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Muon spin relaxation and nonmagnetic Kondo state in PrInAg2
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Muon spin relaxation experiments have been carried out in the Kondo compound PrInAg2. The zero-field
muon relaxation rate is found to be independent of temperature between 0.1 and 10 K, which rules out a
magnetic origin~spin freezing or a conventional Kondo effect! for the previously observed specific-heat
anomaly at;0.5 K. At low temperatures the muon relaxation can be quantitatively understood in terms of the
muon’s interaction with nuclear magnetism, including hyperfine enhancement of the141Pr nuclear moment at
low temperatures. This argues against a Pr31 ground-state electronic magnetic moment, and is strong evidence
for the doubletG3 crystalline-electric-field-split ground state required for a nonmagnetic route to heavy-
electron behavior. The data imply the existence of an exchange interaction between neighboring Pr31 ions of
the order of 0.2 K in temperature units, which should be taken into account in a complete theory of a
nonmagnetic Kondo effect in PrInAg2.
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I. INTRODUCTION

In a seminal paper, Yatskaret al.1 reported evidence fo
unconventional heavy-fermion behavior in th
praseodymium-based intermetallic PrInAg2. This compound
is one of only a handful of Pr-based materials that exh
heavy-fermion or Kondo-like properties. Specific-he
magnetic-susceptibility, and neutron-scattering experime2

indicate a non-Kramers doublet (G3) ground state due to
crystalline-electric-field~CEF! splitting of the Pr31 1H4
term. TheG3 state isnonmagnetic, i.e., there are no matrix
elements of the magnetic-moment operator within its dou
degenerate manifold. A nonmagnetic ground state wo
make the heavy-fermion-like specific-heat anomaly fou
below 1 K and the enormous low-temperature Sommerf
specific-heat coefficientg(T)'6.5 J mole21 K22 quite un-
expected, and suggests that PrInAg2 may be a system in
which an unusual nonmagnetic path to heavy-fermion beh
ior is realized.1 But such a scenario depends crucially on t
nonmagnetic nature of the ground state.

This paper reports two results of muon-spin-relaxat
PRB 610163-1829/2000/61~1!/555~9!/$15.00
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(mSR) experiments in PrInAg2 which support the conclusion
of Yatskaret al.1 that the Kondo effect in PrInAg2 is non-
magnetic in origin. First, we observe no anomaly in t
positive-muon (m1) relaxation rate in the neighborhood of
K, contrary to what would be expected if the specific-he
anomaly involved magnetic degrees of freedom. Second,
temperature and field dependence of them1 relaxation func-
tion indicate that them1 relaxation is dominated by dipola
coupling to nearby115In and 141Pr nuclear magnetic mo
ments~Ag nuclear moments are negligible in compariso!.
There is no sign of the additionalm1 relaxation that would
be expected from Pr31 local magnetic moments. Furthe
more, the observed relaxation behavior below;10 K agrees
quantitatively with that expected in the presence of stro
hyperfine enhancementof the 141Pr nuclear magnetism. Hy
perfine enhancement is an effect of the hyperfine coup
between the nucleus and the Van Vleck susceptibility o
non-Kramersf ion in a nonmagnetic ground state,3 and only
occurs when the Pr31 CEF ground state is nonmagnetic4

Our mSR results unambiguously establish the nonmagn
f-electron ground state necessary for unusual nonmagn
heavy-fermion behavior.1
555 ©2000 The American Physical Society
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The remainder of this introduction contains three br
pedagogical sections: a description of the theoretical b
for a nonmagnetic Kondo effect~Sec. I A!, an introduction to
the elements of themSR technique used in this study~Sec.
I B!, and a review of the important aspects of hyperfine
hancement~Sec. I C!. In Sec. II we describe our experimen
tal results in PrInAg2, which include the temperature depe
dence of the zero-fieldm1 relaxation and the longitudina
field dependence of the relaxation at selected temperatu
The implications of these results for the nature of the lo
temperature state of PrInAg2 are discussed in Sec. III, wher
we also argue that the effect of them1 electric charge on its
environment does not invalidate our analysis. We summa
our results in Sec. IV.

A. Nonmagnetic Kondo effect

To our knowledge the only nonmagnetic mechanism
Kondo behavior proposed to date is the two-channel qua
polar Kondo effect~QKE! of Cox.5 In this picture, which
was developed to explain the unexpected lack of field dep
dence of heavy-fermion properties in uranium-based co
pounds, correlated-electron behavior occurs when a n
Kramers f ion such as Pr31 possesses a nonmagne
multiplet ground state. The fluctuating electric quadrup
moment of the ground state scatters conduction electr
analogous to spin-fluctuation scattering in the usual Kon
effect. An important difference between the two effects
that in the QKE there are two conduction-electron chann
~spin-up and spin-down!; since spin plays no role in the non
magnetic scattering, the spin directions serve only as lab
The QKE is therefore one of a class ofmultichannelKondo
effects6,7 for which the low-temperature behavior is that of
‘‘non-Fermi-liquid’’ with unusual properties, e.g., logarith
mic divergence ofg(T) and nonzero residual entropyS(T
50)5 1

2 R ln 2.
In its original form the theory of the QKE considers is

lated impurities only, and to our knowledge no treatment o
lattice of nonmagnetic QKEf ions has appeared. In particu
lar, it is apparently not known whether the non-Fermi-liqu
behavior of the impurity problem survives in the lattice. A
though Yatskaret al.1 observed an uncharacteristic tempe
ture dependence of the low-temperature electrical resisti
in PrInAg2, they found a substantially temperatur
independentg(T) below ;0.2 K and no evidence for re
sidual entropy. Thus it is unclear whether or not PrInAg2 is a
Fermi liquid.

