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Low-temperature magnetic order and spin dynamics in YbRh2Si2
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Muon spin rotation and relaxation experiments have been carried out in single crystals of YbRh2Si2, a
compound that exhibits non-Fermi-liquid~NFL! behavior associated with a quantum critical point~QCP! at
T50. 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 them1 stopping site and the hyperfine coupling constant the ordered Yb31 moment is very
small, ;231023mB . 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 characteristic~Kondo! temperature
TK'25 K. This is evidence against the importance of disorder-driven NFL mechanisms in YbRh2Si2. In
longitudinal magnetic fields the muon spin-lattice relaxation functionG(t) is exponential, again indicative of
a homogeneous system. The relaxation obeys the time-field scaling relationG(t,H)5G(t/H), which suggests
long-lived spin correlations at low temperatures. The Yb31 spin dynamics derived from muon spin relaxation
appear to be intimately related to critical magnetic fluctuations near the QCP.

DOI: 10.1103/PhysRevB.68.184401 PACS number~s!: 75.40.2s, 76.75.1i, 75.20.Hr
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I. INTRODUCTION

Non-Fermi-liquid ~NFL! behavior and quantum critica
~QC! phenomena in strongly correlated electron systems
among the most intensively studied subjects in conden
matter physics.1 NFL behavior is observed in a number
f-electron systems, which show pronounced deviations fr
conventional Landau Fermi-liquid properties when they
tuned through a quantum critical point~QCP! by varying a
control parameter such as doping, pressure, or magn
field.2 The character of magnetic fluctuations near a QCP
been investigated not only to elucidate the behavior of m
netic order in metals but also with relation to unconventio
superconductivity, since superconductivity with Cooper pa
having finite angular momentum sometimes appears a
suppression of the magnetic order by applied pressure3–5

QC magnetic fluctuations have been proposed as a prom
pairing mechanism for this unconventional superconduc
ity, the character of which has not been fully understood

When a compound is close to its QCP, due to the de
opment of spin fluctuations that mediate interactions betw
quasiparticles, quasiparticle masses, and scattering cross
tions show pronounced temperature dependence.2 These ef-
fects are one mechanism for NFL behavior such as ano
lous temperature dependence of the deviationDr5r(T)
2r0 of the electrical resistivity from its zero-temperatu
value (Dr}Ta, 1<a,2), and thef-electron specific hea
coefficient (DC/T}2 ln T).1,2,6 This contrasts with the
Fermi-liquid behavior seen in ordinary metals (Dr}T2 and
DC/T5const). NFL behavior has been observed in al
0163-1829/2003/68~18!/184401~14!/$20.00 68 1844
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systems such as CeCu62xRx(R5Au,Ag) ~Ref. 7! and
UCu52xPdx ,8 and in antiferromagnetic~AFM! heavy-
fermion ~HF! compounds such as CeIn3 ~Ref. 4! and
CePd2Si2 ~Ref. 9! in which the magnetic order is suppress
by applying pressure.

Microscopic techniques such as nuclear magnetic re
nance ~NMR!, nuclear quadrupole resonance~NQR!, and
muon spin rotation and relaxation (mSR) are powerful tools
with which to investigate QC magnetic fluctuations. Wh
NQR10–12 and other experiments have revealed pressu
induced superconductivity, few NMR andmSR experiments
under pressure have been reported to date due to experi
tal difficulties. In particularmSR studies of NFL behavio
have been limited to alloy systems at ambient press
NMR andmSR experiments on the NFL alloys UCu52xPdx ,
x51.0 and 1.5, have revealed strongly inhomogeneous
fluctuations and the time-field scaling expected from gla
dynamics; themSR results suggest a quantum spin-gla
state near the QCP.13 But disorder may strongly influence th
spin fluctuation behavior, so that it is quite important to i
vestigate whether or not inhomogeneous behavior is s
even in nominally ordered stoichiometric compounds n
the QCP. This might give important information about Q
magnetic fluctuations andmSR experiments on structurall
ordered compounds in which NFL behavior can be obser
at ambient pressure would be highly desirable.

The NFL compound YbRh2Si2 appears to be a suitabl
system for the study of such ‘‘clean’’ NFL physics. YbRh2Si2
crystallizes in the ThCr2Si2 structure, and appears to be lo
©2003 The American Physical Society01-1



lk
w

ic

tic
a
et
n
nd
n

es
se
bu

a
ld

d

op

su
of
.

ce
to
o

n
ec
on
th
a

la
e

th
dy
S
op

ta
re
lt
it

ag

f the
he
llel
-
al

ro
s a

lax-
ial
ce
e

or
-
ts
a
n-

to
lly

ic
F-
-
to

n
as
pec-

tin-
g-

and
e-

ing
rate
,

h

K. ISHIDA et al. PHYSICAL REVIEW B 68, 184401 ~2003!
cated in the vicinity of a QCP from a number of bu
measurements.14,15 The resistivity and specific heat at lo
temperatures showDr}T and DC/T}2 ln T over a tem-
perature range of more than a decade. Recent29Si NMR
studies16 revealed that at 1.5 kOe the nuclear spin-latt
relaxation rate divided by temperature 1/T1T continues to
increase down to 50 mK, indicative of growing magne
correlation even at the lowest temperature. The NFL beh
ior is suppressed by the application of an external magn
field, and Fermi-liquid behavior is recovered. In additio
anomalies at 70 mK in the resistivity, ac susceptibility, a
specific heat have been associated with an AFM transitio
that temperature.15,17,18A small magnetic field of;500 Oe
in the ab plane is enough to suppress this transition. Th
results indicate that YbRh2Si2 undergoes a magnetic pha
transition for very low temperatures and magnetic fields,
is quite close to an AFM QCP.

In order to investigate the 70-mK anomaly and the ch
acter of spin fluctuations at zero and weak magnetic fie
we have carried out zero-field~ZF! and longitudinal-field
~LF! ~i.e., muon spin polarization parallel to the applie
field! muon spin relaxation experiments on YbRh2Si2 . mSR
is a unique technique for the study of local magnetic pr
erties at arbitrarily low magnetic fields.19,20 We have also
carried out transverse-field~TF! mSR ~muon spin perpen-
dicular to applied field! in YbRh2Si2 at higher fields and
temperatures in order to characterize the local magnetic
ceptibility and its inhomogeneity. Preliminary reports
some of this work21,22 have been submitted for publication
29Si NMR studies have also been performed in YbRh2Si2 as
noted above16 but, due to the low natural isotopic abundan
of 29Si ~4.8%! and consequent low signal-to-noise ratio,
date NMR measurements have only been performed ab
;1.5 kOe.

Elements of the ZF-, LF-, and TF-mSR techniques used i
this study are briefly reviewed in Secs. I and I A, resp
tively. In Sec. II we describe our experimental results
YbRh2Si2, which include the temperature dependence of
ZF muon relaxation, the field dependence of LF relaxation
20 mK, the temperature dependence of the muon spin re
ation rate at a longitudinal fieldHL519 Oe, and temperatur
dependence of the averageKav and r.m.s. widthdK r.m.s. of
the muon Knight shift distribution from TF-mSR measure-
ments above 2 K. The implications of these results for
magnetic state below the 70-mK transition and the spin
namics at low temperatures and fields are discussed in
III. In this section we also consider the implanted muon st
ping site using theKav and dK r.m.s. data together with the
bulk anisotropic susceptibility measured on a single crys
The presentmSR and29Si NMR data at low temperatures a
also compared in Sec. III. Finally, we summarize our resu
in Sec. IV. Determination of the probable muon stopping s
from TF-mSR data is described in the Appendix.

