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Muon spin rotation and relaxation experiments have been carried out in single crystals ofSrhRh
compound that exhibits non-Fermi-liquitNFL) behavior associated with a quantum critical pdi@QCP at
T=0. The zero-field muon relaxation rate is found to be independent of temperature down to 100 mK but to
increase below-70 mK, which suggests magnetic order at low temperatures. From the relation between the
internal field at thew’ stopping site and the hyperfine coupling constant the orderéd Yiibment is very
small, ~2x 10 3. Muon spin rotation linewidths in a transverse field of 6 kOe indicate a homogeneous
susceptibility down to 2 K, which is an order of magnitude lower than the charactéksticlo) temperature
Tx~25 K. This is evidence against the importance of disorder-driven NFL mechanisms in,ShRin
longitudinal magnetic fields the muon spin-lattice relaxation func@gn) is exponential, again indicative of
a homogeneous system. The relaxation obeys the time-field scaling refdtidn) = G(t/H), which suggests
long-lived spin correlations at low temperatures. ThéYbpin dynamics derived from muon spin relaxation
appear to be intimately related to critical magnetic fluctuations near the QCP.
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. INTRODUCTION systems such as CegEuR,(R=Au,Ag) (Ref. 7 and
UCus_,Pd,,2 and in antiferromagnetic(AFM) heavy-
Non-Fermi-liquid (NFL) behavior and quantum critical fermion (HF) compounds such as CgIn(Ref. 4 and
(QC) phenomena in strongly correlated electron systems argepgsi, (Ref. 9 in which the magnetic order is suppressed
among the most intensively studied subjects in condensegy, applying pressure.
matter physics. NFL behavior is observed in a number of Microscopic techniques such as nuclear magnetic reso-
f-electron systems, which show pronounced deviations fron?lance(NMR) nuclear quadrupole resonanédQR), and
conventional Landau Fermi—lliquid prpperties when_they A%nuon spin rotation and relaxatiopSR) are powerful tools
tuned through a quantum critical poi@CP by varying a with which to investigate QC magnetic fluctuations. While

control parameter such as doping, pressure, or magnet 0-12 ;
field? The character of magnetic fluctuations near a QCP haEQRl and other experiments have revealed pressure

been investigated not only to elucidate the behavior of mag'-ndUCEd superconductivity, few NMR andSR expenments_
netic order in metals but also with relation to unconventional"der Pressure have been reported to date due to experimen-
superconductivity, since superconductivity with Cooper paird@! difficulties. In particularu SR studies of NFL behavior
having finite angular momentum sometimes appears aftdrave been limited t_o alloy systems at ambient pressure.
suppression of the magnetic order by applied presstre. NMR and SR experiments on the NFL alloys UCuPd,,
QC magnetic fluctuations have been proposed as a promising=1.0 and 1.5, have revealed strongly inhomogeneous spin
pairing mechanism for this unconventional superconductiviluctuations and the time-field scaling expected from glassy
ity, the character of which has not been fully understood. dynamics; theuSR results suggest a quantum spin-glass
When a compound is close to its QCP, due to the develstate near the QCP.But disorder may strongly influence the
opment of spin fluctuations that mediate interactions betweeagpin fluctuation behavior, so that it is quite important to in-
guasiparticles, quasiparticle masses, and scattering cross seestigate whether or not inhomogeneous behavior is seen
tions show pronounced temperature dependéideese ef- even in nominally ordered stoichiometric compounds near
fects are one mechanism for NFL behavior such as anomahe QCP. This might give important information about QC
lous temperature dependence of the deviatiom=p(T) magnetic fluctuations angtSR experiments on structurally
—po of the electrical resistivity from its zero-temperature ordered compounds in which NFL behavior can be observed
value ApxT%, 1<a<2), and thef-electron specific heat at ambient pressure would be highly desirable.
coefficient AC/Tx—InT).2%® This contrasts with the The NFL compound YbRJSi, appears to be a suitable
Fermi-liquid behavior seen in ordinary metals{=T? and  system for the study of such “clean” NFL physics. Yb§Si,
AC/T=const). NFL behavior has been observed in alloycrystallizes in the ThGSi, structure, and appears to be lo-
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cated in the vicinity of a QCP from a number of bulk implanted into the sample, and the subsequent decay of the
measurement¥:!® The resistivity and specific heat at low x* spin polarization is monitored in time by measuring the
temperatures showmpxT and AC/Tx—InT over a tem- asymmetry in the number of decay positrons emitted parallel
perature range of more than a decade. Re¢@t NMR  and antiparallel to the.* spin direction. The resulting relax-
studies® revealed that at 1.5 kOe the nuclear spin-latticeation functionG(t) is analogous to the free induction signal
_relaxation rate divided by t_em_per_atureT;.T Co_ntinues 10 in a pulsed NMR experiment. An advantage ©8R com-
increase down to 50 mK, indicative of growing magnetic nared with NMR is that the former can be performed in zero
correlation even at the lowest temperature. The NFL behavzng weak applied magnetic fields, whereas NMR requires a
ior is suppressed by the application of an external magnetigubstantial applied field. The shape and duratiofs¢t) are

T o i nfuenced by the ocal magnetc fieds at the sopping
Y P Y ites due to their magnetic environments.

specific heat have been associated with an AFM transition at . :
that temperatur&1"18A small magnetic field of~500 Oe There are two classes of relaxation mechanisms. Relax-
in the ab plane is enough to suppress this transition. Thes@.t'or? by. a d|str|Put|on of static Iopal fields reﬂ'ects a spatial
results indicate that YbRSi, undergoes a magnetic phase distribution of,u Larmor precession frequencies and hence
transition for very low temperatures and magnetic fields, buPf the local fields. TherG(t) relaxes due to loss of phase
is quite close to an AFM QCP. coherence between proces.smg spins, and the relaxation

In order to investigate the 70-mK anomaly and the charfime is of the order of the inverse of the spread in Larmor
acter of spin fluctuations at zero and weak magnetic fieldsrequencies. If theu™ local field distribution is due to ran-
we have carried out zero-fiel(ZF) and longitudinal-field domly oriented neighboring magnetic dipole moments
(LF) (i.e., muon spin polarization parallel to the applied (nuclear or electronj¢ the central limit theorem suggests a
field) muon spin relaxation experiments on Yo8lp. uSR  Gaussian field distribution if more than a few moments con-
is a unique technique for the study of local magnetic prop4ribute, in which casé(t), which is the Fourier transform
erties at arbitrarily low magnetic field$?° We have also of the frequency distribution, is also Gaussian. Fields due to
carried out transverse-fiel(lF) wSR (muon spin perpen- randomly oriented nuclear dipolar moments, which usually
dicular to applied fiel in YbRh,Si, at higher fields and do not reorient on the time scale pfSR experiments, often
temperatures in order to characterize the local magnetic sugive rise to static relaxatiof.
ceptibility and its inhomogeneity. Preliminary reports of  zF.;, SR is also a very good probe of static electronic
some of this work"?* have been submitted for publication. magnetism, with or without long-range order. Although ZF-

29 . . . .
Si NMR\?gdles have also been performed in Yb&h as uSR, unlike neutron diffraction, gives little or no informa-
noted above’ but, due to the low natural isotopic abundanceyjon on the magnetic structure, it is extremely sensitive to

29 . . . B
gf S|\|“\(/|4§8%) and consequhent low |5|gbnal-to-nof|se ra(;'o'btoweak magnetism: moments of the order of $; produce
ate measurements have only been performed abovg i’ Coin o ano