B. Zero- and longitudinal-field muon spin relaxation

mSR is a sensitive local probe of static and dynamic m
netism in solids.8 Spin-polarized positive muons are im
planted into the sample, and the subsequent decay of them1

spin polarization is monitored in time by measuring t
asymmetry in the numbers of decay positrons emitted pa
lel and antiparallel to them1 spin direction. The resulting
relaxation functionG(t) is analogous to the free inductio
signal in a pulsed nuclear magnetic resonance~NMR! experi-
ment. It is straightforward to carry outmSR experiments in
zero or weak applied magnetic fields, which is not the c
for NMR.
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The shape and duration ofG(t) are controlled by the loca
magnetic fields at the muon sites due to their magnetic e
ronments. There are two kinds of effects. Relaxation
static local fields reflects a spatial distribution ofm1 Larmor
precession frequencies and hence of the local fields. The
cay of G(t) is then due to loss of phase coherence betw
precessingm1 spins, and the relaxation time is of the ord
of the inverse of the spread in Larmor frequencies. If them1

local field distribution is due to randomly oriented neighbo
ing magnetic dipole moments~nuclear or electronic!, the
Central Limit Theorem suggests a Gaussian field distribut
if more than a few moments contribute, in which caseG(t)
is also Gaussian. Fields due to randomly oriented nuc
dipolar moments, which usually do not reorient on the tim
scale ofmSR experiments,9 often give rise to static relax
ation.mSR is also a very good test for static magnetism, w
or without long-range order, with a sensitivity;1023 mB ,
since dipolar fields from such small moments produce
servable static relaxation.Dynamic ~fluctuating! m1 local
fields lead to spin-lattice relaxation, as in NMR, which is
measure of the spectral density of the fluctuations at
frequencies. For dynamic relaxationG(t) is often but not
always exponential.

Static and dynamic relaxation mechanisms can be dis
guished bymSR experiments in a longitudinal magnetic fie
HL ~i.e., a field parallel to them1 spin direction! much larger
in magnitude than a typical local fieldH loc . This produces a
resultant fieldHL1H loc essentially in the direction of the
applied field and hence of them1 spin. Then the muons do
not precess substantially, and ifH loc is static their spin po-
larization is maintained indefinitely. This procedure
known as ‘‘decoupling’’ of them1 spin from the static local
fields. If, on the other hand, the relaxation is dynamic, the
is usually much less affected by the relatively weak appl
field ~typically HL&100 Oe). The expected field for decou
pling is a few times the spreadDH loc in local fields, which
can be estimated self-consistently by assuming that the
laxation is static. In this case the observed relaxation r
gives the spreads of m1 precession frequencies, so that

DH loc5s/gm , ~1!

wheregm is them1 gyromagnetic ratio.
Zero-field and longitudinal-fieldmSR ~ZF- and LF-mSR)

relaxation data are often analyzed using the Kubo-Toy
~K-T! model,10 which treats the distribution and dynamic
fluctuation ofH loc . This model determines the shape of t
relaxation function and its rate of decay as a function ofHL
and the parameters that characterizeH loc . Details of the K-T
model and its application will be discussed below in S
II A.

C. Hyperfine-enhanced nuclear magnetism

The best-known hyperfine-enhancement effect is the
hancement of the applied field at the nuclear site by a fa
11K ~Ref. 3!, with

K5ahfxVV . ~2!

Here ahf is the f atomic hyperfine coupling constant, ex
pressed in units of mole emu21, andxVV is the~molar! Van
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PRB 61 557MUON SPIN RELAXATION AND NONMAGNETIC KONDO . . .
Vleck susceptibility of thef ions. The factorK is the usual
paramagnetic NMR frequency shift~Knight shift in metals!,
due in this case toxVV . The latter is given approximately b

xVV'
C

~DCEF/kB!
, ~3!

where C is the f-ion Curie constant andDCEF is the
excitation energy of the lowest CEF magnetic excited st
For typical Pr31 splittings DCEF510–100 K,
so that xVV50.01–0.1 emu mole21. With ahf(Pr31)
5187.7 mole emu21 ~Ref. 11!, one findsK52 –20. These
considerable field increases are used to attain very low t
peratures by nuclear demagnetization of singlet-ground-s
Pr-based intermetallics.12,13

Other effects of hyperfine enhancement include
following:14

~i! The f electrons are polarized by the nuclear magne
dipole moment via a Van Vleck–like response, leading to
enhanced effective nuclear momentmnuc

(enh)5(11K)mnuc
(bare).

The nuclear moment itself is of course unchanged; the t
‘‘hyperfine enhancement,’’ used here in much the sa
sense as ‘‘many-body enhancement of the electron mass
heavy-fermion systems, refers to the interaction of the eff
tive (nuclear1 f -electron) moment with its magnetic env
ronment.

~ii ! The electronic exchange coupling between neighb
ing f ions mediates an indirect exchange interaction betw
nuclear spins, with exchange constantJnuc given by

Jnuc5S gnuc\

gJmB
D 2

K2Jel ; ~4!

heregnuc is the nuclear gyromagnetic moment andJel is the
electronic exchange constant.

