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The low-energy spin dynamics near the ferromagnetic quantum critical point in CePd0.15Rh0.85 have been
investigated using zero-field �ZF� and longitudinal-field muon spin relaxation ��SR� measurements over a
temperature range of 60 mK to 4 K and in applied fields up to 2500 G. The ZF-�SR measurements reveal a
considerable slowing down of the spin fluctuations with decreasing temperatures below 2 K. There is no clear
sign of either static long-range magnetic ordering or spin freezing down to 60 mK. The temperature depen-
dence of the ZF-muon depolarization rate ��� exhibits a power-law behavior, ��T��T−n with n�0.8, while the
field dependence at 0.1 K reveals a time-field scaling of the muon relaxation function, Pz�t ,H�= Pz�t /H�� with
��1.0�0.1. Furthermore, the exponent derived from the ZF-�SR data agrees well with the power-law
behavior of the temperature-dependent susceptibility, ��T��T−� ���−0.6�0.1�, the E /T scaling of the neu-
tron dynamical susceptibility, as well as the magnetization-field-temperature scaling ��m�0.8�0.1�, obtained
from the same sample. The �SR results of CePd0.15Rh0.85 are discussed in the context of systems exhibiting
non-Fermi-liquid behavior.
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I. INTRODUCTION

One of the most fascinating areas in condensed-matter
physics today is the investigation of metals in which the
correlations among conduction electrons are strongly en-
hanced. Ever since its inception, Landau’s Fermi-liquid
theory has been the fundamental foundation for our under-
standing of the low-temperature properties of these strongly
correlated electron systems,1 which incorporate the effect of
electronic interactions into a renormalized electron mass. Re-
cently, however, the breakdown of Fermi-liquid theory has
been observed in several strongly correlated f-electron ma-
terials: the so-called non-Fermi-liquid �NFL� behavior.2–5

This breakdown has far-reaching implications on our current
understanding of metals. One good example is the normal
state of high-temperature superconductors,4 which exhibit
linear resistivity above Tc up to 1000 K. These unusual sys-
tems display such NFL behavior when their ordered mag-
netic moments are forced to quench with their second-order
phase transitions, suppressed to T→0 K by external param-
eters such as pressure, magnetic fields, and doping. These are
also sometimes called zero-temperature quantum phase tran-
sitions or quantum critical points �QCP�.2–4 It is to be noted
that QCP is one of the mechanisms for NFL behavior; how-
ever, there are various other mechanisms for NFL behavior,
which are discussed below.

When such a quantum phase transition occurs, the low-
temperature magnetic, transport, and thermal properties of
such compounds differ significantly from those of simple

metals, and from some magnetically ordered heavy-fermion
compounds, whose properties are usually understood within
the formalism of Fermi-liquid theory. The most striking and
general features of a material at a quantum-phase transition
are �i� the linear temperature �T� dependence of the electrical
resistivity, �ii� the logarithmic temperature dependence of the
electronic specific-heat coefficient C /T, and �iii� the power-
law or square-root temperature dependence of the magnetic
susceptibility.2–5 These electronic properties are entirely dif-
ferent from those expected from the Fermi-liquid theory for
simple metals and magnetic heavy-fermion compounds.
Therefore, the anomalous magnetic, thermal, and transport
properties of materials near a quantum-phase transition are
described as non-Fermi-liquid behavior.2–5 Several scenarios
of non-Fermi-liquid behavior have been suggested
theoretically.2,6–13 Some of the most actively discussed theo-
retical explanations include a model based on disorder ef-
fects such as the Kondo disorder model and Griffiths phase
scenarios,10,11 a model based on spin-density wave scenarios
with a Gaussian fixed point now known as a nonlocal QCP
�Refs. 6–8�, and a model based on a non-Gaussian fixed
point and having second-order quantum phase transitions
known as a local QCP.12,13