1EI5eIr(n?a$1.ts of the ZF-, LF-, and TESR techniques used in fl Dyna_lmic p" local .fields.due to th.ermally. excited spin
. . . . uctuations lead to spin-lattice relaxation, as in NMR, and as
this study are briefly reviewed in Secs. | and | A, respec-. . :
tively. In Sec. Il we describe our experimental results onn the Iatt_er case the relax_atlon rate is a measure of the spec-
YbRh,Si,, which include the temperature dependence of thérall density of the fluctuations at thieow) muon or nuclear
ZF muon relaxation, the field dependence of LF relaxation a£€eman frequency. In the case of dynamic relaxatki)
20 mK, the temperature dependence of the muon spin rela2ft€n shows exponential behavior. , o
ation rate at a longitudinal field, =19 Oe, and temperature ~ Static and dynamic relaxation mechanisms can be distin-
dependence of the averagg, and r.m.s. widthsK,, of ~ 9guished byuSR experiments in a longitudinal applied mag-
the muon Knight shift distribution from TSR measure- netic fieldH, (i.e., a field parallel to the.™ spin direction
ments above 2 K. The implications of these results for thenuch larger in magnitude than a typical local fi@g.. This
magnetic state below the 70-mK transition and the spin dyproduces a resultant field, + By, essentially in the direc-
namics at low temperatures and fields are discussed in Seiton of the applied field and hence of the" spin. If H,
[1l. In this section we also consider the implanted muon stop-+ B, is static the muons do not precess substantially, and
ping site using theK,, and 6K, data together with the their spin polarization is maintained indefinitely. This proce-
bulk anisotropic susceptibility measured on a single crystaldure is known as “decoupling” of the ™ spin. The expected
The preseni.SR and?°Si NMR data at low temperatures are field for decoupling is a few times the spreAd,,. in local
also compared in Sec. Ill. Finally, we summarize our resultdields, which can be estimated self-consistently by assuming
in Sec. IV. Determination of the probable muon stopping sitethat the relaxation is static. Then the observed relaxation rate
from TF-u SR data is described in the Appendix. gives the spready,AB)y. of u" precession frequencies,
where y,=2mx13.554 kHz G* is the 4™ gyromagnetic
A. Zero- and longitudinal-field muon spin rotation ratio, and decoupling is complete féf >AB. If on the
: (gF_ and LF- uSR) P other hand the relaxation is dynamice., due to thermal
m fluctuation ofBy,.), then the relaxation rate is usually much
1SR is a sensitive local probe of static and dynamic magless affected by the relatively weak applied fiétgpically
netism in solid$>%*Spin-polarized positive muong:(') are  H,_ <100 Oe) required for decoupling.
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ZF- and LFu SR relaxation data are often analyzed usingso thatK, given by
the Kubo-ToyabéKT) model?® which treats the distribution .
and dynamical fluctuation d,,.. This model determines the K=A"Xxi, 4)

shape of the relaxation function and its rate of decay as 8xpresses the relative frequency shift at the stopping site.

function of H, and the parameters that characterig..  For a given direction oH.,, the shifted resonance frequency
Experimental ZF- and LRSR data for YbRESK, are dis-  , is given by

cussed in Sec. Il.
w=wy(1+K), (5)

B. Transverse-field muon spin rotation (TF-uSR) wherewo =y ,Hey and to first order irk
! Tex

In TF-uSR one measures the Larmor precession of the
™ spin under the influence of the static magnetic field at the _ Hex (B¥—Hey) - ~
u” stopping site in the crystal lattice. The precession fre- K= H2 =Hea K-Hex: ®)
quency is given byy,B,,, whereB, is the total magnetic e
field at thew™ stopping site, i.e., the sum of the external field hereH,,, is a unit vector in the direction dfiey.
and the internal field at the™ stopping site. Neglecting the In a randomly oriented powder samp{egiven by Eq.(6)
diamagnetic and Pauli paramagnetic fields, the total field &t distributed. Then the angulétpowder”) averageK ,, and
the u™ stopping site in YbR§SI, is given by B“=Hg,  r.m.s. spreadK, s of this distribution are directly related to
+B", whereH, is the externally applied field ar is the  the TFuSR shift and relaxation rate, respectively. More spe-
transferred hyperfine field originating from the polarizationcifically, the Knight shift(including the RKKY term in a
of the YB** 4f moments. In the following discussion the single crystal(i.e., a powder grainis given by
Lorentz and demagnetization fields are includedig, for .
simplicity. K(Hex) =K 1175+ K25+ Kagv3, (7)
The polarization of the Yb" moments affects the field at N
the u ™ stopping site through two coupling mechanisms: thewhere (y1,y2,vs) are the direction cosines éfe,, relative
direct dipolar field at the interstitigh* stopping site, and to the principal axes oK. Then the angular average is
polarization of the conduction electrons by the3Ybmo-
ments, which produces an additional field at the stopping K =E(K + Kot Ka) (8)
site by the indirect Ruderman-Kittel-Kasuya- Yosi@RKKY) avg it ezt mesh
mechanism. The field produced by both dipolar and RKKY

2 _
fields is proportional to the field-induced Y atomic mag- where the angular averages;ja,=1/3 have been used. The

netic momentu; difference K (Hoy) = K (Hey) — K4 is then
Bhf:Ahf' :Ahf' ‘H (1) A 2 1 2 1 2 1
M Xf Mext: OK(Hex) =Kag| ¥1— 3 + Koy v2— 3 +Kag ¥3— 3/
where A" is the hyperfine coupling field tensor at the" (
stopping site ang; is the YB*"-moment susceptibility ten- L
sor. ThusA" can be decomposed into dipolar and RKKY and oKym.s.is given by
termsA= A9P+ ARKKY “The dipolar term is a tensor given 4
by (5Kr.m.s)2:4_5( K1+ KEot+ K3 K1iKop— KoK g
_ 3rr—1 — K1y (10)
dip_ 331U
AP=2, ( 5 ) 2 L,
r where the angular averages;t/;)a~(26;;+1)/15 have

been used. In Sec. Il B and the Appendix E@®.and(10),
together with experimental values of the mean and r.m.s.
width of the YB'*-moment Knight shift distributior(Sec.
I A), are used to determine the most probable muon stopping

where the summation extends over the>Ybomoments in a
Lorentz sphere;,=(X1,X,,X3) are vectors from the muon to

each of the moments included in the summatiois a unit
vector in the direction ofr, and 1 is the unit tensor J;;
= §jj). The dipolar contribution is especially important for
the determination of the ™ stopping site. There is no simple
expression foARKKY | put if we reasonably assume that the
coupling through the conduction electrons is isotropic in na- A powder sample of small-grain single crystals of
ture thenARKKY = ARKKY1 This assumption, together with YbRh,Si, was used for the preseptSR experiments, since
lattice-sum calculations oA®P for various candidatex™  preparing a large single crystal is so difficult in this com-
stopping site® [Eq. (2)], allows determination of the prob- pound. This sample was taken from the same batch used for
able site. the 2°Si NMR experiment$® Bulk properties such as the
The YB*"-moment Knight shift tensoK is defined by resistivity, specific heat and susceptibility down to 10 mK
have been reported:® Small-grain samples of-1 g were
B#=(1+K)-Hex (3  pressed with GE 7031 varnish into pellets 13 mm diameter

II. EXPERIMENTAL RESULTS
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0.6 ——rr———————r— 4 whereA is the initial muon decay asymmetry, is a gener-

b 1 alized relaxation rate, and the exponentnterpolates be-
%-‘!!E i l tween exponential¥=1) and Gaussiany=2) limits. We
] §H£~ employed this fitting formula because its parameters give a
| crude indication of the behavior of the relaxation, i.e.,