Bleaney14 describes this situation as ‘‘ . . . dealing with
nuclear lambs in electronic wolves’ clothing.’’

Hyperfine enhancement phenomena were first observe
singlet ground-statef-ion compounds, but are also expect
for f ions with nonmagnetic multiplet ground states. Su
effects do not occur at temperatures*DCEF/kB ~Ref. 4! or if
the ground state of thef ion is magnetic. In both of thes
circumstances thef-electron polarization induced by th
nucleus is lost in the much larger electronic magnetic m
ment of thef ion, and hyperfine-enhancement phenomena
obliterated.

II. EXPERIMENTAL RESULTS

The powdered sample of PrInAg2 was prepared as de
scribed previously.1 mSR experiments were carried out at t
pM3 beam line of the Paul Scherrer Institute~PSI!, Villigen,
Switzerland, using the General Purpose Spectrometer~GPS!
and Low Temperature Facility~LTF!, and at the M20 beam
line at TRIUMF, Vancouver, Canada. ZF-mSR data were
obtained over the temperature range 0.1–100 K. The de
dence of the relaxation function on longitudinal field w
also studied at a number of temperatures in this range.
describe these results below, and discuss their implication
Sec. III.
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A. ZF and LF muon relaxation

We use the K-T model10,15 to analyzem1 relaxation in
zero and longitudinal applied fields at selected temperatu
between 0.7 K and 100 K. The K-T model assumes that
local field H loc is distributed in magnitude and direction
with each Cartesian component distributed around zero w
rms values/gm , and thatH loc fluctuates randomly in time
with fluctuation raten. Henceforth we refer tos as the static
relaxation rate, because it characterizes them1 relaxation in
the ‘‘static’’ K-T model in the absence of fluctuations (n
50). We treat the K-T model in the ‘‘strong-collision’’ ap
proximation of Hayanoet al.,15 which takes the fluctuation
to be of the form of sudden uncorrelated jumps ofH loc .16

Figure 1 shows experimentalm1 relaxation functions
G(t) in PrInAg2 for T50.7 K in zero field and in a longi-
tudinal applied fieldHL5100 Oe. If the relaxation were du
to a distribution of staticm1 local fields, the observed ZF
relaxation rate leads to an estimate of;10 Oe for the spread
of these local fields. Then a longitudinal field of 100 O
should completely decouple the local fields and there sho
be no relaxation. But it can be seen from Fig. 1 that althou
the relaxation rate is reduced forHL5100 Oe it remains
appreciable (;0.07 ms21). This strongly suggests that dy
namic relaxation is involved.

The curves in Fig. 1 are the results of simultaneous fits
the ZF and LF data to the dynamic K-T model ofm1

relaxation.10,15 The best-fit parameters from this and subs
quent fits are given in Table I.

ZF and LF relaxation data at temperatures of 10 K and
K are given in Fig. 2. As could be anticipated from the d
cussion of Sec. II A, the relaxation functionG(t) at 10 K
closely resemblesG(t) at 0.7 K~Fig. 1!. By 30 K, however,
the overall relaxation rate in zero field has decreased s
stantially, and a longitudinal field of 200 Oe rather than 1
Oe is required to increaseG(t510ms) to ;0.5 ~cf. Fig. 1!.
In Fig. 2 as in Fig. 1 the curves are fits to the dynamic K
model; the fit values ofs andn are given in Table I.

Figure 3 shows relaxation data at 100 K forHL50, 20,
and 50 Oe. Here the situation is very different than forT
&30 K. A longitudinal field of 20 Oe is sufficient to reduc
the overall relaxation rate significantly; the rate in 20 Oe a

FIG. 1. m1 relaxation functionG(t) in PrInAg2 , T50.7 K.
The relaxation for longitudinal applied fieldHL5100 Oe ~tri-
angles! is much faster than expected if the zero-field relaxat
~circles! were due to a static distribution of local fields. Curves: fi
to dynamic K-T model~Refs. 10 and 15! for HL50 ~solid curve!
andHL5100 Oe~dashed curve!.
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558 PRB 61D. E. MacLAUGHLIN et al.
greater, while nonzero, is not affected by further increase
HL . This is much closer to the decoupling behavior expec
for static broadening, as discussed in Sec. I B.

The curves in Fig. 3~a! show the results of a dynamic K-T
fit to the ZF and 50-Oe data, for which values ofs andn are
also given in Table I. There are two difficulties with th
results of this fit. First, the values ofs andn deviate appre-
ciably from the trend established by the results forT
<30 K ~cf. Table I!. Second, and more compelling, the be
fit values forHL50 and 50 Oe yield a predicted dynam
K-T G(t) for HL520 Oe that lies considerably below th
data. A dynamic K-T fit to the ZF and 20-Oe data~not
shown! is no more successful, because then the predic
G(t) for HL550 Oe lies considerablyabovethe data.

These results indicate that at 100 K the dynamic K
model is no longer applicable, i.e., the dynamic behavior
HL is not simply represented by a single static relaxation r
s and fluctuation raten. Instead, it appears that the nucle
dipole contribution toHL is static or nearly so at this tem
perature, so that it is decoupled forHL*20 Oe. The appre-

TABLE I. Relaxation parameters from fits of ZF and LFm1

relaxation data to dynamic and damped static K-T models~Refs. 10
and 15! for selected temperaturesT and applied longitudinal fields
HL . s: Static relaxation rate~local-field distribution width in fre-
quency units!. n: local-field fluctuation rate in dynamic K-T mode
R: dynamic relaxation rate in damped static K-T model. The d
namic K-T model fits the data well up to 30 K. At 100 K the da
are well fit by the damped static K-T function@Fig. 3~b!#, whereas
a dynamic K-T fit is not justified by the field dependence of t
relaxation function@Fig. 3~a!#.