A. Zero- and longitudinal-field muon spin rotation
„ZF- and LF-mSR…

mSR is a sensitive local probe of static and dynamic m
netism in solids.23,24Spin-polarized positive muons (m1) are
18440
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implanted into the sample, and the subsequent decay o
m1 spin polarization is monitored in time by measuring t
asymmetry in the number of decay positrons emitted para
and antiparallel to them1 spin direction. The resulting relax
ation functionG(t) is analogous to the free induction sign
in a pulsed NMR experiment. An advantage ofmSR com-
pared with NMR is that the former can be performed in ze
and weak applied magnetic fields, whereas NMR require
substantial applied field. The shape and duration ofG(t) are
influenced by the local magnetic fields at them1 stopping
sites due to their magnetic environments.

There are two classes of relaxation mechanisms. Re
ation by a distribution of static local fields reflects a spat
distribution ofm1 Larmor precession frequencies and hen
of the local fields. ThenG(t) relaxes due to loss of phas
coherence between processingm1 spins, and the relaxation
time is of the order of the inverse of the spread in Larm
frequencies. If them1 local field distribution is due to ran
domly oriented neighboring magnetic dipole momen
~nuclear or electronic!, the central limit theorem suggests
Gaussian field distribution if more than a few moments co
tribute, in which caseG(t), which is the Fourier transform
of the frequency distribution, is also Gaussian. Fields due
randomly oriented nuclear dipolar moments, which usua
do not reorient on the time scale ofmSR experiments, often
give rise to static relaxation.25

ZF-mSR is also a very good probe of static electron
magnetism, with or without long-range order. Although Z
mSR, unlike neutron diffraction, gives little or no informa
tion on the magnetic structure, it is extremely sensitive
weak magnetism: moments of the order of 1023mB produce
observable static relaxation.

Dynamic m1 local fields due to thermally excited spi
fluctuations lead to spin-lattice relaxation, as in NMR, and
in the latter case the relaxation rate is a measure of the s
tral density of the fluctuations at the~low! muon or nuclear
Zeeman frequency. In the case of dynamic relaxationG(t)
often shows exponential behavior.

Static and dynamic relaxation mechanisms can be dis
guished bymSR experiments in a longitudinal applied ma
netic fieldHL ~i.e., a field parallel to them1 spin direction!
much larger in magnitude than a typical local fieldBloc . This
produces a resultant fieldHL1Bloc essentially in the direc-
tion of the applied field and hence of them1 spin. If HL

1Bloc is static the muons do not precess substantially,
their spin polarization is maintained indefinitely. This proc
dure is known as ‘‘decoupling’’ of them1 spin. The expected
field for decoupling is a few times the spreadDBloc in local
fields, which can be estimated self-consistently by assum
that the relaxation is static. Then the observed relaxation
gives the spreadgmDBloc of m1 precession frequencies
where gm52p313.554 kHz G21 is the m1 gyromagnetic
ratio, and decoupling is complete forHL@DBloc . If on the
other hand the relaxation is dynamic~i.e., due to thermal
fluctuation ofBloc), then the relaxation rate is usually muc
less affected by the relatively weak applied field~typically
HL&100 Oe) required for decoupling.
1-2
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LOW-TEMPERATURE MAGNETIC ORDER AND SPIN . . . PHYSICAL REVIEW B68, 184401 ~2003!
ZF- and LF-mSR relaxation data are often analyzed us
the Kubo-Toyabe~KT! model,25 which treats the distribution
and dynamical fluctuation ofBloc . This model determines th
shape of the relaxation function and its rate of decay a
function of HL and the parameters that characterizeBloc .
Experimental ZF- and LF-mSR data for YbRh2Si2 are dis-
cussed in Sec. II.

B. Transverse-field muon spin rotation„TF-µSR…

In TF-mSR one measures the Larmor precession of
m1 spin under the influence of the static magnetic field at
m1 stopping site in the crystal lattice. The precession f
quency is given bygmBm , whereBm is the total magnetic
field at them1 stopping site, i.e., the sum of the external fie
and the internal field at them1 stopping site. Neglecting the
diamagnetic and Pauli paramagnetic fields, the total field
the m1 stopping site in YbRh2Si2 is given by Bm5Hext
1Bhf, whereHext is the externally applied field andBhf is the
transferred hyperfine field originating from the polarizati
of the Yb31 4 f moments. In the following discussion th
Lorentz and demagnetization fields are included inHext for
simplicity.

The polarization of the Yb31 moments affects the field a
the m1 stopping site through two coupling mechanisms:
direct dipolar field at the interstitialm1 stopping site, and
polarization of the conduction electrons by the Yb31 mo-
ments, which produces an additional field at them1 stopping
site by the indirect Ruderman-Kittel-Kasuya-Yosida~RKKY !
mechanism. The field produced by both dipolar and RKK
fields is proportional to the field-induced Yb13 atomic mag-
netic momentmf :

Bhf5Ahf
•mf5Ahf

•xf•Hext, ~1!

whereAhf is the hyperfine coupling field tensor at them1

stopping site andxf is the Yb31-moment susceptibility ten
sor. ThusAhf can be decomposed into dipolar and RKK
termsAhf5Adip1ARKKY. The dipolar term is a tensor give
by

Adip5(
r

S 3r̂• r̂21

r 3 D , ~2!

where the summation extends over the Yb31 moments in a
Lorentz sphere,r5(x1 ,x2 ,x3) are vectors from the muon t
each of the moments included in the summation,r̂ is a unit
vector in the direction ofr , and 1 is the unit tensor (1i j
5d i j ). The dipolar contribution is especially important fo
the determination of them1 stopping site. There is no simpl
expression forARKKY, but if we reasonably assume that th
coupling through the conduction electrons is isotropic in
ture thenARKKY5ARKKY1. This assumption, together wit
lattice-sum calculations ofAdip for various candidatem1

stopping sites26 @Eq. ~2!#, allows determination of the prob
able site.

The Yb31-moment Knight shift tensorK is defined by

Bm[~11K!•Hext ~3!
18440
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so thatK, given by

K5Ahf
•xf , ~4!

expresses the relative frequency shift at them1 stopping site.
For a given direction ofHext the shifted resonance frequenc
v is given by

v5v0~11K !, ~5!

wherev05gmHext and to first order inK

K5
Hext•~Bm2Hext!