N
(=

-

9 13 whether the relaxation is exponentiéle., probably dy-

e 400 mK DQBQQQ namig, Gaussian(i.e., probably stati; or intermediate be-
o 16mK §§§§§; tween these limits.
> 4 6 s The _parameterA _andy are plotted versus temperature in
Time (s ) PR the main panel of Fig. 1. Both parameters are independent of
temperature in the range 0.1-1 K, and increase with decreas-
QDDO o G(t)= Aexp(-(A 1)") ing temperature below 70 mK. The valge=1 found above
i 1 100 mK indicates that the behavior of the relaxation is ex-

.0.. .Q ponential in this range. This is in contrast to the behavior of
o %0 5 ©

0.4

Asymmetry (%)

(=]

A (ps”

0.2

1 the KT relaxation function(which is Gaussian for short
times that characterizes relaxation due solely to static
- nuclear dipolar fields. Above 100 mK the exponential behav-
A \. ] ior suggests dynamical relaxation, as discussed in Sec. Il C.
ae L] e The constant value oA~0.041us ! in this temperature

0.8 o1 ---(-)'1 . 1' 0 range is, however, of the same order as tlBaussiah

Temperature ( K)

nuclear dipolar rate, as discussed in Sec. Il B.
Both A andvy increase below 70 mK and level off below
FIG. 1. Temperature dependence of the zero-fielR relax- 40 mK. The Increasg oy SUQQ_EStS a cro_ssover from a dy-
ation rate A (solid circles and exponenty (open circles in ~ namic to nearly Stat+|c relaxation behavior at low tempera-
YbRh,Si, from fits of the power-exponential functioG(t)  tures, indicating YB"-moment freezing below-70 mK.

= Aex — (At)"] to ZF-u SR relaxation data. Inset: zero-field SR~ The entirex™ relaxation function is characterized by this
asymmetry relaxation function§(t) in YbRh,Si, at 400 and 16 static relaxation, consistent with Yb-moment freezing over

mK. Dotted lines: fits to the power exponential foiG(t)=exp  the entire sample volume; the data put an upper limit of a
[—(AD)]. few percent on any coexisting paramagnetic volume fraction.
The low-temperature valug~1.6 indicates that the relax-
X1 mm thickness and were attached onto a silver samplgtion rate is nearly but not quite Gaussian, suggesting that
holder. uSR experiments were carried out at 13 beam  dynamical relaxation coexists with dominant static relax-
line of the Paul Scherrer InstitutdS)), Villigen, Switzer-  ation.
land. TFuSR data were obtained al®2 K in anexternal The spread in internal field at™ stopping sites is esti-
magnetic fieldH.=6 kOe using the PSI General Purpose mated from the relaxation rate at the lowest temperature to
Spectrometer, and ZF- and L&SR data were taken for tem- be ~2 G. The magnitude of the static Yb moment that
peratures between 16 and 1100 mK in the PSI Low Temperagives rise to this field depends on the stopping site, as
ture Facility. ZF- and LF2SR experiments were also per- discussed in Sec. Ill B, but in any event is quite small. The
formed down to 20 mK at the low-temperature facilities atdynamical relaxation observed at low temperatures in LF
KEK in Tsukuba, Japan. ZF- and LESR data taken at two decoupling experiments is analyzed in Sec. Il C below.
facilities were consistent with each other. Experimental data
obtained at PSI are reported in this article, and/LER data

in the higher temperature range up to 2 K, which were ob- B. LF-pSR experiments

tained at KEK, are also shown. LF-xSR measurements have been carried out in longitu-
dinal field H_ under the same conditions as the ZBR
A. ZF- uSR experiments measurements. The inset of Fig. 2 sho@&) for H =0,

The inset of Fig. 1 shows the time dependence of the zF11: 28, and 100 Oe at=20 mK. The relaxation functions
SR muon decay asymmetry at 400 and 16 mK; the timdor all applied fields except zero field can be fit to an expo-
dependence of the asymmetry gives the ZER relaxation nential functionG(t)=A exp(-t/T;). This functional form
function G(t).2324The relaxation is much faster at 16 mK indicates that the relaxation rate is spatially uniform over the
and the functional form ofs(t) at 16 mK appears to differ sample, since in general a distribution of rates leads to a

from that at 400 mK. The relaxation rate at 16 mK is too Sample-averageG(t) that varies more —slowly —than
slow for the static KT recovery of thg,* polarization to exponentially?’** and is evidence against a disorder-driven

G(t—o)=1/3 (Ref. 25 to be observed within the time win- Mechanism for the NFL behavior of YbRBi,. Further evi-
dow of the present experiment. dence for t'hIS view obtained from TESR experiments is
The experimental asymmetry data were fit to the “powerdiScussed in Sec. Il A.
exponential” form The maln-panel of Fig. 2 sho_vvs 'Fhe dgpendence of the LF-
u SR relaxation rate T/ on longitudinal field at 20 mK. The
G(t)y=Aexd —(At)"], (11 relaxation rate shows a weak field dependence Higr
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' M | T i M ".”"I .' i "”“E 0-08 T T L L | T L
0pRgSgpnsaglan, gBiiz! ] . 0.
" LS s b | YbRh,Si, o
—15 (3 “.._‘__! a8 TEEY LF = 19 Qe :”:’L 0.." l . o0
10k 2 - . i — 0.06 I R %5
E T=20mK 8887 - E e §§"§-Q%
£10f o = 0 13 0 = 0 %
£ N = i TN 0.01}
= [ 11 0e d 5 ] — :!
~ | <3°= 28 Oe Q ] - 0.04 - % l 0.01 0.1 1
TU) 10 3‘ 0 | .100 Oe . . 2 _§ ~ | Temperature ( K)
e ; 0 2 4 6 8 1 ™~ %1!§
~ [ Ti 1 R -
|_‘_ L ime (us) ] 0.02 ® PSI i §~n\§ §
—10"E o 3 F O KEK -InT §\
0.00 el il
0.01 0.1 1
10°F 3 Temperature ( K
YbRh,Si, 9 P (K)
T =20 mK FIG. 3. Temperature dependence of Lin YbRh,Si, for H
=19 Oe. Filled circles: data obtained at PSI. Open circles: data
10° 3 obtained at KEKT is plotted on a log scale. Inset: same data, with
C Ll L S 1/T, andT plotted on log scales.
10° 10’ 10° 10°
H (Oe) fluctuations at low temperatures are discussed below in Sec.

Il C in relation to the spectral density of the fluctuations.
FIG. 2. Longitudinal field dependence of LIFSR relaxation
rate 1T, in YbRh,Si, at T=20 mK. Inset: ZF- and LF«SR relax-
ation in YbRKSi, measured aff =20 mK in external magnetic C. TF-uSR experiments

fieldsH=0, 11, 28, and 100 Oe. Solid curve: power-exponential fit TF-uSR spectra were obtained for applied fiehth,,

for H =0 (cf. inset of Fig. 1. Dotted curves: exponential fits for —6 kOe over the temperature range 1.8—250 K. |tx was
H.>0. found that the TRe SR relaxation function is approximately
exponential over this temperature range as shown in Fig. 4,

; ~1
=10 Oe but varies more strongly, & *, for H =20 Oe.  \hare the oscillatory factor is removed by transforming to a
It should be noted that 20 Oe, which is nearly 10 times IargeFeference frame rotating at the* precession frequency. In

than the estimated :_:,tatic inter_nal field below 70 mK, is largey,ig case the exponential relaxation is not dynamic in origin,
enough for decoupling. The field dependence dfyldbove v\t refiects an approximately Lorentzian distribution of pre-