T(K) HL(Oe) s (ms21) n (ms21) R(ms21)

0.7 0,100 1.1560.05 2.260.1
10 0,100 1.2060.05 2.8560.1
30 0,200 1.2060.05 9.060.5

100 0, 50 0.2860.02 0.760.1
100 0, 50 0.1560.02 0.0460.01

FIG. 2. Dependence ofm1 relaxation functionG(t) on longitu-
dinal applied fieldHL in PrInAg2. ~a! T510 K. The data are simi-
lar to those at 0.7 K~Fig. 1!. ~b! T530 K. Here the ZF data
manifest a reduction of them1 relaxation rate. Curves: fits to th
dynamic K-T model.
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ciable relaxation observed in these fields must then be du
a second contribution toHL , for which the obvious candi-
date is a fluctuating transferred hyperfine coupling to th
mally excited Pr31 moments. Such a process would also co
tribute to the relaxation in zero field. This situation can
modeled using the ‘‘damped static’’ K-T function

G~HL ,t !5G0~HL ,T!exp~2Rt!, ~5!

where G0(HL ,t) is the static K-T function at longitudina
field HL and R is the dynamic relaxation rate due to th
fluctuating component ofHL . Fits to this function are shown
in Fig. 3~b!, where it can be seen that the form and fie
dependence ofG(t) are far better reproduced than in Fi
3~a!. The situation is reminiscent of the nuclear-electron
double relaxation behavior found in rare-earth rhodiu
borides by Noakeset al.17 and in MnSi by Matsuzakiet al.,18

except that here the ground state is nonmagnetic and
local moment corresponds to thermally populated C
states.

Values ofs, n, and R for dynamic K-T fits @s and n,
Figs. 1–3~a!# and damped static K-T fits@s andR, Eq. ~5!,
Fig. 3~b!# are given in Table I. At 0.7 Kn'1.9s, so that the
relaxation is in the regime of moderate motional narrowin
The fits indicate little change ofs but an increase ofn with
increasing temperature up to 30 K. Finally, at 100 K t
damped static K-T fit shows a marked reduction ofs com-
pared to its value at and below 30 K. We defer detai
discussion of these results to Sec. III B.

B. ZF muon relaxation between 0.1 K and 100 K

In zero field a crossover occurs with increasing fluctuat
rate from the ‘‘quasistatic’’ regime (n!s) to the ‘‘motion-

-

FIG. 3. ~a! Dependence ofm1 relaxation functionG(t) on lon-
gitudinal applied fieldHL in PrInAg2 , T5100 K. Circles: zero
field. Open triangles:HL520 Oe. Filled triangles:HL550 Oe.
The data are independent of field forHL>20 Oe. Solid curves: Fits
of dynamic K-T model to data forHL50 and 50 Oe. Dashed curve
prediction of dynamic K-T model forHL520 Oe. ~b! Same data;
fits to damped static K-T model given byG(t)5G0(T)exp(2Rt).
Curves: fits forHL50, 20 Oe, and 50 Oe.~The latter two are
indistinguishable.! The damped static K-T fits reproduce the for
and field dependence of the data much better than the dynamic
fits.
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ally narrowed’’ regime (n@s). For n*s the main depen-
dence of the ZF relaxation function is on the combinat
s2/n; the dependence ons andn separately is weaker~and
vanishes in the motionally narrowed limit!. Thus for moder-
ate to extreme motional narrowing the ZF data alone do
suffice to determine both parameters, and the added
straint provided by the data in applied field is essential.

The combined ZF and LF relaxation data of Sec. II
characterize the muon relaxation at several discrete temp
tures between 0.7 K and 100 K. Only ZF data are availa
for other temperatures, and fits to dynamic K-T relaxat
functions are not useful. The data can, however, be roug
parameterized by fitting to a ‘‘power exponential’’ functio

G~ t !5exp@2~Lt !b#, ~6!

whereL is a generalized relaxation rate and the exponenb
interpolates between exponential (b51) and Gaussian (b
52) limits. This fit function has no physical justification, b
its parameters give a crude indication of the behavior of
relaxation, i.e., whether as discussed in Sec. I B it is dyna
~exponential!, static~Gaussian!, or an intermediate case. Th
value and temperature dependence of the rateL also gives
additional qualitative information on the origin ofH loc and
the behavior of its thermal fluctuations. This approach
similar to that of Crook and Cywinski,19 who showed that a
‘‘power Kubo-Toyabe’’ function characterizes the ca
where the local field distribution is a superposition of ind
pendent Gaussian and Lorentzian components. We do
use the results of Crook and Cywinski, however, as ther
no evidence from our ZF/LF data for such a mixed distrib
tion.