Hext
2

5Ĥext•K•Ĥext; ~6!

hereĤext is a unit vector in the direction ofHext.
In a randomly oriented powder sampleK given by Eq.~6!

is distributed. Then the angular~‘‘powder’’ ! averageKav and
r.m.s. spreaddK r.m.s.of this distribution are directly related to
the TF-mSR shift and relaxation rate, respectively. More sp
cifically, the Knight shift ~including the RKKY term! in a
single crystal~i.e., a powder grain! is given by

K~Ĥext!5K11g1
21K22g2

21K33g3
2 , ~7!

where (g1 ,g2 ,g3) are the direction cosines ofĤext relative
to the principal axes ofK. Then the angular average is

Kav5
1

3
~K111K221K33!, ~8!

where the angular averages (g i
2)av51/3 have been used. Th

differencedK(Ĥext)5K(Ĥext)2Kav is then

dK~Ĥext!5K11S g1
22

1

3D1K22S g2
22

1

3D1K33S g3
22

1

3D ,

~9!

anddK r.m.s. is given by

~dK r.m.s.!
25

4

45
~K11

2 1K22
2 1K33

2 2K11K222K22K33

2K33K11!, ~10!

where the angular averages (g i
2g j

2)av5(2d i j 11)/15 have
been used. In Sec. III B and the Appendix Eqs.~8! and~10!,
together with experimental values of the mean and r.m
width of the Yb31-moment Knight shift distribution~Sec.
I A !, are used to determine the most probable muon stopp
site.

II. EXPERIMENTAL RESULTS

A powder sample of small-grain single crystals
YbRh2Si2 was used for the presentmSR experiments, since
preparing a large single crystal is so difficult in this com
pound. This sample was taken from the same batch used
the 29Si NMR experiments.16 Bulk properties such as th
resistivity, specific heat and susceptibility down to 10 m
have been reported.14,18 Small-grain samples of;1 g were
pressed with GE 7031 varnish into pellets 13 mm diame
1-3
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K. ISHIDA et al. PHYSICAL REVIEW B 68, 184401 ~2003!
31 mm thickness and were attached onto a silver sam
holder.mSR experiments were carried out at thepM3 beam
line of the Paul Scherrer Institute~PSI!, Villigen, Switzer-
land. TF-mSR data were obtained above 2 K in anexternal
magnetic fieldHext56 kOe using the PSI General Purpo
Spectrometer, and ZF- and LF-mSR data were taken for tem
peratures between 16 and 1100 mK in the PSI Low Temp
ture Facility. ZF- and LF-mSR experiments were also pe
formed down to 20 mK at the low-temperature facilities
KEK in Tsukuba, Japan. ZF- and LF-mSR data taken at two
facilities were consistent with each other. Experimental d
obtained at PSI are reported in this article, and LF-mSR data
in the higher temperature range up to 2 K, which were
tained at KEK, are also shown.

A. ZF-mSR experiments

The inset of Fig. 1 shows the time dependence of the
mSR muon decay asymmetry at 400 and 16 mK; the ti
dependence of the asymmetry gives the ZF-mSR relaxation
function G(t).23,24 The relaxation is much faster at 16 mK
and the functional form ofG(t) at 16 mK appears to diffe
from that at 400 mK. The relaxation rate at 16 mK is t
slow for the static KT recovery of them1 polarization to
G(t→`)51/3 ~Ref. 25! to be observed within the time win
dow of the present experiment.

The experimental asymmetry data were fit to the ‘‘pow
exponential’’ form

G~ t !5A exp@2~Lt !g#, ~11!

FIG. 1. Temperature dependence of the zero-fieldm1SR relax-
ation rate L ~solid circles! and exponentg ~open circles! in
YbRh2Si2 from fits of the power-exponential functionG(t)
5Aexp@2(Lt)g# to ZF-mSR relaxation data. Inset: zero-fieldm1SR
asymmetry relaxation functionsG(t) in YbRh2Si2 at 400 and 16
mK. Dotted lines: fits to the power exponential formG(t)5exp
@2(Lt)g#.
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whereA is the initial muon decay asymmetry,L is a gener-
alized relaxation rate, and the exponentg interpolates be-
tween exponential (g51) and Gaussian (g52) limits. We
employed this fitting formula because its parameters giv
crude indication of the behavior of the relaxation, i.
whether the relaxation is exponential~i.e., probably dy-
namic!, Gaussian~i.e., probably static!, or intermediate be-
tween these limits.

The parametersL andg are plotted versus temperature
the main panel of Fig. 1. Both parameters are independen
temperature in the range 0.1–1 K, and increase with decr
ing temperature below 70 mK. The valueg'1 found above
100 mK indicates that the behavior of the relaxation is e
ponential in this range. This is in contrast to the behavior
the KT relaxation function~which is Gaussian for shor
times! that characterizes relaxation due solely to sta
nuclear dipolar fields. Above 100 mK the exponential beh
ior suggests dynamical relaxation, as discussed in Sec. I
The constant value ofL'0.041ms21 in this temperature
range is, however, of the same order as the~Gaussian!
nuclear dipolar rate, as discussed in Sec. III B.

Both L andg increase below 70 mK and level off below
40 mK. The increase ofg suggests a crossover from a d
namic to nearly static relaxation behavior at low tempe
tures, indicating Yb31-moment freezing below;70 mK.
The entirem1 relaxation function is characterized by th
static relaxation, consistent with Yb31-moment freezing over
the entire sample volume; the data put an upper limit o
few percent on any coexisting paramagnetic volume fracti
The low-temperature valueg'1.6 indicates that the relax
ation rate is nearly but not quite Gaussian, suggesting
dynamical relaxation coexists with dominant static rela
ation.

The spread in internal field atm1 stopping sites is esti-
mated from the relaxation rate at the lowest temperature
be ;2 G. The magnitude of the static Yb31 moment that
gives rise to this field depends on them1 stopping site, as
discussed in Sec. III B, but in any event is quite small. T
dynamical relaxation observed at low temperatures in
decoupling experiments is analyzed in Sec. III C below.

B. LF-mSR experiments

LF-mSR measurements have been carried out in long
dinal field HL under the same conditions as the ZF-mSR
measurements. The inset of Fig. 2 showsG(t) for HL50,
11, 28, and 100 Oe atT520 mK. The relaxation functions
for all applied fields except zero field can be fit to an exp
nential functionG(t)5A exp(2t/T1). This functional form
indicates that the relaxation rate is spatially uniform over
sample, since in general a distribution of rates leads t
sample-averageG(t) that varies more slowly than
exponentially,27,13 and is evidence against a disorder-driv
mechanism for the NFL behavior of YbRh2Si2. Further evi-
dence for this view obtained from TF-mSR experiments is
discussed in Sec. III A.

The main panel of Fig. 2 shows the dependence of the
mSR relaxation rate 1/T1 on longitudinal field at 20 mK. The
relaxation rate shows a weak field dependence forHL
1-4
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LOW-TEMPERATURE MAGNETIC ORDER AND SPIN . . . PHYSICAL REVIEW B68, 184401 ~2003!
&10 Oe but varies more strongly, asHL
21 , for HL*20 Oe.

It should be noted that 20 Oe, which is nearly 10 times lar
than the estimated static internal field below 70 mK, is la
enough for decoupling. The field dependence of 1/T1 above
20 Oe is therefore not due to decoupling, and instead in
cates a field dependence of the dynamic relaxation me
nism.