20 Oe is therefore not due to decoupling, and instead indigegsion frequencies. The slight Gaussian-like behavior at
cates a field dependence of the dynamic relaxation mech%-aﬂy times forT=250 K may be due to the emergence of

nism_. . the nuclear dipolar component as the®Ybmoment broad-
Figure 3 gives the temperature dependence @f Tor ening decreases at high temperatures.
H_ =19 Oe. Data below 0.25 K were obtained at PSI, and

data between 0.09 dri?2 K were obtained at KEK. The re-

sults are consistent in the temperature range between 0.0¢ ' ' ' ' ' ' ' ' '

and 0.25 K. It can be seen thafTl/shows a weak tempera- 10 250 K YbRh,Si, i
ture dependence that can be fit te-&n T law above the Nel g‘%&& H,, =6 kOe ]
temperaturel =70 mK. A small anomaly in T/, is seen % *i = (Rotating frame) 1

below Ty that contrasts with the usual behavior off 1/in
the neighborhood of a magnetic transition, i.e., a maximum

1; N 20K zmgg
at Ty due to critical slowing down of magnetic fluctuations. \ % %

mmetry (%)

The smallness of the anomaly inT}/is, however, consistent E\
with other bulk measurements that show only weak changesg ~
at the transition; the resistive anomaly is only seen in high- < 1 ﬁ

purity samples, and the entropy releasd gtis very small, \

only about 0.0R In 2.151"1These results suggest that mag- k

netic fluctuations are relatively unaffected by the transition, | . .

and the continuous increase off1/down to the lowest tem- 1 5

peratures also suggests that critical magnetic fluctuations re-
lated to the QCP are present even beldy. The inset to
Fig. 3 shows that the data can also be fit to a weak power-law FIG. 4. Semilog plot of TR« SR asymmetry relaxation function
(T 017003 temperature dependence over more than a dein YbRh,Si, (after transformation to a reference frame rotating with
cade of temperature variation. Properties of the magnetithe u* precession frequengyStraight lines: exponential fits.

1.8K

N |
3 4
Time (pus)

(=]
(4]
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1.0 — — — 1.0 — T T T 1
F & . 1.0
0.8 I ® YbRh_Si, . .
— ..: H0 = 6 koe §
X 06 L 4 - ¥
~— ' %=}
X L 4 05
' 04} L Py . '
%%ccce,
0.2 d
- ( a ) . -
. . ‘ 0.0
0.0 — -+ — -+ +—t 0.00 0.02 0.04 0.06 0.08 0.10
susceptibility ( emu/mol)
ar @ 7] FIG. 6. Dependence df and 6K on bulk susceptibilityy in
—_ L 1 YbRh,Si,, with temperature an implicit parameter.
"o 3} L4 7]
= L Y ] the slopes, the averagl!l=NpugK/xa, and inhomoge-
<ol ° i neous spreadAl .=N,ugdK/ya in hyperfine coupling
~ L 4 fields are found to be
= ®e '
1} (b) ...“..' 4 A= —349+12 Glug (13
I ® 1 and
0 " e el " e ol N N
1 10 100 SAM =399+11 Glug, (14)

Temperature (K) respectively. We note that the intercefpfy=0) in Fig. 6,

FIG. 5. Temperature dependenceof (a) frequency shiftk ~ Which arises from sources other than 3Ybmoments(e.g.,
and (b) relaxation rate I in YbRh,Si,. the Knight shift due to the conduction-electron Pauli suscep-
tibility ), is appreciable.

We discuss below the possibility th&t and 6K are re-
lated to the spatially inhomogeneous susceptibility postu-
lated in disorder-driven mechanisms for NFL behatfor°
We also consider the alternative thatand 6K arise from
powder averages, and how under this assumption the cou-
G(t)=Aexp —t/T5)cog y, He(1+K)t+ ], (120 pling constant\l and A" _ can be used in the assignment

of the u™ stopping sitegSec. Il B).

Average frequency shift& and exponential relaxation
rates 175 were obtained from fits of the data to the relax-
ation function

whereA is the initial muon decay asymmetry amdis the
phase of the initialu* spin orientation. The temperature . DISCUSSION
dependence oK and 173 at 6 kOe are shown in Fig. 5.

e : ; : : We first compare the behavior &f,, and 6K to that
Both quantities increase considerably in magnitude with de- . o av rm.s. =¥ o 20
creasing temperature. expected from the disorder-driven NFL mechanighs

. 9 . . .
In general IT% is due to a combination of the dynamics Experimental results for théSi NMR linewidth are also

of the internal fieldglifetime broadeningand the dephasing ﬁ?kolr;‘ gr:i C|ﬂgpﬁgegisﬁgzstgitg:;?ﬁgn rgfstl;]lésir']:] E‘?](t:é d
due to a static distribution of Larmor frequencies. As dis- ) : b

cussed in Sec. Il B, the LE-SR data indicate that fields u stopping site, which is important for the estimation of the

. magnitude of the ordered Y6 moment belowTy, using
greater than 500 Oe are enough to supprebg, Hnd in any A . . .
event the observed data yieldTL<1/TY . Thus 1T% is TF-u SR data. Finally, the spin dynamics at low temperatures

. S . . re discussed in Sec. Il C.
dominated by static inhomogeneous line broadening, relate%

to the spreadsK of the Knight shift by the relatiorsK
=1/(y,HexT5). We argue in Sec. lll that this linewidth is
mainly due to powder-pattern broadening arising from the Strong temperature-dependent inhomogeneity of the spin
anisotropic Knight shift and the randomly oriented powdersusceptibility has been shown to be a signature of disorder-
grains of the sample. driven contribution to the NFL behavior in a number of NFL
Both K and 5K are accurately proportional to the sample- alloys?® In UCus_,Pd,, x=1.0 and 1.5(Refs. 28 and 31
average bulk susceptibilityy,,=(xat xp+ xc)/3 (except and CeRhRuSi(Refs. 32 and 33 NMR and uSR experi-
perhaps at the lowest temperatyras shown in Fig. 6. From ments revealed a strong temperature dependence and large

A. Relation betweenuSR/NMR linewidth and susceptibility
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low-temperature values of the inhomogeneous resonance T T T
linewidth compared with the average shift, suggestive of a
broad distribution of the local static susceptibilities. This in-
homogeneity effect can be understood in the so-called
“Kondo-disorder” model of Bernalet al?® and Miranda, uSR o
Dobrosavljevig and Kotliar?® which attributes the suscepti- - o oo © oOoooo .
bility inhomogeneity to a disordered spatial distribution of 000p~ ©

Kondo temperature$y , and also in the Griffiths-singularity
cluster model of Castro Neto, Castilla, and Joifds.is im-
portant to determine whether such a disorder-driven NFL
mechanism is present in the stoichiometric NFL compound i NMR ]
YbRh,Si,, since stoichiometry by itself does not ensure 0 00 o0 ® nfingEE llﬂ-ﬁ*
long-range structural order; for example, stoichiometric 0000 00 & x

[\
T

o -

</ K|

UCu,Pd exhibits disorder due to Pd-Cu site interchaifge. 01 — 1'0 — "'1'c')0 —
#SR and NMR resonance linewidths, which arise from the
distribution of the Knight shifts, are useful in determining Temperature (K)

the microscopic distribution of the local susceptibility. In the
following we briefly outline howpx SR and NMR resonance

linewidths give evidence concerning the origin of this eter. Unaligned and aligned powder samples were usedSét and

fetrilg 1Hiqn 28
d'St”bUt'on: . e NMR, respectively. In the NMR data the solid squares and circles
In the simplest case the local Knight shift is given by ;.o measured at 205 MHz ~@4.4 kOe) and 8.6 MHz

K(r)=a(r)x(r), where the hyperfine couplire(r) and the (100 koe), respectively.
local susceptibilityy(r) may both be spatially nonuniform.