The parametersL andb are plotted versus temperature
Fig. 4. Both parameters are essentially independent of t
perature from 0.1 K to;10 K. There is, therefore, no sig
in this temperature range of the temperature-dependent re
ation expected from either of two mechanisms:~a! the onset
of static magnetism with decreasing temperature due to
ther ordered or spin-glass–like spin freezing, or~b! thermal
fluctuations of conventional~spin! Kondo ions. The low-
temperature valueb'1.2 indicates that the relaxation
nearly but not quite exponential, consistent with the dynam
K-T model in the moderately motionally narrowed regim
We consider these results in more detail in Sec. III A belo

FIG. 4. Temperature dependence of the zero-fieldm1 relaxation
rateL ~circles! and exponentb ~triangles! in PrInAg2 from fits of a
‘‘power exponential’’ functionG(t)5exp@2(Lt)b# to ZF-mSR re-
laxation data.
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Above 10 K bothL andb vary with temperature. A de-
crease ofL to 0.18 ms21 occurs between;10 K and
;50 K, and above 50 Kb increases to;2 at 80 K. In the
K-T model this suggests an increase of the fluctuation ratn
with increasing temperature, followed by a crossover
static or nearly static relaxation at high temperatures. Thi
qualitatively the picture obtained from our LF decouplin
experiments as described in Sec. II A.

III. DISCUSSION

We first consider the implications of the temperature
dependence of the ZF relaxation between 0.1 K and;10 K,
using the rough ‘‘power exponential’’ analysis of Sec. II
and the data of Fig. 4. We argue that the data are incom
ible with explanations of the specific-heat anomaly that
voke a magnetic Pr31 ground state.

We then discuss the results of our K-T analyses of
data of Figs. 1–3. We show that~a! the temperature and field
dependence of the relaxation between 0.1 K and 100 K
quantitatively explained by nuclear dipole coupling alo
~including 141Pr hyperfine enhancement at low tempe
tures!, ~b! little or no Pr31 electronic paramagnetism need b
invoked in the temperature range 0.1–10 K, and~c! the 141Pr
nuclear-spin fluctuation rate in this range is consistent w
the indirect nuclear exchange mechanism described abov
Sec. I C.

Finally, we consider~and reject! the possibility that this
nonmagnetic or weak-moment state is due to Kondo co
pensation with a high characteristic temperature, and also
possibility that perturbation of the Pr31 CEF scheme by the
m1 electric charge leads to the observedm1 relaxation phe-
nomena.

A. Zero-field muon relaxation rate at low temperatures

The data of Fig. 4 put an upper bound of;0.05 ms21 on
any change ofL between 0.1 K and;10 K. This result has
important implications for alternative explanations of t
low-temperature specific-heat anomaly of Yatskaret al.1 that
involve hypothetical Pr31 magnetic moments:~a! weak-
moment static magnetism due to spin freezing,~b! ‘‘conven-
tional’’ Kondo spin fluctuations characterized by a Kond
temperatureTK;1 K, and~c! geometric frustration of Pr31

magnetic ordering.
The effect of such Pr31 moments on muon relaxation i

described in the K-T model by the static relaxation rates
and the fluctuation raten. We have seen above that a K-
analysis leads to the same value ofs at 0.7 K and 10 K~and
even at 30 K! within experimental error. The temperatu
independence of bothL andb between 0.1 K and 10 K~Fig.
4! strongly suggests that the functional form ofG(t) and
hences and n are nearly constant over this range of tem
peratures. In the following we treatL(T) as if it were either
a staticm1 relaxation rate~i.e., s) or a dynamicm1 relax-
ation rate~i.e., '2s2/n in the motionally narrowed limit!,
depending on the hypothetical situation, and consider the
fect of the experimental upper bound of;0.05 ms21 on any
temperature dependence ofL ~Fig. 4!.

a. Weak-moment static magnetism. Spin freezing and the
onset of static magnetism~ordered or disordered! below
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560 PRB 61D. E. MacLAUGHLIN et al.
0.5–1 K would be expected to produce an increase of
static relaxation rate below the freezing temperatureTf .
Thus the temperature-independent relaxation rate obse
between 0.1 K and 10 K~Fig. 4! cannot be understood i
terms of such spin freezing. We nevertheless take the
served relaxation rateL(T) to be primarily due to a
temperature-independent rateL0, of unknown origin, and
examine the consequences of an additional tempera
dependent static ratedl(T) due to spin freezing. We assum
conservatively thatL0 and dl(T) add in quadrature, with
L0'0.8 ms21. Then withL(T)2L0&0.05 ms21 we have

dl'A2L0@L~T!2L0#&0.3 ms21. ~7!

Equivalently, an upper bound on the staticm1 local fieldH f
due to spin freezing is given by

H f5dl/gm&3 Oe. ~8!

We relate this result to the hypothetical frozen Pr31 mag-
netic momentm f using the ratioH loc /m f;1 kOe/mB calcu-
lated from a lattice sum over Pr sites. This yields an up
bound onm f of order

m f&331023mB . ~9!

Static magnetism is therefore ruled out at this level. IfL0
anddl were assumed to add linearly the upper limits ondl
and m f would be much smaller:dl&0.05 ms21 and m f
&531024mB , respectively.

Pr31 spin freezing with such weak frozen moments cou
of course, still occur. But in general weak moments are
sociated with a Kondo temperatureTK , which is high com-
pared toTf . Then Kondo compensation removes most of
spin entropy at temperatures;TK , leaving only a weak
specific-heat anomaly atTf .20 Thus the large entropy deve
oped below 1 K~Ref. 1! is unlikely to be associated with
weak-moment spin freezing, which also leaves unexplai
the strong and essentially temperature-independentm1 relax-
ation in the range 0.1–10 K. We conclude that spin freez
is not the origin of the low-temperature Kondo behavi
leaving to Sec. III C the question of whether weak-mom
paramagnetism may play a role in the hyperfine-enhan
behavior of PrInAg2.