Figure 3 gives the temperature dependence of 1/T1 for
HL519 Oe. Data below 0.25 K were obtained at PSI, a
data between 0.09 and 2 K were obtained at KEK. The re
sults are consistent in the temperature range between
and 0.25 K. It can be seen that 1/T1 shows a weak tempera
ture dependence that can be fit to a2 ln T law above the Ne´el
temperatureTN570 mK. A small anomaly in 1/T1 is seen
below TN that contrasts with the usual behavior of 1/T1 in
the neighborhood of a magnetic transition, i.e., a maxim
at TN due to critical slowing down of magnetic fluctuation
The smallness of the anomaly in 1/T1 is, however, consisten
with other bulk measurements that show only weak chan
at the transition; the resistive anomaly is only seen in hi
purity samples, and the entropy release atTN is very small,
only about 0.01R ln 2.15,17,18These results suggest that ma
netic fluctuations are relatively unaffected by the transiti
and the continuous increase of 1/T1 down to the lowest tem-
peratures also suggests that critical magnetic fluctuations
lated to the QCP are present even belowTN . The inset to
Fig. 3 shows that the data can also be fit to a weak power-
(T20.1760.03) temperature dependence over more than a
cade of temperature variation. Properties of the magn

FIG. 2. Longitudinal field dependence of LF-mSR relaxation
rate 1/T1 in YbRh2Si2 at T520 mK. Inset: ZF- and LF-mSR relax-
ation in YbRh2Si2 measured atT520 mK in external magnetic
fieldsH50, 11, 28, and 100 Oe. Solid curve: power-exponentia
for HL50 ~cf. inset of Fig. 1!. Dotted curves: exponential fits fo
HL.0.
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fluctuations at low temperatures are discussed below in S
III C in relation to the spectral density of the fluctuations.

C. TF-mSR experiments

TF-mSR spectra were obtained for applied fieldHext
56 kOe over the temperature range 1.8–250 K. It w
found that the TF-mSR relaxation function is approximatel
exponential over this temperature range as shown in Fig
where the oscillatory factor is removed by transforming to
reference frame rotating at them1 precession frequency. In
this case the exponential relaxation is not dynamic in orig
but reflects an approximately Lorentzian distribution of p
cession frequencies. The slight Gaussian-like behavio
early times forT5250 K may be due to the emergence
the nuclear dipolar component as the Yb31 moment broad-
ening decreases at high temperatures.

t

FIG. 3. Temperature dependence of 1/T1 in YbRh2Si2 for HL

519 Oe. Filled circles: data obtained at PSI. Open circles: d
obtained at KEK.T is plotted on a log scale. Inset: same data, w
1/T1 andT plotted on log scales.

FIG. 4. Semilog plot of TF-mSR asymmetry relaxation function
in YbRh2Si2 ~after transformation to a reference frame rotating w
the m1 precession frequency!. Straight lines: exponential fits.
1-5
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Average frequency shiftsK and exponential relaxation
rates 1/T2* were obtained from fits of the data to the rela
ation function

G~ t !5A exp~2t/T2* !cos@gmHext~11K !t1f#, ~12!

whereA is the initial muon decay asymmetry andf is the
phase of the initialm1 spin orientation. The temperatur
dependence ofK and 1/T2* at 6 kOe are shown in Fig. 5
Both quantities increase considerably in magnitude with
creasing temperature.

In general 1/T2* is due to a combination of the dynamic
of the internal fields~lifetime broadening! and the dephasing
due to a static distribution of Larmor frequencies. As d
cussed in Sec. II B, the LF-mSR data indicate that field
greater than 500 Oe are enough to suppress 1/T1, and in any
event the observed data yield 1/T1!1/T2* . Thus 1/T2* is
dominated by static inhomogeneous line broadening, rela
to the spreaddK of the Knight shift by the relationdK
51/(gmHextT2* ). We argue in Sec. III that this linewidth i
mainly due to powder-pattern broadening arising from
anisotropic Knight shift and the randomly oriented powd
grains of the sample.

Both K anddK are accurately proportional to the samp
average bulk susceptibilityxav5(xa1xb1xc)/3 ~except
perhaps at the lowest temperatures! as shown in Fig. 6. From

FIG. 5. Temperature dependence ofm1 ~a! frequency shiftK
and ~b! relaxation rate 1/T2* in YbRh2Si2.
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the slopes, the averageAav
hf5NAmBK/xav and inhomoge-

neous spreaddAr.m.s.
hf 5NAmBdK/xav in hyperfine coupling

fields are found to be

Aav
hf52349612 G/mB ~13!

and

dAr.m.s.
hf 5399611 G/mB , ~14!

respectively. We note that the interceptK(x50) in Fig. 6,
which arises from sources other than Yb31 moments~e.g.,
the Knight shift due to the conduction-electron Pauli susc
tibility !, is appreciable.

We discuss below the possibility thatK and dK are re-
lated to the spatially inhomogeneous susceptibility pos
lated in disorder-driven mechanisms for NFL behavior.28–30

We also consider the alternative thatK and dK arise from
powder averages, and how under this assumption the
pling constantsAav

hf anddAr.m.s.
hf can be used in the assignme

of the m1 stopping site~Sec. III B!.

III. DISCUSSION

We first compare the behavior ofKav anddK r.m.s. to that
expected from the disorder-driven NFL mechanisms.28–30

Experimental results for the29Si NMR linewidth are also
shown and compared with the presentmSR results in Sec.
III A. In Sec. III B we discuss determination of the implante
m1 stopping site, which is important for the estimation of t
magnitude of the ordered Yb31 moment belowTN , using
TF-mSR data. Finally, the spin dynamics at low temperatu
are discussed in Sec. III C.

A. Relation betweenmSRÕNMR linewidth and susceptibility

Strong temperature-dependent inhomogeneity of the s
susceptibility has been shown to be a signature of disor
driven contribution to the NFL behavior in a number of NF
alloys.28 In UCu52xPdx , x51.0 and 1.5~Refs. 28 and 31!
and CeRhRuSi2 ~Refs. 32 and 33!, NMR andmSR experi-
ments revealed a strong temperature dependence and

FIG. 6. Dependence ofK and dK on bulk susceptibilityx in
YbRh2Si2, with temperature an implicit parameter.
1-6
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low-temperature values of the inhomogeneous resona
linewidth compared with the average shift, suggestive o
broad distribution of the local static susceptibilities. This
homogeneity effect can be understood in the so-ca
‘‘Kondo-disorder’’ model of Bernalet al.28 and Miranda,
Dobrosavljevic´, and Kotliar,29 which attributes the suscept
bility inhomogeneity to a disordered spatial distribution
Kondo temperaturesTK , and also in the Griffiths-singularity
cluster model of Castro Neto, Castilla, and Jones.30 It is im-
portant to determine whether such a disorder-driven N
mechanism is present in the stoichiometric NFL compou
YbRh2Si2, since stoichiometry by itself does not ensu
long-range structural order; for example, stoichiomet
UCu4Pd exhibits disorder due to Pd-Cu site interchang34

mSR and NMR resonance linewidths, which arise from
distribution of the Knight shifts, are useful in determinin
the microscopic distribution of the local susceptibility. In th
following we briefly outline howmSR and NMR resonanc
linewidths give evidence concerning the origin of th
distribution.28

In the simplest case the local Knight shift is given
K(r )5a(r )x(r ), where the hyperfine couplinga(r ) and the
local susceptibilityx(r ) may both be spatially nonuniform
If the distributions of these quantities are uncorrelated
averageK̄ of the Knight shift can be written asK̄5ax

5(ā)(x̄) ~the overline indicates a spatial average!. Similarly,
the r.m.s. widthk5dK r.m.s.[@K22(K̄)2#1/2 of the Knight
shift distribution is given by

k5d~ax!r.m.s.. ~15!