If the dis_tributions of these quantities are uncorr_elated the _ o _
averageK of the Knight shift can be written aK=ay dence of«/[K|, which is roughly proportional to¢ and

=(E)(;) (the overline indicates a spatial averag@imilarly, grows to large values~+2) at low temperatures. These ex-

. _ (w2 212 , perimental results are in good agreement with disorder-
the r.m.s. W'.dth’.<_ ‘?Kf-m-s-_[K (K)“J** of the Knight driven NFL models and give clear evidence for susceptibility
shift distribution is given by

inhomogeneity, which suggests that a disorder-driven mecha-
(15) nism contributes to NFL behavior in Ugu,Pd, .
Figure 7 gives the temperature dependence/oK| (K
For uncorrelated distributions @f and x, « divided by the  =K,) in YbRh,Si, from the presentSR data and also from
magnitude|K| of the average Knight shift is approximately 2°Si NMR measurements, which were performed using a

FIG. 7. Temperature dependence&/|K| in YbRh,Si, from
1SR and NMR measurements, with temperature an implicit param-

Kk=06(ax)ms.-

given by field-aligned powder sample with the crystalliad plane
parallel to the external field. It can be seen tRAK| from

K \/ Sximel " [ 6aime)” both measurements exhibits very little temperature depen-
ﬁ* " + Py (16 dence below~70 K down to 1.8 k<T¢~25 K. This con-

trasts with the behavior observed in disorder-driven NFL sys-

Thus «/|K] is a measure of the fractional spread in suscep!€MS, and suggests that in YbfS$, the susceptibility is

tibility if the latter is greater than the fractional spreadain ~ €ssentially uniform. The lack of magnetic disorder in

A simple heuristic model shows howy /; (and YbRh,Si, is consistent with a low level of structural disor-
r.m.s.

hencex/K) might increase at low temperatures. In both thecielr,oasﬂ ewdelgc;edl byf :Ee small rejldual resistivity
Kondo-disorder and Griffiths-singularity models the local 'I.'hgvalcl:rg (ofe/.|K?f(r)om IS g%mpoflfm t | th
susceptibilityx(T) is assumed to follow a Curie-Weiss tem- 20 K i IS Tive imes farger than
perature dependenggT)x1/(T+A), whereA is a charac- that from_ Si NMR._ This dlgcrepancy appears to be malnly
teristic energy(Kondo temperature in the Kondo-disorder due to differences in experimental cm_:umstances, since the
model, cluster tunneling energy in the Griffiths-singularity #SR was performed on a randomly oriented powder sample
picture that is distributed. Then if this distribution is not too Whereas the NMR experiments utilized a field-aligned pow-
wide Sy, ms can be writtendy, n s~ |dx/ dA| A m s> x? for der sample. The large difference of the magmtudg bet\{veen
fixed 8A, s, SO thatdy,ms/x varies linearly withy, as NMR and SR strongly suggests that the anisotropic Knlg_ht
doesK/|E| if 5a,,,. does not contribute significantly. If on shift, rather than disorder-induced spatial inhomogeneity,

— dominates the linewidth in theSR experiments. Shift an-
the other handSy, s is small, thenx/|K| is dominated by P b

. ; . isotropy is discussed in connection with thé stopping site
83, s This is determined by the temperature—mdependengn thepr}]/ext section o pping

hyperfine coupling, so that bothand|K| are proportional to We conclude that disorder-driven NFL is not a major fac-
x and «/|K|~const. tor in the NFL behavior of stoichiometric YbR&i,. A

NMR and uSR experiments on UGu,Pd,, x=1.0 and promising NFL mechanism suggested by a recent NMR
1.5(Refs. 28 and 3lfound considerable temperature depen-studyL6 is introduced briefly in Sec. Il C.
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TABLE |. Calculated powder-average ZFSR static Gaussian  the anisotropic shift is typically dominated by tiieu™ di-
relaxation rateoz for candidaten™ stopping sitesmultiplicity,  polar interaction’® Our sample was an unaligned powder, so
Wyckoff letter, and relative coordinates in the bct latlide  \ye are not able to measure this anisotropy directly. Instead,
YbRh,Si,. Contributions from*"Yb, "%, *%n, and ?°Si nuclei o attribute the width of thew" line to powder-pattern
he_tve been included. The_ obsgrved val_ue of the exporjential rela)Sroadening, and use the averagg and r.m.s. widthsK . .
ation rate above 70 mkFig. 1) is also given for comparison. of the Knight shift distribution(Fig. 6). In the Appehdik
experimental values oK,, and 6K, ,s from Sec. | A are
used to obtain estimates for elements of the dipolar coupling
2b[%,%,0] 0.040 field tensorA%P for specific point symmetries of this tensor.
These elements are then compared with lattice-sum calcula-

site oz (us™h)

4c[5.0,0] 0.021 : dip o VI _
| 0.031 tions of A“P at the candidate.™ stopping sites considered
4e(0,07] : above(Table ).
4e[3.3.15 0.020 The 4e[ 3,3,5 ] site (or, equivalently, the €] 0,0, ] site)
8f[3.7.7 0.023 is found to be the most probable* stopping site. This
89(03,3 0.026 differs from results foru™ stopping sites in two Ce com-
8[1.0.4] 0.020 pounds with the same Thg3i, structure® in CeRy,Si, the
81.[;2';1;; 0.023 2b[ 3,3,0] site was obtained from the anisotropy of the hy-
161112’14’1 . 0.024 perfine coupling constants in a single crysfaland in
[‘1"‘1"372 0.021 CeRhSi, the 4c[ ,0,0] site was found from an analysis of
16’“[15*15'2_2] ' the internal field below the N temperaturé® These latter
16n[5,3,33] 0.022 two sites are in the Ce layer. On the other hand, the
Experimentalexponentia 0.04+0.01 4e[ 3,3, site for YbRBS, is close to thg0,0,0.2q u*
stopping site reported in tetragonal HoR}C.%’
B. Probable u* stopping site; static Y&+ moment From ZFu SR experiments we find that a static magnetic
below 70 mK field Hga=2 G due to frozen Y&" moments is induced at

L n . ) L . the u* stopping site at 16 mKSec. Il A). To estimate the
_ Determination of theu " stopping site, which is a basic giatic Y+ momentug, responsible for this field an ordered
issue inuSR experiments, can be quite difficult when a NUM-AFEM structure is assumed as an example: we calciatg

ber of possible _stopfing sit_es are present ina cqmpound. Ar the structure observed in Cefsi,, where the magnetic
number of possiblg.™ stopping sites for the YbRB, crys- oments are oriented in thid,1,0] direction with a propa-

tal structuré® (space groug4/mmn) are listed in Table I. . 11 .
[The site notation indicates site multiplicity, Wyckoff letter, gation vectorQ=(3,3,0). When the muon is assumed to

and relative coordinates in the body-centered tetragdmwal ~ Stop at the 4[3,7,5] site in YbRRSi, the dipolar field at
unit cell ] the u™ stopping site is antiparallel to the nearest®Ybmo-
Two methods that are commonly used to determine thenent. This nearest Yb neighbor also dominates the RKKY