It should be noted that these results are not sensitive to
use of crude power-exponential fits rather than the more
propriate dynamic K-T analysis. The K-T value ofs is about
40% greater thanL0, so that use of it in the above analys
would increase the experimental upper bound on any fro
Pr31 moment by;20% @cf. Eq. ~7!#. This does not change
our conclusion that spin freezing is not responsible for
0.5-K specific-heat anomaly.

b. Conventional (spin) Kondo physics. Yatskar et al.1

ruled out a conventional Kondo effect withTK;1 K, noting
that inelastic neutron-scattering experiments2 indicated a
nonmagneticG3 doublet Pr31 CEF-split ground state. We
nevertheless consider the possibility that the 0.5-K spec
heat feature is a conventional Kondo anomaly, i.e., that
magnetic in origin.

For temperatures&TK , a Kondo spin fluctuates at a ra
nK'kBTK /\, which is ;1011 s21 for TK'1 K. In the
neighborhood ofTK the m1 relaxation rateT1

21 is a maxi-
mum given by
e
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~T1
21!max'2s2/nK ; ~10!

heres'gmH loc is them1/Pr31 dipole coupling in frequency
units. We estimates using the valueH loc51.10 kOe/mB
calculated from a lattice sum over Pr sites assuming un
related Pr-moment fluctuations. This gives

~T1
21!max'0.2 ms21 ~11!

for an uncompensated Pr31 moment of the order of 1mB .
We expect this rate forT*TK , with a crossover to a Kor-
ringa law

T1
21'~T1

21!maxS T

TK
D ~12!

~i.e., a considerable decrease ofT1
21! for T,TK .

To compare this scenario with the experimental results
assume thatL(T) is dynamic in origin, i.e.,L'T1

21. We see
that the observed rateL'0.8 ms21 is constant down to
;0.1 K ~Fig. 4!, whereas from Eq.~12! andTK'1 K ~Ref.
1! one expects a decrease ofT1

21 at 0.1 K to;10% of its
value at 1 K. It might be argued that the Korringa rate
masked by a temperature-independent rateL0, as in the dis-
cussion of spin freezing, in which case the minimum obse
able change of 0.3–0.4ms21 derived above would apply an
a Korringa-like change of;0.2 ms21 could not be ruled out
by the data. But in the conventional Kondo scenario, as
the spin-freezing picture, there is no mechanism for
temperature-independent rate as large asL0. We therefore
conclude that the experimental results are not consistent
conventional Kondo behavior.

c. Frustrated coupling betweenPr31 moments. In certain
lattices, including the fcc lattice of PrInAg2, Néel magnetic
ordering due to nearest-neighbor couplings can be preclu
by the lattice symmetry, a situation known generally as fr
tration of the ordering.21 In a recent study of the frustrate
pyrochlore antiferromagnet Tb2Ti2O7,22 in which there was
no sign of ordering, the zero-field muon relaxation rate w
found to increase with decreasing temperature down
;1 K and then remain constant at a value of;2.5 ms21

down to 70 mK. This is the same sort of behavior exhibit
by L(T) in Fig. 4. Frustrated ordering cannot be occurring
PrInAg2, however, since the dynamic K-T analyses at 0.7
and 10 K indicateDH loc5s/gm'10 Oe; this is two orders
of magnitude smaller than the dipolar coupling to Pr31 mo-
ments;1 mB .

B. Nuclear magnetism and muon relaxation

In this section we argue that the results of Sec. II can
understood by assuming that~1! nuclear magnetism is the
principal source of them1 local fieldH loc , and~2! the 141Pr
nuclear magnetism is hyperfine enhanced at low temp
tures. Both of these conclusions are necessary conseque
of the hypothesis of a nonmagnetic CEF-split ground sta

We first consider them1 relaxation behavior for tempera
tures up to;30 K. The decrease of the power-exponent
relaxation rateL(T) above ;10 K ~Fig. 4! suggests the
onset of 141Pr nuclear spin-lattice relaxation by thermall
populated magnetic Pr31 CEF excited states; the correspon
ing increase of the fluctuation raten ‘‘motionally narrows’’
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the m1 relaxation rate. This picture is confirmed by the da
of Figs. 1–3, since as shown in Table I the data sugge
temperature-independent static rates and steadily increasing
n(T).

At sufficiently high temperatures~above DCEF/kB

'60 K) the exponentb ~Fig. 4! tends to the valueb52
characteristic of a Gaussian relaxation rate, reflecting
Gaussian short-time behavior of the static K-T relaxat
function.10 At the same time the relaxation rate tends to
value;0.2 ms21, characteristic ofm1 relaxation by static
~and unenhanced! nuclear moments.

Two possibilities for this high-temperature nuclear rela
ation suggest themselves. The141Pr relaxation may remain
so rapid that the contribution of141Pr dipolar fields to them1

local field is motionally narrowed, and only the115In nuclei
contribute significantly. Alternatively, the Pr31 fluctuations
could become fast enough so that their contribution to
141Pr relaxation itself becomes motionally narrowed a
negligible. Then the141Pr nuclei would relax under the in
fluence of both~unenhanced! 141Pr and115In nuclear dipolar
fields.

We shall see that our results suggest the former poss
ity. In either event them1 relaxation at high temperatures
(;100 K) is describable by the K-T model in the qua
static limit, possibly with dynamic relaxation due to the
mally excited Pr31 spin fluctuations. Such a picture is su
ported by the results of Fig. 3, since the ZF relaxation
easily decoupled by a longitudinal field of 20 Oe (HL
@s/gm'1.2 Oe).