So far most of the NFL systems investigated in the field of
strongly correlated electron systems deal with a vanishing
antiferromagnetic phase transition at T=0 K, which are de-
noted as an antiferromagnetic quantum critical point
�AFQCP�. From a materials’ point of view, it is noticeable
that there are only a handful of systems that show clear evi-
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dence of NFL behavior near a ferromagnetic quantum critical
point �FQCP�.14–16 The FQCP is expected to be very differ-
ent from the AFQCP in many respects.17–20 Some of the key
differences are as follows: �1� it is intrinsically a q=0 phase
transition, hence, order parameters are conserved. �2� In the
quasiclassical regime of an FQCP, the dynamic spin fluctua-
tions enhance the Kondo temperature, TK. �3� The dynamical
critical exponent zd is three, whereas zd is two for an AFQCP.
�4� Approaching the QCP from the high-temperature side, the
magnetic correlation length �	� diverges as T−2/3 unlike as
T−3/4 �in Hertz-Millis theory� for an AFQCP.6,8 More inter-
estingly, recent theoretical studies of emergent superconduc-
tivity in electronic systems close to a FQCP show that the
system avoids pair breaking effects by undergoing a first-
order transition with a much larger Tsc near FQCP,19,20 which
agrees with experimental observations in UGe2 and
URhGe.21,22 A similar weak first-order transition from FM
Fermi-liquid to nonmagnetic non-Fermi-liquid behavior in
the resistivity has been observed near the FCQP under ap-
plied pressure in MnSi.23

In this respect, it is interesting to note that recent bulk
measurements have shown that CePd1−xRhx alloys exhibit
NFL behavior near a FQCP for the critical composition xc

=0.85.24–26 CeRh shows mixed-valence behavior with strong
hybridization between 4f and conduction electrons while
CePd exhibits ferromagnetic ordering with TC=6 K. It has
been shown by Sereni and co-workers24–26 that, in
CePd1−xRhx, a continuous decrease of the ferromagnetic or-
dering temperature TC with increasing x takes place down to
TC=0.25 K at x=0.80. This suggests that in CePd1−xRhx the
ferromagnetic order disappears at a quantum critical point
placed around xc=0.85.24,25 It should be noted that the recent
work of Sereni et al.26 indicates that the critical composition
lies between xc=0.87 and 0.90. However, our muon spin
relaxation ��SR� experiment shows that our sample, with x
=0.85, is on or very close to the critical composition. More
interestingly, the unit-cell volume exhibits a linear behavior
with increasing Rh concentrations for 0
x
0.75 and then
exhibits a change in the slope for 0.75
x
1.0.26 This then
indicates that there is a certain valence instability before the
critical composition xc=0.85, at which composition experi-
mental evidence is found of a FQCP. It is to be noted that
this behavior is very different from that observed in many
other QCP/NFL systems, where the Ce valence remains
nearly trivalent, e.g., Ce�Cu,Au�6 and CeRh2Ga.27,28 Re-
cently, we have investigated the spin dynamics and E /T scal-
ing near the FQCP in CePd0.15Rh0.85 using inelastic neutron-
scattering �INS� measurements.29 Since muon spin relaxation
and INS measurements are complementary tools, they pro-
vide, when used together, a wealth of information about the
microscopic magnetic interactions. We have now carried out
�SR measurements on this compound in order to further our
understanding of the ground state as well as the nature of
low-energy spin fluctuations in CePd0.15Rh0.85. Our zero-field
�SR study clearly shows the slowing down of the spin-
fluctuation rate and the power-law divergence of the �SR
depolarization rate ��� at low temperatures without any clear
sign of long-range magnetic ordering down to 60 mK.

II. EXPERIMENT DETAILS

The polycrystalline sample of CePd0.15Rh0.85 was pre-
pared by arc melting the constituent elements with purity of
99.9% at SungKyunKwan University, South Korea. In order
to ensure homogeneity, the button was flipped over and re-
melted several times. The sample was annealed at 700 °C
for a week in a sealed quartz tube. The phase purity of the
sample was checked by neutron powder-diffraction measure-
ments using the GEM diffractometer at the ISIS pulsed neu-
tron and muon facility, U.K. The temperature dependence of
the bulk magnetic susceptibility and magnetization isotherms
was measured using a commercial Quantum Design PPMS
magnetometer. The �+SR measurements were performed us-
ing the MuSR spectrometer at ISIS, where a pulse of muons
is produced every 20 ms and has a full width at half maxi-
mum of 70 ns. These muons are implanted into the sample,
after which they decay with a half life of 2.2 �s into posi-
trons, which are emitted preferentially in the direction of the
muon spin axis. These positrons are detected and time
stamped in the detectors that are positioned before �F� and
after �B� the sample. The muon relaxation function Pz�t� was
obtained, using the counts in F and B detectors, as Pz�t�
=NF�t�−�NB�t� /NF�t�+�NB�t�, where � is a calibration con-
stant. Pz�t� provides information about the internal field and
the spin-lattice relaxation rate. We have carried out zero-field
�ZF� and longitudinal-field �LF� �SR measurements, in ap-
plied fields up to 2500 G, over the temperature range from
60 mK to 4 K. The powder sample was fixed to a silver
backing plate and mounted onto the cold finger of a dilution
refrigerator. The silver sample holder was used because it
gives a nonrelaxing muon signal, and hence, only contributes
a temperature-independent constant background.