For uncorrelated distributions ofa andx, k divided by the
magnitudeuK̄u of the average Knight shift is approximate
given by

k

uK̄u
'AS dx r.m.s.

x̄
D 2

1S dar.m.s.

ā
D 2

. ~16!

Thusk/uK̄u is a measure of the fractional spread in susc
tibility if the latter is greater than the fractional spread ina.

A simple heuristic model shows howdx r.m.s./x̄ ~and
hencek/K̄) might increase at low temperatures. In both t
Kondo-disorder and Griffiths-singularity models the loc
susceptibilityx(T) is assumed to follow a Curie-Weiss tem
perature dependencex(T)}1/(T1D), whereD is a charac-
teristic energy~Kondo temperature in the Kondo-disord
model, cluster tunneling energy in the Griffiths-singular
picture! that is distributed. Then if this distribution is not to
wide dx r.m.s. can be writtendx r.m.s.'u]x/]DudD r.m.s.}x2 for
fixed dD r.m.s., so thatdx r.m.s./x varies linearly withx, as
doesk/uK̄u if dar.m.s. does not contribute significantly. If on
the other handdx r.m.s. is small, thenk/uK̄u is dominated by
dar.m.s.. This is determined by the temperature-independ
hyperfine coupling, so that bothk anduK̄u are proportional to
x andk/uK̄u'const.

NMR andmSR experiments on UCu52xPdx , x51.0 and
1.5 ~Refs. 28 and 31! found considerable temperature depe
18440
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dence ofk/uK̄u, which is roughly proportional tox and
grows to large values (;2) at low temperatures. These e
perimental results are in good agreement with disord
driven NFL models and give clear evidence for susceptibi
inhomogeneity, which suggests that a disorder-driven mec
nism contributes to NFL behavior in UCu52xPdx .

Figure 7 gives the temperature dependence ofk/uKu (K
5Kav) in YbRh2Si2 from the presentmSR data and also from
29Si NMR measurements, which were performed using
field-aligned powder sample with the crystallineab plane
parallel to the external field. It can be seen thatk/uKu from
both measurements exhibits very little temperature dep
dence below;70 K down to 1.8 K!TK'25 K. This con-
trasts with the behavior observed in disorder-driven NFL s
tems, and suggests that in YbRh2Si2 the susceptibility is
essentially uniform. The lack of magnetic disorder
YbRh2Si2 is consistent with a low level of structural diso
der, as evidenced by the small residual resistivityr0

'1.0 mV cm ~Ref. 18! of this compound.
The value ofk/uKu from mSR is five times larger than

that from 29Si NMR. This discrepancy appears to be main
due to differences in experimental circumstances, since
mSR was performed on a randomly oriented powder sam
whereas the NMR experiments utilized a field-aligned po
der sample. The large difference of the magnitude betw
NMR andmSR strongly suggests that the anisotropic Knig
shift, rather than disorder-induced spatial inhomogene
dominates the linewidth in themSR experiments. Shift an
isotropy is discussed in connection with them1 stopping site
in the next section.

We conclude that disorder-driven NFL is not a major fa
tor in the NFL behavior of stoichiometric YbRh2Si2. A
promising NFL mechanism suggested by a recent NM
study16 is introduced briefly in Sec. III C.

FIG. 7. Temperature dependence ofdK/uKu in YbRh2Si2 from
mSR and NMR measurements, with temperature an implicit par
eter. Unaligned and aligned powder samples were used formSR and
NMR, respectively. In the NMR data the solid squares and circ
are measured at 20.5 MHz (;24.4 kOe) and 8.6 MHz
(;10.0 kOe), respectively.
1-7
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B. Probable µ¿ stopping site; static Yb3¿ moment
below 70 mK

Determination of them1 stopping site, which is a basi
issue inmSR experiments, can be quite difficult when a nu
ber of possible stopping sites are present in a compoun
number of possiblem1 stopping sites for the YbRh2Si2 crys-
tal structure26 ~space groupI4/mmm) are listed in Table I.
@The site notation indicates site multiplicity, Wyckoff lette
and relative coordinates in the body-centered tetragonal~bct!
unit cell.#

Two methods that are commonly used to determine
m1 stopping site inf-ion systems19 involve comparison of
calculated and measured quantities that depend on the
environment. These methods use~1! the zero-field KT
nuclear dipolar relaxation rate and~2! the anisotropic Knight
shift due to dipolar fields at them1 stopping site from Yb31

moments. We consider these methods in turn.
In YbRh2Si2 all constituent atoms have isotopes with

nuclear dipole moment:171Yb, 173Yb, 103Rh, and 29Si. The
calculatedm1 ZF relaxation ratessZF due to dipolar cou-
pling to these nuclei at candidatem1 stopping sites are given
in Table I. The observed relaxation rate in the paramagn
region above 70 mK is comparable to but greater than
calculated nuclear dipole contribution. The observed rel
ation function is exponential, however, which suggests
importance of spin dynamics in the ZF relaxation proce
Furthermore, static dipolar relaxation rates much sma
than 0.04ms21 would not be measurable in the presence
the observed exponential relaxation. Thus it is not possibl
identify them1 stopping site solely from the nuclear dipo
field, because the calculated KT relaxation rates of Tab
are all smaller than the observed exponential rate.

We therefore use the anisotropy of the shift to ident
potentialm1 stopping sites, noting that inf-electron systems

TABLE I. Calculated powder-average ZF-mSR static Gaussian
relaxation ratesZF for candidatem1 stopping sites~multiplicity,
Wyckoff letter, and relative coordinates in the bct lattice! in
YbRh2Si2. Contributions from 171Yb,173

Yb,
103

Rh, and 29Si nuclei
have been included. The observed value of the exponential re
ation rate above 70 mK~Fig. 1! is also given for comparison.

site sZF (ms21)

2b@
1
2 , 1

2 ,0# 0.040

4c@
1
2 ,0,0# 0.021

4e(0,0,14 # 0.031

4e@
1
2 , 1

2 , 5
16 # 0.020

8 f @ 1
4 , 1

4 , 1
4 # 0.023

8g(0,1
2 , 1

8 # 0.026

8g@
1
2 ,0, 1

16 # 0.020

8 j @ 1
2 , 1

4 ,0# 0.023

16m@
1
4 , 1

4 , 5
32 # 0.024

16m@
1
8 , 1

8 , 7
32 # 0.021

16n@
1
8 , 1

2 , 3
32 # 0.022

Experimental~exponential! 0.0460.01
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the anisotropic shift is typically dominated by thef -m1 di-
polar interaction.19 Our sample was an unaligned powder,
we are not able to measure this anisotropy directly. Inste
we attribute the width of them1 line to powder-pattern
broadening, and use the averageKav and r.m.s. widthdK r.m.s.
of the Knight shift distribution~Fig. 6!. In the Appendix
experimental values ofKav and dK r.m.s. from Sec. I A are
used to obtain estimates for elements of the dipolar coup
field tensorAdip for specific point symmetries of this tenso
These elements are then compared with lattice-sum calc
tions of Adip at the candidatem1 stopping sites considere
above~Table I!.