" stopping site inf-ion system¥ involve comparison of coupling field, which is parallel to the ¥ moment. Then
calculated and measured quantities that depend on the sitlee magnitudeu,, of the static moment/Yb ion is approxi-
environment. These methods usg) the zero-field KT —mately given by ugparHepd |ARKSY —AP|, where AP s
nuclear dipolar relaxation rate ai2) the anisotropic Knight the dipolar coupling field constant at the' stopping site.
shift due to dipolar fields at the * stopping site from YB" This yieldsugar=2X 102 ug, which is one of the smallest

moments. We consider these methods in turn. spontaneous moments found in a magnetically ordered com-
In YbRh,Si, all constituent atoms have isotopes with a pound.
nuclear dipole moment!’yb, 13vb, 1%Rh, and ?°Si. The It should be noted that the estimated value of the ordered

calculatedu ™ ZF relaxation ratesr, due to dipolar cou- Yb®* moment does not change beyond a order of magnitude
pling to these nuclei at candidate” stopping sites are given even if implanted muons stop at other possible sites, or if the
in Table 1. The observed relaxation rate in the paramagneticagnetic structure is not that assumed above or is even dis-
region above 70 mK is comparable to but greater than therdered. The very small ordered ¥b moment seems con-
calculated nuclear dipole contribution. The observed relaxsistent with the lowT =70 mK, and with the recent obser-
ation function is exponential, however, which suggests thevation of a specific heat anomaly &f with a very small
importance of spin dynamics in the ZF relaxation processentropy release~0.03R In 2) (Ref. 38. Taken together, the
Furthermore, static dipolar relaxation rates much smalledata indicate that YbRSi, is located quite close to the QCP.
than 0.04us ! would not be measurable in the presence of
the observed exponential relaxation. Thus it is not possible to
identify the u™ stopping site solely from the nuclear dipole
field, because the calculated KT relaxation rates of Table | The exponentiality of the LRSR relaxation functions
are all smaller than the observed exponential rate. (Sec. 11 B indicates that YbRJSi, is free from magnetic
We therefore use the anisotropy of the shift to identifydisorder and is in a single phase even far below the Kondo
potentialu* stopping sites, noting that fikelectron systems temperature. The Kondo disordand the Griffiths-phasé

C. Spin dynamics near a QCP
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mechanisms seem to be ruled out as the primary cause for 25 —TTTr —TT
the NFL behavior of this compound, although these two
disorder-driven models have been considered as promising
theories for explaining the NFL behavior in heavy-fermion —~ 20
alloys. Investigation of low-temperature muon spin dynamics &2 s
is expected to yield additional information about the origin
of the NFL behavior on YbRSi,. In the following we dis-
cuss the field and temperature dependence of the muon spil - T=20mK
relaxation rate obtained from LESR experiments. ® H= 110e
As shown in Fig. 2, the relaxation function in small mag- o o8
netic fields is a single exponential, as is the relaxation func- - 100
tion observed in?°Si NMR in the field range 1.5-25 kOe. 5 -
These results suggest that the low-frequency spin dynamics m- o exp(/ ) I
N s PR 1

—_
[$;]

YbRh,Si,

mmetry (

Asy
o
)

are generally characterized by a single homogeneous fluctua PN |
tion component. 0.01 01 1
The temporal correlation functiog(t) of the fluctuating t/H (us Oe" )
muon local field 6B, (t) is defined by q(t)=(5Bu(t)
. 5B|oc(0)>/<| 5B|oc| 2>’ where the angular brackets indicate a FIG. 8. " relaxation function data of the inset of Fig. 2 plotted
thermal average. f(t) is exponential, with correlation time Vversus the scaling variabtéH.
7., the field dependence of Ty expected in LFo SR mea-
surements is law of the form of Eq.(18) is found?’ with y=1—a<1 for
5 5 power-law correlation and y=1+p8>1 for power-
£:27M<|5B|00| )Te (17) exponential correlation. Thus the present resa#tl implies
T, 1+ ViHETi ' thata or B is close to zero. This means thgt) is insensi-
tive to t, suggesting that the spin-spin correlation time is
If, in addition, 7. is independent of applied field, andrl/  quite long, and that the characteristic energy of spin fluctua-
=7,(18Biod )M, 1Ty is expected to exhibit & ? depen-  tions is quite small. Long correlation timéslow magnetic
dence fory2H? 72>1. This is inconsistent with the present fluctuations are generally expected in the critical region just
experimental result I/locH,fl (Fig. 4). In addition, the esti- above magnetic transitions.
mated value ofBj. from TF-uSR experiments and the  Figure 3 gives the temperature dependence f I a
(smal) value of 1T, yields 7.~10"' s, so that the relax- |ongitudinal field of 19 Oe. The absence of a clear anomaly
ation is in the motionally narrowed limit. Then Ty  nearTy is consistent with the observed small value of the
~272(8Biod®) 7c(H,T). The field dependence of Ty sug-  static YB* moment(Sec. Il B), as expected in the vicinity
gests that the correlation time itself has a field dependencgs 5 QCP. If we assume that the entropy releasd atis

for small longitudinal magnetic fields abovel0 Oe. small and that quantum critical magnetic fluctuations survive
The inverse field dependence oﬂ';hgécongstent With  pelow Ty, then the low-temperature muon relaxation should
the more general time-field scaling relation be dominated by these critical fluctuations. The long-lived

G(t,H)xG(t/H?) (18) correlations are therefore I!kely to be a characteristic feature
of quantum critical fluctuations.

with y~1, which is obeyed by the relaxation function data Over the temperature range 0.07-2 K the temperature de-
as shown in Fig. 8. Such time-field scaling can be derived fopendence of T/, (inset to Fig. 3 can be fit either to a loga-
certain functional forms ofj(t) without assuming a specific rithmic_dependence Tfx—InT, or a power law IV,

form for the muon relaxation function. Following Keren =T~ %1799 it is noteworthy that W;~—InT is the tem-

et al,?’ in the motionally narrowed limit the local muon po- perature dependence predicted by the self-consistent renor-
larization G,,«(t,H) relaxes exponentially with a rateTy  malization (SCR theory’® when the system is close to a

=2(|Bd?) 7.(H), where the correlation timers(H) is  two-dimensional(2D) AFM quantum critical point. If we
given by take into consideration the fact that the characteristic NFL

temperature dependences of the resistivity and specific heat
o Ap~T andAC/T~—InT are also in agreement with tem-
7e(H)= L q(t)cog v, HO)dt. (19 perature dependence near the 2D AFM critical point, the re-
sult 1/T;~—InT seems to reinforce this scenario. However,
SinceTy is hardly suppressed by magnetic fieldd00 Oe, recent specific-heat and magnetization measurements show
it is reasonable to consider that such small magnetic fields dthat both quantities diverge &— 500 Oe and a very large
not modify the spin-fluctuation spectrum. Thus the field de-Wilson ratio of about 14Ref. 18, which suggests the im-
pendence ofr,(H) is ascribed to variation of the™ Zee-  portance of ferromagnetic correlations. The experimental re-
man frequencyw, = y,H rather than a direct effect of field sults reported so far seem to indicate that the behavior of
on q(t). Whenq(t) exhibits stretched-layq(t)=ct™“] or  spin fluctuations in YbR}BI, is complex, with appreciable
power-exponentialq(t) = ¢ exd — (\t)?]) behavior, a scaling peaks at wave vectorg=0 andq=qy#0 in the dynamic
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B A IR B where yg; is the gyromagnetic ratio of tR&i nucleus and
Agi= — 727 Glug is the hyperfine field at the Si sité Fig-

ure 9 gives a comparison betw&Bfl/T;) and 2%(1/T,),
where the left-hand and right-hand scales are 4§d/T,)
and “F(1/T,) respectively, and the two scales are normalized

"0
&
=

Si-NMR n to each other using E¢20). The normalized-"(1/T,) is
o«
[42]
=

approximately three orders of magnitude larger than the nor-
malized 2%(1/T,), which suggests that the spin dynamics
have a very strong field dependence below 1.4 kOe. It is
] noteworthy that-F(1/T,) in 19 Oe, where the spin fluctua-

o' L A,K TT=const 110 tions are regarded to be the same as those in ZF, shows a
A R EEP 2y EE SR AP small increase with decreasing temperature, whereas