III. RESULTS AND DISCUSSION

A. Neutron diffraction

Figure 1 shows a neutron-diffraction pattern from the
CePd0.15Rh0.85 powder sample obtained on GEM at 300 K.
The sharpness of the linewidths of the peaks suggests that
the sample is well crystallized and homogeneous. Rietveld
analysis of the neutron-diffraction data, using the GSAS pro-
gram, confirmed that the CePd0.15Rh0.85 sample is single-
phase, and crystallizes in the orthorhombic CrB-type struc-
ture �Fig. 2� with space-group Cmcm �No 63� and four
molecular formula units per unit cell. In this structure, the Ce
and Rh �Pd� atoms each occupy a special and unique crys-
tallographic site. The Ce atom was assigned to the “4c”
�0, yCe, 1 /4� crystallographic site and the Rh �Pd� atom to
the 4c �0, yRh, 1 /4� crystallographic site. The refined values
of the orthorhombic lattice parameters are a=3.8801�8�, b
=10.9666�3�, and c=4.2381�1� Å; the refined value of the
unit-cell volume is 180.338 Å3, which is in good agreement
with the reported value in Ref. 26. The atomic position pa-
rameters of the Ce and Rh�Pd� atoms are yCe=0.1376�1� and
yRh=0.4091�1�. Isotropic thermal factors were also refined,
and found to be 0.0075�2� Å2 for Ce and 0.0176�3� Å2 for
Rh �Pd�, respectively, while keeping the site occupancy fixed
to 100%. The best fit gave a weighted profile R value of RW
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of 4.8% as average for the six GEM banks. The quality of the
fit can be seen in Fig. 1 for one of the GEM detector banks.
The calculated bond distances from the refined parameters
are as following: Ce-4Rh�Pd�=2.9192�1�, Ce-Rh
=2.9770�9�, Ce-2Rh=3.1703�7�, Ce-4Ce=3.7864�7�,
Ce-2Ce=3.6877�9�, and Ce-2Ce=3.8830�8�, all in units of
angstrom. It is to be noted that the shortest bond-distance
between Ce-4Rh is most likely an important parameter for
the observed strong hybridization between Ce-4f and Rh-4d
electrons, and hence, the mixed-valence nature of the Ce ion
in CePd1−xRhx for x=0.7–1.0.

B. Magnetic susceptibility and magnetization

Figure 3 shows the magnetic and inverse magnetic sus-
ceptibilities measured in an applied field of 0.5 T between 2
and 300 K. The susceptibility exhibits a large enhancement
at low temperatures over the Curie-Weiss susceptibility of
the Ce3+ ion, which is in agreement with the previous re-
ported behavior.25,26 The low-temperature susceptibility,
when plotted on a log-log scale, exhibits a power-law diver-
gence ��T��T−� with �=0.6�0.1, which has been attrib-
uted to NFL behavior.25,26 Concerning the power-law behav-
ior, we note that the value of the exponent � observed here is
identical to the exponent �0.6 observed in the E /T scaling
of the dynamical susceptibility of CePd0.15Rh0.85.

29 The spin-
fluctuation theories of Moriya and Lonzarich7 predict the
value of the exponent n=4 /3 for a three-dimensional �3D�
ferromagnetic quantum critical point, compared with �
=3 /2 for a 3D antiferromagnetic quantum critical point:2,7

for the two-dimensional �2D� FM case, �=1 is predicted by
the theory of Lonzarich2,7 while ��T��T−1 / log T behavior is
predicted by the theory of Moriya.2,7 Thus the observed tem-
perature dependence of the susceptibility at low temperatures
does not agree with the predictions of the NFL spin-
fluctuation theories based on 3D and 2D FM. However, the
value of the observed exponent is close to the prediction �
=3 /4 for the disorder Kondo alloy model for NFL behavior
by Grempel and Rozenberg.30 We recall that NFL systems

such as YbRh2�Si1−xGex�2 and CeNi0.55Co0.45Sn also exhibit
a power-law divergence in the susceptibility with
��0.6.31,32 For the former compound, it has been shown
that both ferromagnetic and antiferromagnetic fluctuations
are important for explaining the observed NFL behavior33

while the latter system exhibits NFL behavior when the first-
order valence phase transition, observed for
CeNi0.65Co0.35Sn, is suppressed by further increasing the Co
composition. Interestingly, the power-law divergence in the
susceptibility was also observed in Ce1−xThxRhSb �x
=0.1–0.3� with �=0.36–0.44, whose origin was attributed
to a Griffith phase model.2