The 4e@ 1
2 , 1

2 , 5
16 # site ~or, equivalently, the 4e@0,0,3

16 # site!
is found to be the most probablem1 stopping site. This
differs from results form1 stopping sites in two Ce com
pounds with the same ThCr2Si2 structure;19 in CeRu2Si2 the

2b@ 1
2 , 1

2 ,0# site was obtained from the anisotropy of the h
perfine coupling constants in a single crystal,35 and in

CeRh2Si2 the 4c@ 1
2 ,0,0# site was found from an analysis o

the internal field below the Ne´el temperature.36 These latter
two sites are in the Ce layer. On the other hand,

4e@ 1
2 , 1

2 , 5
16 # site for YbRh2Si2 is close to the@0,0,0.20# m1

stopping site reported in tetragonal HoNi2B2C.37

From ZF-mSR experiments we find that a static magne
field Hstat'2 G due to frozen Yb31 moments is induced a
the m1 stopping site at 16 mK~Sec. II A!. To estimate the
static Yb31 momentmstat responsible for this field an ordere
AFM structure is assumed as an example; we calculateHstat
for the structure observed in CePd2Si2, where the magnetic
moments are oriented in the@1,1,0# direction with a propa-

gation vectorQ5( 1
2 , 1

2 ,0). When the muon is assumed

stop at the 4e@ 1
2 , 1

2 , 5
16 # site in YbRh2Si2 the dipolar field at

the m1 stopping site is antiparallel to the nearest Yb31 mo-
ment. This nearest Yb neighbor also dominates the RK
coupling field, which is parallel to the Yb31 moment. Then
the magnitudemstat of the static moment/Yb ion is approxi
mately given bymstat'Hstat/uARKKY2Adipu, where Adip is
the dipolar coupling field constant at them1 stopping site.
This yieldsmstat'231023 mB , which is one of the smalles
spontaneous moments found in a magnetically ordered c
pound.

It should be noted that the estimated value of the orde
Yb31 moment does not change beyond a order of magnit
even if implanted muons stop at other possible sites, or if
magnetic structure is not that assumed above or is even
ordered. The very small ordered Yb31 moment seems con
sistent with the lowTN'70 mK, and with the recent obse
vation of a specific heat anomaly atTN with a very small
entropy release (;0.03R ln 2) ~Ref. 38!. Taken together, the
data indicate that YbRh2Si2 is located quite close to the QCP

C. Spin dynamics near a QCP

The exponentiality of the LF-mSR relaxation functions
~Sec. II B! indicates that YbRh2Si2 is free from magnetic
disorder and is in a single phase even far below the Ko
temperature. The Kondo disorder29 and the Griffiths-phase30

x-
1-8
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mechanisms seem to be ruled out as the primary cause
the NFL behavior of this compound, although these t
disorder-driven models have been considered as promi
theories for explaining the NFL behavior in heavy-fermi
alloys. Investigation of low-temperature muon spin dynam
is expected to yield additional information about the orig
of the NFL behavior on YbRh2Si2. In the following we dis-
cuss the field and temperature dependence of the muon
relaxation rate obtained from LF-mSR experiments.

As shown in Fig. 2, the relaxation function in small ma
netic fields is a single exponential, as is the relaxation fu
tion observed in29Si NMR in the field range 1.5–25 kOe
These results suggest that the low-frequency spin dynam
are generally characterized by a single homogeneous fluc
tion component.

The temporal correlation functionq(t) of the fluctuating
muon local field dBloc(t) is defined by q(t)5^dBloc(t)
•dBloc(0)&/^udBlocu2&, where the angular brackets indicate
thermal average. Ifq(t) is exponential, with correlation time
tc , the field dependence of 1/T1 expected in LF-mSR mea-
surements is

1

T1
52

gm
2 ^udBlocu2&tc

11gm
2 HL

2tc
2

. ~17!

If, in addition, tc is independent of applied field, and 1/tc

*gm^udBlocu2&1/2, 1/T1 is expected to exhibit aHL
22 depen-

dence forgm
2 HL

2tc
2@1. This is inconsistent with the prese

experimental result 1/T1}HL
21 ~Fig. 4!. In addition, the esti-

mated value ofBloc from TF-mSR experiments and th
~small! value of 1/T1 yields tc'10210 s, so that the relax-
ation is in the motionally narrowed limit. Then 1/T1

'2gm
2 ^udBlocu2&tc(H,T). The field dependence of 1/T1 sug-

gests that the correlation time itself has a field depende
for small longitudinal magnetic fields above;10 Oe.

The inverse field dependence of 1/T1 is consistent with
the more general time-field scaling relation27

G~ t,H !}G~ t/Hg! ~18!

with g'1, which is obeyed by the relaxation function da
as shown in Fig. 8. Such time-field scaling can be derived
certain functional forms ofq(t) without assuming a specifi
form for the muon relaxation function. Following Kere
et al.,27 in the motionally narrowed limit the local muon po
larization Gloc(t,H) relaxes exponentially with a rate 1/T1
52^uBlocu2&tc(H), where the correlation timetc(H) is
given by

tc~H !5E
0

`

q~ t !cos~gmHt !dt. ~19!

SinceTN is hardly suppressed by magnetic fields&100 Oe,
it is reasonable to consider that such small magnetic field
not modify the spin-fluctuation spectrum. Thus the field d
pendence oftc(H) is ascribed to variation of them1 Zee-
man frequencyvm5gmH rather than a direct effect of field
on q(t). Whenq(t) exhibits stretched-law@q(t)5ct2a# or
power-exponential„q(t)5c exp@2(lt)b#… behavior, a scaling
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law of the form of Eq.~18! is found,27 with g512a,1 for
power-law correlation and g511b.1 for power-
exponential correlation. Thus the present resultg'1 implies
that a or b is close to zero. This means thatq(t) is insensi-
tive to t, suggesting that the spin-spin correlation time
quite long, and that the characteristic energy of spin fluct
tions is quite small. Long correlation times~slow magnetic
fluctuations! are generally expected in the critical region ju
above magnetic transitions.

Figure 3 gives the temperature dependence of 1/T1 in a
longitudinal field of 19 Oe. The absence of a clear anom
nearTN is consistent with the observed small value of t
static Yb31 moment~Sec. III B!, as expected in the vicinity
of a QCP. If we assume that the entropy release atTN is
small and that quantum critical magnetic fluctuations surv
belowTN , then the low-temperature muon relaxation shou
be dominated by these critical fluctuations. The long-liv
correlations are therefore likely to be a characteristic feat
of quantum critical fluctuations.