10* 10" 10’ 10’ 10° 10° 29(1/T,) in magnetic fields greater than 1.45 kOe decreases

Temperature (K) with decreasing temperature. This result suggests tiatid/

o . dominated by QC fluctuations with a weak temperature de-

FIG. 9. Temperature and magnetic field dengndence'bj M pendence down to the lowest temperature, that these fluctua-
Yth2LSF'2 as measured by “Si  NMR [*(1/T))] and  iong are suppressed by applying external fields, and that a
#SRLT(LT,)]. The lef-hand and right-hand scales are for poymijiquid state is recovered at high fieltiince the Kor-

(L/Ty) and"(1Ty), .reSpeCtlvely' The two scales are normalized ringa relation 1T,«T is a characteristic feature of Fermi
to each other according to E(R0). liquids). To understand the spin fluctuations at the QCP thor-

) o ) ] oughly, a neutron diffraction experiment that reveals the
spin susceptibility. Complex magnetic fluctuations related tcﬁependence of the spin fluctuations would be very useful. In
NFL behavior in YbRBSI, are also suggested by recefisi addition, the measurement of bot{(1/T,) and"(1/T,) be-
NMR _measurement";?. tween 19 Oe and 1.4 kOe is needed to determine evolution of

Quite recently, Si, Rabello, Ingersent, and Sffithave  the spin-fluctuation character near QCP. These experiments
considered a new class of QCP in which localized momentg e cyrrently in progress.
with low-energy fluctuations can survive down to IGwIn
this scenario magnetic fluctuations at the QCP are long lived
but exhibit local criticality if the interactions have a 2D char- V. CONCLUSIONS
acter.. According to this theory the spm—[atnce re'laxatlon rate The SR experiments described in this article yield infor-
1/T, is expected to be constant, consistent with the weak _.. . )
temperature dependence observed in the present experimeﬂat.lon on the Iow-temp_erature be_hawoi of the non-Fermi-

. . : d compound YbRESi,. The static YB*-moment freez-
The long-lived spin correlations at low temperatures reveale quit P 2 i
by the LFuSR relaxation rates and the complex spin-mg mferred from other experiments at low temperattlres
onfirmed, although the data do not determine the magnetic

fluctuation spectra near the QCP suggested by NM Structure. The freezing temperatufg~70 mK is in good

experiment¥ are consistent with the magnetic character pro- ) S
i : agreement with values found from resistivity and ac suscep-
posed by Siet al. Furthermore, YbR}Si, possesses the 2D .=, . ) :
. . o . tibility measurements, and the magnetic order is found to be
crystal structure and anisotropic susceptibility required for o . .
2 . a bulk effect because it is experienced by the entire sample
applicability of this theory.

Finally, we compare the LE:SR rate F(1/T,) with volume. The relaxation rate associated with the onset of the

the?°Si NMR rate 2%(1/T,) at low temperatures, measured in static magneti+s m yields a value of the static fiditl

the field range 1.48—24.48 kGBIt was found tha?(1Ty) 2 C &t theu ™ stopping site. _ _

also exhibits a remarkable dependence on applied fields, es- Fro+m TFuSR experiments the relative spreakl/|K| of

pecially at low temperatures. From these results the fieldn® 4~ Knight shift remains constant over the temperature

dependence is expected to be significant in magnetic field@nge 1.8—70 K; the lower temperature is a order of magni-

less than 1.4 kOe, since the change?¥fil/T,) with applied tude smaller than the Kondo_temperatt]?g~ 25 K. This

field at low temperatures becomes larger at low figlig.  behavior is consistent witdK/|K| from theé”*Si NMR mea-

9). The presentuSR relaxation measurements probe spinsurements, and indicates that any susceptibility inhomogene-

fluctuations at the small field of 19 Oe, so that s8R and ity dx originating from structural disorder is quite small in

NMR data are quite complementary. If we assume that botfYbRh,Si,. Thus the compound YbRBi, is ordered as well

relaxation rates are determined by the same dynamical sugs stoichiometric, and disorder-driven NFL mechanisms are

ceptibility x”(g,w), then only the transferred hyperfine cou- not expected to be applicable.

pling constants are different between the two experiments. Candidatew® stopping sites were considered from analy-

The ratio of the muon relaxation rat&(1/T,) to the nuclear ses of the TFuSR Knight shift parameters, and the

rate *(1/Ty) is then 4e[3,%,5] site was found to be the most probable site. Us-
ing the dipole fields and the transferred hyperfine field from

2 Yb3* spins at the site, the magnitude of the static®Yb

) (20) moment below 70 mK is estimated as2 X 10‘3,uB for a
particular AFM ordered Y&"-moment structure. This small

. ]
[ » 24.24kO0e X 310
E 254 kOe  5.08 kOe A LuRhsi,

LF( 1/T1) :( yuAM
21my)  \ vsifsi
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value is not changed by orders of magnitude for differentsurements the relaxation rate appears to increase anoma-

choices of theu™ stopping site, or for alternative ordered or lously in fields below 1 kOe. The relaxation below 1.4 kOe is

disordered magnetic structures. considered to be intimately related to the critical fluctuation
The muon spin-lattice relaxation function is exponentialnear the QCP. The presemSR studies reveal that YbRSi,

in longitudinal applied magnetic fields, again indicative ofis a unique NFL compound, in which the NFL behavior is

homogeneous behavior. The relaxation dynamic rate exhibitduced by homogeneous QC spin fluctuations.

a power-law dependenceTit<H, * on applied longitudinal

field for_ H,_; 10 Oe. This beh.avior_ is evi_den_ce for a long ACKNOWLEDGMENTS

correlation time at theg.* stopping site, which is considered

to be a characteristic feature of QC magnetic fluctuations. We are grateful to A. Amato, C. Baines, and D. Herlach,

From the comparison of T} betweenuSR and NMR mea- Paul Scherrer Institute, for help with these experiments. This

TABLE Il. Calculated dipolar coupling field tensof€'® and approximate dipolar symmetry at candidate
n" stopping sitegmultiplicity, Wyckoff letter, and relative bct axis coordinatés YbRh,Si,. (The dipolar
symmetry only appears after diagonalizatjon.

site AP (G/ug) approx. dipolar symmetry
2b[ 3,3,0] 689 0 0 c-axis uniax.
0 68 O
0 0 -—1378
4¢[3,0,0] 4393 0 0 ~a-axis uniax.
0 -2007 O
0 0  —2386
4€[0,03] —-649 0 0 c-axis uniax.
0 -649 0
0 0 129
4e[3,3,75] -1485 0 0 c-axis uniax.
0 —1485 0
0 0 297
8f[1,3 1] —472 136 46 ~tilted uniax.

136 —472 469
469 469 94

89[0.3.5 -1228 0 0 ~ c-axis extreme ortho.
0 1403 0
0 0 —175
89[3.0.15] 3273 0 0 ~a-axis uniax.
0 —1745 0
0 0 — 1528
8j[3.2,0] 2150 0 0 ~a-axis extreme ortho.
0 —-325 0
0 0 — 1825
16m[§,%,35] -344 519 95 ~tilted uniax.