The above scenario can be put on a more quantita
footing by comparing the data with the expected relaxat
behavior at low and high temperatures, i.e., with and with
hyperfine enhancement, respectively. We start by determ
ing the expected nuclear relaxation at high temperatu
where one has static dipolar broadening from115In nuclei,
together with a contribution from~unenhanced! 141Pr nuclei
if this latter contribution is not motionally narrowed. The
nuclear contributions to them1 relaxation can be calculate
using the usual Van Vleck method of moments.23

Them1 electric charge produces an electric-field gradi
at the 141Pr (I 55/2) and 115In (I 59/2) sites. This pro-
duces a quadrupole splitting for both nuclides, which are
split in the unperturbed crystal because both sites pos
cubic point symmetry. The quadrupole splitting in turn mo
fies the secular terms in the dipolar interaction, which m
be taken into account in calculating them1 relaxation in zero
field.15,24 Them1 stopping site is unknown in PrInAg2. Cal-
culated values ofs for candidatem1 sites are shown in
Table II, which gives individual contributions141sZF and
115sZF from 141Pr and 115In nuclei, respectively, togethe
with the total ratesZF

tot5(141sZF
2 1115sZF

2 )1/2. Best agreemen
with the observed high-temperature static rate is found

the (1
4 , 1

4 ,0)d site ~Wyckoff notation! with a contribution to
sZF

tot from 115In nuclei but not from 141Pr nuclei. This is
consistent with the first of the two hypotheses discus
above.

The m1 charge may distort the lattice locally, thereb
modifying the near-neighbor dipolar interactions primar
responsible for the relaxation. These dipolar interactio
vary as the cube of the near-neighbor distances, the ch
a
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of which can therefore be estimated from a comparison
calculated and measuredm1 static relaxation rates. This
yields a local dilatation of 362%, assuming the muon oc
cupies thed site and that only the115In contribution is
present. This is comparable to the values 2–5% found
copper under similar circumstances by Camaniet al.25 and
Luke et al.,26 but the high-temperature data are equally co
sistent with little if any dilatation.

At low temperatures the141Pr contribution to them1

static relaxation rate is increased by a factor 11K if the
141Pr dipole moment is hyperfine enhanced~Sec. I C!. Using
ahf5187.7 mole emu21 ~Ref. 11! and the extrapolated low
temperature Van Vleck susceptibility xVV(0)
'0.040 emu mole21 ~Ref. 1!, we obtainK'7.5 from Eq.
~2!, in agreement with the value obtained from the nucle
Schottky anomaly in the low-temperature specific hea27

This gives an expected low-temperature rate

s~ low T!5@141sZF
2 ~11K !21115sZF

2 #1/251.14 ms21

for thed site, in excellent agreement with the observed lo
temperature value of 1.1560.05 ms21 quoted above.

We now turn to the observed valuen52.2 ms21 of the
low-temperature fluctuation rate~Table I!. The magnitude
and temperature independence of this rate below 10 K l
us to interpret it as due to the like-spin coupling betwe
~hyperfine-enhanced! 141Pr nuclear moments. Using the Va
Vleck method of moments, the calculated141Pr zero-field
rms relaxation rate~neglecting quadrupolar splitting! is
141sZF50.7490 ms21. This is smaller than the observe
fluctuation rate by a factor of;3.

We first attempt to resolve this discrepancy by noting t
the electric-field gradient due to them1 charge will induce
quadrupole splitting of the neighboring141Pr nuclei. The ef-
fect of this splitting on them1 spin dynamics has been take
into account, but it also has an effect on the141Pr relaxation.
In the presence of such quadrupole splitting the like-s
zero-field linewidth has only been calculated forI 51 and
3/2 ~Ref. 23!, where it is found thatsZF is increased by
factors of 1.19 and 1.26, respectively. These are not eno
to explain the shortfall. It is likely that the correspondin
factor for I 55/2 is larger than 1.26, but the trend does n
seem to allow explanation of a factor of 3 by this mech
nism.

TABLE II. Calculated powder-average ZF-mSR static Gaussian
relaxation ratessZF for candidatem1 sites in PrInAg2, assuming
quadrupole splitting by them1 electric field gradient~Refs. 15 and
24!. Individual contributions141sZF and 115sZF from 141Pr and
115In nuclei, respectively, are shown, together with the total r
sZF

tot . The observed high-temperature rate~Table I! is given for
comparison.

Site 141sZF
115sZF sZF

tot

~Wyckoff notation! Coordinates (ms21) (ms21) (ms21)

d ( 1
4 , 1

4 ,0) 0.1329 0.1667 0.2132

e ( 1
4 ,0,0) 0.2570 0.3227 0.4125

f ( 1
8 , 1

8 , 1
8 ) 0.3906 0.1286 0.4113

Observed 0.1560.02
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We next consider the indirect exchange interaction
tween 141Pr nuclei described in Sec. I C, which is mediat
by the electronic exchange between neighboring Pr31 ions.
We take the observed fluctuation raten as a measure of th
nuclear exchange constantJnuc/\, and useK57.5 and Eq.
~4! to obtain the estimate

Jel /kB'0.19 K ~13!

for the electronic exchange constantJel . This is comparable
to results in other nonmagnetic–ground-state Pr-based c
pounds:Jel /kB50.61 K in PrP ~Ref. 28! and 0.39 K in
PrNi5 ~Ref. 29!. In PrInAg2 Jel /kB is of the same order a
the Kondo temperature scale of 0.5–1 K, and may there
play a role in the theory of the nonmagnetic Kondo effect
this system.