The presence of strong Kondo-type interactions in
CePd0.15Rh0.85 can be seen from the high value of the Curie-
Weiss �CW� temperature, �P=−184 K, obtained from the
CW behavior of the high-temperature susceptibility. Despite
CePd0.15Rh0.85 being close to a FQCP, �P is very large and

FIG. 1. �Color online� Neutron
diffraction pattern of
CePd0.15Rh0.85 obtained on GEM
at ISIS at ambient temperatures.
The symbols show the data, the
line represents the Rietveld fit,
and the vertical bars denote
symmetry-allowed peak positions.
The difference between the calcu-
lation and observed counts is
shown as a solid line at the bottom
of the plots.

FIG. 2. �Color online� CrB-type orthorhombic unit cell of
CePd0.15Rh0.85 with space-group Cmcm.
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negative rather than small and positive, as might be expected
for a system near a FQCP. There are two possible explana-
tions for the observed large value of �P: �i� the crystal
electric-field �CEF� effect, and �ii� strong hybridization be-
tween 4f and conduction electrons. However, we failed to
observe well-defined CEF excitations in our high energy in-
elastic neutron-scattering experiments. Instead, a broad mag-
netic excitation extending up to 60 meV was observed. This
then can be interpreted that the origin of the large negative
value of �P is most likely to be due to the presence of strong
hybridization, which yields a high Kondo temperature. Fur-
thermore, it should be noted that low-energy inelastic neu-
tron scattering also reveals clear quasielastic signals that ex-
hibit E /T scaling.29 This is in contrast with other well-known
mixed-valence systems where one observes only inelastic
scattering and no clear presence of quasielastic scattering,
e.g., in CePd3 and CeRu4Sb12.

34,35 In this case, the position
of the inelastic peak can be taken as a good measure of TK
for these systems.35 This further indicates that the
CePd0.15Rh0.85 system contains some Ce ions with a small
Kondo temperature. From this we may infer that
CePd0.15Rh0.85 has a distribution of Kondo temperatures with
a finite value of the distribution function P�TK=0� at
TK=0.10 Thus the uncompensated moment with TK=0 may
be responsible for the observed non-Fermi-liquid behavior at
low temperatures. On the other hand, we note that a model
proposed by Bernhoeft36 is based on the distribution of the
relaxation rates having lower and upper bounds.

Now let us discuss the isothermal magnetization measure-
ments and their scaling properties. It was predicted theoreti-

cally by Tsvelik and co-workers37,38 that NFL systems should
exhibit scaling behavior in magnetization isotherms at vari-
ous temperatures, i.e., M�H ,T�. This model implies that the
alloys have a critical point at T=0 and therefore their low-
temperature thermodynamic properties are governed not by
single-particle fermion excitations, as in the FL, but by the
collective quantum fluctuations of the order parameter in the
vicinity of the critical point. This scaling analysis is an ex-
tension of the scaling formalism in the Landau model, which
describes critical behavior near a finite temperature second-
order phase transition at the ordering temperature. According
to Tsvelik et al.,37 the functional form of the magnetization
scaling is given as follows:

M

H
= T−�mf� H

T��m+�m�� . �1�

Here subscript “m’ indicates that these exponents are for the
magnetization and should not be confused with the ones used
in the muon relaxation function. The prediction of magneti-
zation scaling has been previously observed in many NFL
systems such as U0.2Y0.8Pd3 �Ref. 38� and U�Cu,Pd�5 �Ref.
39�. We have therefore carried out magnetization measure-
ments at various temperatures in order to check this scaling
behavior. Figure 4�a� provides the summary of the magneti-
zation data taken at various temperatures between 2.2 and 80
K in magnetic fields up to 9 T. As one can clearly see in the
figure, the magnetization displays nonlinear behavior with
field at low temperatures and then exhibits linear behavior at
high temperatures. It is to be noted that the value of the

FIG. 3. �Color online� �a� Temperature dependencies of the
magnetic susceptibility and the inverse magnetic susceptibility of
CePd0.15Rh0.85. �b� Log-log plot of the temperature dependence of
the magnetic susceptibility. The solid straight line in �a� indicates
Curie-Weiss behavior while in �b� the line demonstrates a power-
law behavior.