Over the temperature range 0.07–2 K the temperature
pendence of 1/T1 ~inset to Fig. 3! can be fit either to a loga
rithmic dependence 1/T1}2 ln T, or a power law 1/T1
}T20.1760.03. It is noteworthy that 1/T1'2 ln T is the tem-
perature dependence predicted by the self-consistent re
malization ~SCR! theory39 when the system is close to
two-dimensional~2D! AFM quantum critical point. If we
take into consideration the fact that the characteristic N
temperature dependences of the resistivity and specific
Dr'T and DC/T'2 ln T are also in agreement with tem
perature dependence near the 2D AFM critical point, the
sult 1/T1'2 ln T seems to reinforce this scenario. Howev
recent specific-heat and magnetization measurements s
that both quantities diverge asH→500 Oe and a very large
Wilson ratio of about 14~Ref. 18!, which suggests the im
portance of ferromagnetic correlations. The experimental
sults reported so far seem to indicate that the behavio
spin fluctuations in YbRh2Si2 is complex, with appreciable
peaks at wave vectorsq50 andq5q0Þ0 in the dynamic

FIG. 8. m1 relaxation function data of the inset of Fig. 2 plotte
versus the scaling variablet/H.
1-9
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K. ISHIDA et al. PHYSICAL REVIEW B 68, 184401 ~2003!
spin susceptibility. Complex magnetic fluctuations related
NFL behavior in YbRh2Si2 are also suggested by recent29Si
NMR measurements.16

Quite recently, Si, Rabello, Ingersent, and Smith40 have
considered a new class of QCP in which localized mome
with low-energy fluctuations can survive down to lowT. In
this scenario magnetic fluctuations at the QCP are long li
but exhibit local criticality if the interactions have a 2D cha
acter. According to this theory the spin-lattice relaxation r
1/T1 is expected to be constant, consistent with the w
temperature dependence observed in the present experim
The long-lived spin correlations at low temperatures revea
by the LF-mSR relaxation rates and the complex sp
fluctuation spectra near the QCP suggested by N
experiments16 are consistent with the magnetic character p
posed by Siet al. Furthermore, YbRh2Si2 possesses the 2D
crystal structure and anisotropic susceptibility required
applicability of this theory.

Finally, we compare the LF-mSR rate LF(1/T1) with
the29Si NMR rate 29(1/T1) at low temperatures, measured
the field range 1.48–24.48 kOe.16 It was found that29(1/T1)
also exhibits a remarkable dependence on applied fields
pecially at low temperatures. From these results the fi
dependence is expected to be significant in magnetic fi
less than 1.4 kOe, since the change in29(1/T1) with applied
field at low temperatures becomes larger at low fields~Fig.
9!. The presentmSR relaxation measurements probe s
fluctuations at the small field of 19 Oe, so that themSR and
NMR data are quite complementary. If we assume that b
relaxation rates are determined by the same dynamical
ceptibility x9(q,v), then only the transferred hyperfine co
pling constants are different between the two experime
The ratio of the muon relaxation rateLF(1/T1) to the nuclear
rate 29(1/T1) is then

LF~1/T1!
29~1/T1!

5S gmAm

gSiASi
D 2

, ~20!

FIG. 9. Temperature and magnetic field dependence of 1/T1 in
YbRh2Si2 as measured by 29Si NMR @29(1/T1)# and
mSR @LF(1/T1)#. The left-hand and right-hand scales are f
29(1/T1) andLF(1/T1), respectively. The two scales are normaliz
to each other according to Eq.~20!.
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wheregSi is the gyromagnetic ratio of the29Si nucleus and
ASi52727 G/mB is the hyperfine field at the Si site.16 Fig-
ure 9 gives a comparison betweenLF(1/T1) and 29(1/T1),
where the left-hand and right-hand scales are for29(1/T1)
and LF(1/T1) respectively, and the two scales are normaliz
to each other using Eq.~20!. The normalizedLF(1/T1) is
approximately three orders of magnitude larger than the n
malized 29(1/T1), which suggests that the spin dynami
have a very strong field dependence below 1.4 kOe. I
noteworthy thatLF(1/T1) in 19 Oe, where the spin fluctua
tions are regarded to be the same as those in ZF, sho
small increase with decreasing temperature, wher
29(1/T1) in magnetic fields greater than 1.45 kOe decrea
with decreasing temperature. This result suggests that 1/T1 is
dominated by QC fluctuations with a weak temperature
pendence down to the lowest temperature, that these fluc
tions are suppressed by applying external fields, and th
Fermi-liquid state is recovered at high fields~since the Kor-
ringa relation 1/T1}T is a characteristic feature of Ferm
liquids!. To understand the spin fluctuations at the QCP th
oughly, a neutron diffraction experiment that reveals theq
dependence of the spin fluctuations would be very useful
addition, the measurement of both29(1/T1) andLF(1/T1) be-
tween 19 Oe and 1.4 kOe is needed to determine evolutio
the spin-fluctuation character near QCP. These experim
are currently in progress.

IV. CONCLUSIONS

ThemSR experiments described in this article yield info
mation on the low-temperature behavior of the non-Fer
liquid compound YbRh2Si2. The static Yb31-moment freez-
ing inferred from other experiments at low temperatures14 is
confirmed, although the data do not determine the magn
structure. The freezing temperatureTN'70 mK is in good
agreement with values found from resistivity and ac susc
tibility measurements, and the magnetic order is found to
a bulk effect because it is experienced by the entire sam
volume. The relaxation rate associated with the onset of
static magnetism yields a value of the static fieldHstat
'2 G at them1 stopping site.

From TF-mSR experiments the relative spreaddK/uK̄u of
the m1 Knight shift remains constant over the temperatu
range 1.8–70 K; the lower temperature is a order of mag
tude smaller than the Kondo temperatureTK'25 K. This
behavior is consistent withdK/uK̄u from the29Si NMR mea-
surements, and indicates that any susceptibility inhomoge
ity dx originating from structural disorder is quite small
YbRh2Si2. Thus the compound YbRh2Si2 is ordered as well
as stoichiometric, and disorder-driven NFL mechanisms
not expected to be applicable.

Candidatem1 stopping sites were considered from ana
ses of the TF-mSR Knight shift parameters, and th

4e@ 1
2 , 1

2 , 5
16 # site was found to be the most probable site. U

ing the dipole fields and the transferred hyperfine field fro
Yb31 spins at the site, the magnitude of the static Yb31

moment below 70 mK is estimated as;231023mB for a
particular AFM ordered Yb31-moment structure. This sma
1-10
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LOW-TEMPERATURE MAGNETIC ORDER AND SPIN . . . PHYSICAL REVIEW B68, 184401 ~2003!
value is not changed by orders of magnitude for differ
choices of them1 stopping site, or for alternative ordered
disordered magnetic structures.

The muon spin-lattice relaxation function is exponent
in longitudinal applied magnetic fields, again indicative
homogeneous behavior. The relaxation dynamic rate exh
a power-law dependence 1/T1}HL

21 on applied longitudinal
field for HL*10 Oe. This behavior is evidence for a lon
correlation time at them1 stopping site, which is considere
to be a characteristic feature of QC magnetic fluctuatio
From the comparison of 1/T1 betweenmSR and NMR mea-
18440
t

l
f
its

s.

surements the relaxation rate appears to increase an
lously in fields below 1 kOe. The relaxation below 1.4 kOe
considered to be intimately related to the critical fluctuati
near the QCP. The presentmSR studies reveal that YbRh2Si2
is a unique NFL compound, in which the NFL behavior
induced by homogeneous QC spin fluctuations.
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TABLE II. Calculated dipolar coupling field tensorsAdip and approximate dipolar symmetry at candida
m1 stopping sites~multiplicity, Wyckoff letter, and relative bct axis coordinates! in YbRh2Si2. ~The dipolar
symmetry only appears after diagonalization.!

site Adip (G/mB) approx. dipolar symmetry

2b@
1
2 , 1

2 ,0# S689 0 0

0 689 0

0 0 21378
D c-axis uniax.