519 —344 957
957 957 68
16m(3,%, 5] —743 101 491 ~tilted ortho.
101 —743 491
491 491 148
16n[%,3,2] —-1131 0 370 ~tilted extreme ortho.
0 1923 0
370 0 -—792
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TABLE lII. Dipolar and RKKY transferred hyperfine coupling fields units of G/ug) in YthzSiz,

calculated from Eqs(A5) and (A6) using the angular averagd= —349 G/ug and r.m.s. widthsAl ¢

=399 Glug of the powder-pattern distribution from T&#SR measurementSec. Il Q. The + and — signs

refer to the sign of the discriminant in the solution of the quadratic(Ef).

approx. dipolar symmetry AdP AdP ARKKY ARKKY
c-axis uniax. 2655 —5676 2112 —-5610
~a-axis uniax. 333 —-322 —-503 —200
~ c-axis extreme ortho. 492 —492 —349 —349
~a-axis extreme ortho. 485 —865 —-574 52
~tilted uniax. 8‘[1@ : 1903 — 2696 1011 —2275
~tilted uniax. 16n[ }1 , ‘11 ’ 352] 656 —-691 —-112 —599
~tilted extreme ortho. 1 5,3, 3] 503 —807 —542 —40

research was supported in part by the U.S. NSF, Grant Nosor, so that two principal-axis elements suffice to specify it.

DMR-9731361, DMR-0102293, and DMR-0203524, by the Candidatex™ stopping sites in the YbRSi, tetragonal

COE Research Grant NALOCE2004 and 21 COE in Grant-  crystal structure are enumerated in Table Il, along with the

in-Aid for Scientific Research from the Ministry of Educa- corresponding dipole coupling field tensod&'® [Eq. (2)]

tion, Sport, Science, and Technology of JapeiESST), and  evaluated in the body-centered tetragofhei) crystal refer-

by the Grant-in-Aid for JPSJ and MESST. ence frame. We consider onjy™* stopping sites for which
AYP pelongs(at least approximatelyto one of the two fol-

APPENDIX: CANDIDATE MUON STOPPING SITES lowing categories: uniaxial,

IN YbRh ,Si, _adp g 0
This Appendix describes the calculation of transferred hy- Adip— 0 _Adp (A1)
perfine coupling tensor elements from measured average g
shifts and r.m.s. widths of the powder-pattern-broadened TF- 0 0 2A°P
1SR spectra in YbRISi,. These “experimental” tensor el- . «ovtreme orthorhombic.”
ements can then be used to identify the most likely stop- ’
ping site. In particular, the dipolar coupling tensor can be —aAde g 0
compared with lattice-sum calculations. As in Sec. Il B we g dip
assume that the RKKY coupling tens8fKKY is isotropic A%=| 0 AT 0 (A2)
(ARKKY = ARKKY 1) “\We also note thaA%" is a traceless ten- 0 0 O

TABLE IV. Comparison of calculated and experimental values of dipolar coupling felfigin units of
Gl ug). A%P(calc.): from Table Il, Eq(A1), and Eq.(A2). A%(exp): from Table III.

site approx. dipolar Adip AdP AdP OK?
symmetry (calo (exp) (exp

2b[%,3,0] c-axis uniax. —689 2655 —5676 No
4c[$,0,0] ~a-axis uniax. 2390 333 —322 No
4e[0,01] c-axis uniax. 649 2655 —5676 No
4e[},1 5] c-axis uniax. 1485 2655 —5676 Yes?
8f[1,1,2 ~tilted uniax. 500 1903 — 2696 No
89[0,3,3] ~c-axis extreme ortho. —1300 492 —492 No
89[%,0.4] ~a-axis uniax. 1640 333 —322 No
8j[%,3,0] ~a-axis extreme ortho. —1805 485 —865 No
16mL,1,5] ~tilted uniax. 930 656 - 691 fal
16m L%, % tilted ortho. N/A®

16n[ 3,3, 5] ~tilted extreme ortho. —1940 503 —807 No

3Rough match betweeA®(calc) andA%P(exp).
BARKKY (exp)<0 (Table I1l).

‘See Ref. 41.
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(including permutations of the principal ayeBoth of these where the coefficients, u, v, andw are functions of the
classes are characterized by a single principal-axis elemestsceptibility anisotropy rati@ [~20 in YbRhSi, (Ref.
A% (Ref. 4. 42)] that can be calculated for each of the dipole symmetries
These categories include all of the more symmetric sitesgefined above. Equationié&5) and (A6) can then be solved
which area priori the most likely ™ stopping sites. For for ARKKY and A%P in terms of Al and SAM . There are
these Siieift Iﬁ]asi)one(pg)ncipal aéisﬁd?" ist (a]:[ t'ﬁaSt ap- . two sets of solutions because E46) is quadratic.
roximately in the basalab) plane. For most of these sites
Fhe c axis is also(at least a;proximate]ya principal axis. For the &[4,z,3], 16m[3,3,5], 16m(5,5,5], and
Thus the dipolar coupling field tensor for these sitegats  16n[3,3,35] Sites two principal axes are tiltee., neither
least approximatelydiagonal in the bct crystal reference in the basal plane nor parallel to tieaxis). Here the calcu-
frame. Approximate dipolar symmetries are summarized ination is more complicated and involves the tilt angle
Table II. These “tilted” dipolar tensors then exhibit various approxi-

The bulk susceptibility tensor principal-axis elements aremate symmetries as summarized in Table II. All but the
x| and x, =rx; for field applied parallel and perpendicular 16m[L,:, 2
|

. . - 1 1 77 siteé* have either approximate uniaxial symme-
to thec axis, respectively. Thus for the case where principa 8.8,32] SII€" have SIher approximate tiniaxial symme
axes 1 and 2 oA are in the basal plane try or approximate extreme orthorhombic symmetry in the

principal-axis frame. The forms of Eq§A5) and (A6) are

Kll/Xuz(ARKKYjLAgilP)r, retained, with coefficients that depend on botand . The
resulting values oARKKY and AYP are given in Table IIl.
Kool x= (ARKKY - AZD)Yr, To summarize the argument to this point: for a given di-
_ _ polar symmetry these “experimental” values AR*KY and
Kaal x| = ARKKY — (ASP+ AZD). (A3)  AYP are the actual values if the™ stopping site does in fact

have that symmetry. Thus agreemésten rough agreement
betweenA%P(calc) calculated from a lattice sufiEq. (2)]
and an experimental valug®P(exp) (from Table Il)) is evi-
1 dence for a possiblg™ stopping site.
Xav=3(2r+ Dx- (A4) We note thaARKKY is found to be positive in the majority
of heavy-fermion systems studied to d&t@ssuming this to
Equations(A3), (8), and (10) give K,, and 6K, s in be a general property, Table Ill allows us to rule out sites

terms of ARKY and the(diagona) elements ofAP. These with ~a-axis uniaxial or~c-axis extreme orthorhombic
can be reduced to one independent elen#lft using Eq. symmetry. The 18[%,%,5] and 161[ 2,3, 3] sites are also
(A1) or Eq.(A2), whichever is applicable. Then the experi-

g he ruled out by this criterion.
mental  values  of Ag=NapgKa/xay and SAiy From the dipolar coupling field tensors of Tablgdiago-

=NaugKims/xay [EGs. (13) and (14), respectivelyallow  nalized where necessarye determine the calculated values
us to write equations for the “experimental” valuesAf A%P(calc) as defined in EqAL) or (A2), whichever is ap-

andA’P of the form plicable. These are compared with experimental values
A%P(exp) in Table IV, where it can be seen that only for the

4e[ 3,3, 2] and 16n[1,3,55] sites isAP(calc) in the neigh-

borhood of one of theA®P(exp). The 16[%,%,2] site is

)2= U ARKKY) 24 ) ARKKY Adip L\ AdiP)2, excluded ifARY is taken to be positive, in which case the
(AB)  4€[3,3,75] site is the most probable™ stopping site.

In addition, in an unaligned powder the average susceptibil
ity xav IS given by

AQl= ARKKY ¢ tadip (A5)
(the coefficient ofARKKY s always 1 and

rm.s
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