P. Vithayathil, D. E. MacLaughlin, E. Koster, D. L. Williams, 59p, Gegenwart, J. Custers, C. Geibel, K. Neumaier, T. Tayama, K.

and E. Bucher, Phys. Rev. B4, 4705(1991). Tenya, O. Trovarelli, and F. Steglich, Phys. Rev. Le80,
50H. Shiba, Prog. Theor. Phy&4, 967 (1975. 056402(2002.
51T, Sakakibara, T. Tayama, K. Matsuhira, H. Mitamura, H. Amit- 60K . Ishida, D. E. MacLaughlin, B.-L. Young, K. Okamoto, Y. Ka-

suka, K. Maezawa, and YOnuki, Phys. Rev. B51, 12 030 wasaki, Y. Kitaoka, G. J. Nieuwenhuys, R. H. Heffner, O. O.

(1995. Bernal, W. Higemotcet al,, Phys. Rev. B68, 184401(2003.

52C.-Y. Liu, D. E. MacLaughlin, A. H. Castro Neto, H. G. Luke- V. Dobrosavljevic and E. Miranda, cond-mat/0408336.
fahr, J. D. Thompson, J. L. Sarrao, and Z. Fisk, Phys. Re&1B  52A. Narath, Phys. Rev162, 320(1967.

174430-13