C. Weak-moment paramagnetism?

The Pr31 ground state would also be ‘‘nonmagnetic’’
the Pr31 ions possessed a small but nonzero electronic
ment, even if this moment did not order magnetically at lo
temperatures. In this scenario the moment would be
small to lead to observablem1 relaxation. The paramagneti
susceptibility of the small-moment state could, however, le
to hyperfine enhancement effects, just as in the case o
nonmagneticG3 CEF-split ground state. ThemSR results
could not distinguish between these two possibilities.

The only reasonable mechanism for a small Pr momen
conventional~i.e., spin! Kondo compensation, with a hig
TK compared to the temperatures of interest~i.e., TK
@0.5 K). An argument similar to that given in Sec. I C fo
the ‘‘traditional’’ CEF-state hyperfine enhancement leads
similar conclusions, viz., that an enhancement factorK'10
requiresTK;50 K. We noted above in Sec. III A that a hig
value of TK is also necessary for the weak-moment sp
freezing scenario, since incomplete Kondo compensatio
the only reasonable way in which the Pr31 ionic moment
could be so strongly suppressed.~Our data rule out spin
freezing with an ordered moment greater than 3
31023mB .)

But the Pr31 4 f level lies well below the Fermi energy i
all Pr-based metals, a circumstance that drastically redu
the strength of the Kondo coupling and makes such a h
TK extremely unlikely. Furthermore,TK;50 K is of the
same order as the energy of the first Pr31 CEF splitting in
PrInAg2 found in neutron-scattering studies.2 A Kondo tem-
perature of this magnitude would broaden the CEF lev
significantly, contrary to the neutron-scattering results, a
also contrary to high-temperature specific-heat data1 that
agree closely with the prediction from the CEF-split lev
scheme. In addition, as discussed above, the spin entro
largely removed from Kondo-compensated local moment
temperatures low compared toTK , and thus the fullR ln 2
entropy seen below 1 K~Ref. 1! cannot be accounted for
Thus the high-TK scenario is not supported by the observ
thermal and magnetic properties of PrInAg2.

D. Effect of muon charge on Pr31 ions

In addition to contributing an electric-field gradient
near-neighbor nuclear sites, them1 charge produces an elec
-
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tric field that perturbs the CEF splitting of Pr31 near neigh-
bors. The symmetry of these Pr31 sites is lowered and som
degeneracies, including that of theG3 ground-state doublet
are lifted. The corresponding modification of the Van Vle
susceptibility has been observed by transverse-fi
mSR (TF-mSR) in a number of Pr-based intermetallics.30,31

The ground-state singlet is, however, still nonmagnetic, a
Van Vleck paramagnetism and the corresponding nuclear
perfine enhancement will remain features of the pertur
system.

If the Pr31 ground state were magnetic (G4 ,G5), no
qualitative effect of them1 charge would be expected exce
under extreme conditions. If it were argued that in PrInA2

the m1 electric field splits a magnetic Pr31 ground state so
that the perturbed ground state is nonmagnetic, then this
turbation must split the degeneracy by an amount of the
der of the unperturbed excitation energy (DCEF/kB'60 K)
to explain the observed temperature dependence of the
relaxation ~Fig. 4!. This would be an improbable coinci
dence; furthermore, the perturbation would have to be c
siderably larger than observed previously.30–33

IV. CONCLUSIONS

Two features of the ZF- and LF-mSR results in PrInAg2
corroborate the conclusion of Yatskaret al.1 that the Kondo
behavior of the low-temperature specific heat in this co
pound originates from an unconventional Kondo effect as
ciated with a nonmagnetic Pr31 G3 CEF ground state. First
the fact that the data show no magnetic anomaly betw
100 mK and 10 K rules out both static magnetism and Kon
spin fluctuations associated with a magnetic Pr31 CEF
ground state, so that neither of these mechanisms ca
responsible for the low-temperature specific-heat anoma

Second, the low-temperaturem1 spin dynamics can be
understood in terms of nuclear magnetism only; there is
sign of a Pr31 electronic magnetic moment. Furthermor
quantitative agreement is obtained only if the141Pr nuclear
magnetism is hyperfine enhanced, which can occur onl
the Pr31 CEF ground state is nonmagnetic. The experimen
value of the low-temperature dipolar coupling betweenm1

and 141Pr nuclei is in good agreement with that calculat
assuming hyperfine enhancement of the141Pr nuclear dipole
moment.

In addition, the experimental estimate of the coupling b
tween 141Pr nuclei at low temperatures is about three tim
larger than the value calculated assuming bare dipolar c
pling between141Pr nuclei. This strongly suggests the exi
tence of an indirect coupling mechanism between141Pr nu-
clei that arises from hyperfine enhancement. The requ
value of the electronic exchange interaction between P31

ions (Jel /kB'0.2 K) is comparable to that in similar Pr
based compounds with nonmagnetic CEF ground states

All these results depend crucially on hyperfine enhan
ment, the presence of which is evidence for the absence
Pr31 ground-state magnetic moment. We also point out t
a complete theory of a nonmagnetic Kondo effect in PrInA2
may need to take into account a Pr-Pr exchange coupling
is of the order of the Kondo temperature.
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