4c@
1
2 ,0,0# S4393 0 0

0 22007 0

0 0 22386
D ;a-axis uniax.

4e@0,0,14 # S2649 0 0

0 2649 0

0 0 1298
D c-axis uniax.

4e@
1
2 , 1

2 , 5
16 # S21485 0 0

0 21485 0

0 0 2970
D c-axis uniax.

8 f @ 1
4 , 1

4 , 1
4 # S2472 136 469

136 2472 469

469 469 944
D ;tilted uniax.

8g@0,1
2 , 1

8 # S21228 0 0

0 1403 0

0 0 2175
D ;c-axis extreme ortho.

8g@
1
2 ,0, 1

16 # S3273 0 0

0 21745 0

0 0 21528
D ;a-axis uniax.

8 j @ 1
2 , 1

4 ,0# S2150 0 0

0 2325 0

0 0 21825
D ;a-axis extreme ortho.

16m@
1
4 , 1

4 , 5
32 # S2344 519 957

519 2344 957

957 957 688
D ;tilted uniax.

16m@
1
8 , 1

8 , 7
32 # S2743 101 491

101 2743 491

491 491 1486
D ;tilted ortho.

16n@
1
8 , 1

2 , 3
32 # S21131 0 370

0 1923 0

370 0 2792
D ;tilted extreme ortho.
1-11
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TABLE III. Dipolar and RKKY transferred hyperfine coupling fields~in units of G/mB) in YbRh2Si2,
calculated from Eqs.~A5! and ~A6! using the angular averageAav

hf52349 G/mB and r.m.s. widthdAr.m.s.
hf

5399 G/mB of the powder-pattern distribution from TF-mSR measurements~Sec. II C!. The1 and2 signs
refer to the sign of the discriminant in the solution of the quadratic Eq.~A6!.

approx. dipolar symmetry A1
dip A2

dip A1
RKKY A2

RKKY

c-axis uniax. 2655 25676 2112 25610
;a-axis uniax. 333 2322 2503 2200
;c-axis extreme ortho. 492 2492 2349 2349
;a-axis extreme ortho. 485 2865 2574 52

;tilted uniax. 8f @ 1
4 , 1

4 , 1
4 # 1903 22696 1011 22275

;tilted uniax. 16m@
1
4 , 1

4 , 5
32 # 656 2691 2112 2599

;tilted extreme ortho. 16n@
1
8 , 1

2 , 3
32 # 503 2807 2542 240
o
he

-

hy
ra
T
-

b
e
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it.
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APPENDIX: CANDIDATE MUON STOPPING SITES
IN YbRh 2Si2

This Appendix describes the calculation of transferred
perfine coupling tensor elements from measured ave
shifts and r.m.s. widths of the powder-pattern-broadened
mSR spectra in YbRh2Si2. These ‘‘experimental’’ tensor el
ements can then be used to identify the most likelym1 stop-
ping site. In particular, the dipolar coupling tensor can
compared with lattice-sum calculations. As in Sec. II B w
assume that the RKKY coupling tensorARKKY is isotropic
(ARKKY5ARKKY1). We also note thatAdip is a traceless ten
18440
s.

-
ge
F-

e

sor, so that two principal-axis elements suffice to specify
Candidatem1 stopping sites in the YbRh2Si2 tetragonal

crystal structure are enumerated in Table II, along with
corresponding dipole coupling field tensorsAdip @Eq. ~2!#
evaluated in the body-centered tetragonal~bct! crystal refer-
ence frame. We consider onlym1 stopping sites for which
Adip belongs~at least approximately! to one of the two fol-
lowing categories: uniaxial,

Adip5S 2Adip 0 0

0 2Adip 0

0 0 2Adip
D , ~A1!

or ‘‘extreme orthorhombic,’’

Adip5S 2Adip 0 0

0 Adip 0

0 0 0
D ~A2!
TABLE IV. Comparison of calculated and experimental values of dipolar coupling fieldsAdip ~in units of
G/mB). Adip(calc.): from Table II, Eq.~A1!, and Eq.~A2!. Adip(exp): from Table III.

site approx. dipolar Adip A1
dip A2

dip OK?
symmetry ~calc! ~exp! ~exp!

2b@
1
2 , 1

2 ,0# c-axis uniax. 2689 2655 25676 No

4c@
1
2 ,0,0# ;a-axis uniax. 2390 333 2322 No

4e@0,0,14 # c-axis uniax. 649 2655 25676 No

4e@
1
2 , 1

2 , 5
16 # c-axis uniax. 1485 2655 25676 Yesa

8 f @ 1
4 , 1

4 , 1
4 # ;tilted uniax. 500 1903 22696 No

8g@0,1
2 , 1

8 # ;c-axis extreme ortho. 21300 492 2492 No

8g@
1
2 ,0, 1

16 # ;a-axis uniax. 1640 333 2322 No

8 j @ 1
2 , 1

4 ,0# ;a-axis extreme ortho. 21805 485 2865 No

16m@
1
4 , 1

4 , 5
32 # ;tilted uniax. 930 656 2691 ?a, b

16m@
1
8 , 1

8 , 7
32 # tilted ortho. N/Ac

16n@
1
8 , 1

2 , 3
32 # ;tilted extreme ortho. 21940 503 2807 No

aRough match betweenAdip(calc) andA1
dip(exp).

bARKKY(exp),0 ~Table III!.
cSee Ref. 41.
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~including permutations of the principal axes!. Both of these
classes are characterized by a single principal-axis elem
Adip ~Ref. 41!.

These categories include all of the more symmetric si
which area priori the most likelym1 stopping sites. For
these sites at least one principal axis ofAdip is ~at least ap-
proximately! in the basal~ab! plane. For most of these site
the c axis is also~at least approximately! a principal axis.
Thus the dipolar coupling field tensor for these sites is~at
least approximately! diagonal in the bct crystal referenc
frame. Approximate dipolar symmetries are summarized
Table II.

The bulk susceptibility tensor principal-axis elements
x i and x'5rx i for field applied parallel and perpendicula
to thec axis, respectively. Thus for the case where princi
axes 1 and 2 ofAdip are in the basal plane

K11/x i5~ARKKY1A11
dip!r ,

K22/x i5~ARKKY1A22
dip!r ,

K33/x i5ARKKY2~A11
dip1A22

dip!. ~A3!

In addition, in an unaligned powder the average suscept
ity xav is given by

xav5
1

3
~2r 11!x i . ~A4!

Equations~A3!, ~8!, and ~10! give Kav and dK r.m.s. in
terms ofARKKY and the~diagonal! elements ofAdip. These
can be reduced to one independent elementAdip using Eq.
~A1! or Eq. ~A2!, whichever is applicable. Then the expe
mental values of Aav

hf5NAmBKav/xav and dAr.m.s.
hf

5NAmBdK r.m.s./xav @Eqs.~13! and ~14!, respectively# allow
us to write equations for the ‘‘experimental’’ values ofARKKY

andAdip of the form

Aav
hf5ARKKY1tAdip ~A5!

~the coefficient ofARKKY is always 1! and

~dAr.m.s.
hf !25u~ARKKY !21vARKKYAdip1w~Adip!2,

~A6!
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