FIG. 4. �Color online� �a� Magnetization isotherms of
CePd0.15Rh0.85 at temperatures between 2.2 and 80 K. �b� Scaling of
M �H ,T� plotted as log log�M /H�T0.8 versus log�H /T1.7� of the data
between 2.2 and 10 K.
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magnetic moment at 2.2 K and 9 T field is 0.2�B, which is
much smaller than the free Ce3+ ion value of 2.54�B. In
order to check the scaling of M�H ,T�, we have also plotted
the data in Fig. 4�b� as �M /H��T�m versus H /T�m+�m in a
log-log plot. The values of �m and �m+�m were varied in
order to find out the best fitting results of these parameters.
From an extensive search of the parameter space, it was
found that the values of �m=0.8�0.1 and �m+�m
=1.7�0.1 �i.e., �m=0.9� give the best scaling behavior
where all the data below 10 K collapse onto a universal
curve, while data at 10 K and above �not shown in the plot�
deviate considerably from the scaling curve. It should be
noted that similar scaling behavior has been previously ob-
served up to 10 K for U0.2Y0.8Pd3 with �m=0.3 and �m
=1.3 while for U�Cu,Pd�5, �m=0.25 and �m=1.2.38,39 For
CePd0.15Rh0.85, the value of �m is similar; however, the value
of �m, which is also nearly the same as the observed expo-
nent in the susceptibility, is twice that observed in the ura-
nium systems. The large value of the exponents ��m+�m�
indicates that the extended correlated fluctuations could be
responsible for the singular behavior of �→0.2 We stress
that for a true FL system, no such scaling behavior should be
observable. The presence of M�H ,T� scaling indicates that
there is an energy scale other than the Fermi energy that
dominates the thermodynamic properties of NFL systems.
We will compare this value of �m with the exponent obtained
from the temperature dependence of the ZF-muon spin relax-
ation rate presented in the next section.

C. �SR measurements

1. Zero-field �SR measurements

Figure 5 shows the time dependence of the ZF-�SR re-
laxation function, Pz�t�, of CePd0.15Rh0.85 at various tempera-
tures between 60 mK and 4 K. Down to the lowest measured
temperature, we have observed neither any clear sign of loss
of initial asymmetry �A0� nor a clear signature of frequency
oscillations. The absence of both features clearly rules out
any possible static long-range magnetic ordering. Interest-
ingly, with decreasing temperatures from 4 K, the relaxation
rate increases and the signal is strongly damped below 1 K,

which might indicate further slowing down of the spin-
fluctuation rate at low temperatures.

To obtain quantitative information on the temperature de-
pendence of the muon relaxation rate and line shape, we
have analyzed the ZF spectra using the relaxation function of
a stretched exponential form given as follows:

Pz�t� = A0
� exp�− ��t��� + Abg, �2�

where Abg is a background term arising from muons stopped
in the silver sample holder and the first term is a rapidly
damped contribution arising from the muons stopped in the
bulk of the sample. Here � is the damping rate and � is an
exponent. It is to be noted that Eq. �2� interpolates between
Gaussian line shape �when �=2� and Lorentzian line shape
�when �=1�. While pure Lorentzian or Gaussian functions
provided no good fits to the data over the entire temperature
range, the parameter � in Eq. �2� gives a crude indication of
the behavior of the relaxation, i.e., whether the relaxation is
dynamic ��=1�, static ��=2�, or intermediate. The stretched
exponential form of the relaxation has also been used to fit
the ZF- and LF-field �SR data of many NFL systems such as
U�Cu,Pd�5, CePtSi1−xGex, YbRh2Si2, and CeNi9Ge4,40–43 but
the Lorentzian form has been used for CeRu4Sn6 and
CeRu4Sb12.

44,45 The detailed discussion on the underlying
physics for various values of � can be found in Refs. 46 and
47. For the whole analysis, we kept the background term
Abg=0.0456 fixed. We note that our fit to the data at 4 K to
Eq. �2� was very good, indicating that there is no significant
contribution arising from the nuclear moments of either Rh
or Pd, which would have given a static Kubo-Toyabe �KT�
type line shape. The absence of a KT type relaxation rate
may indicate that the muon stopping site in CePd0.15Rh0.85 is
close to the Ce atoms, which do not have nuclear moments,
and hence, do not contribute any KT-type damping. Further-
more, the use of a single component indicates that there is
only one muon site, unlike the two sites observed in
CeCoGe1−xSix �x=1.2 and 1.5� that also exhibits NFL
behavior.48 The values of the parameters � and �, estimated
from our analysis are plotted in Fig. 6 as a function of tem-
perature. It is seen from Fig. 6�a� that when decreasing the

FIG. 5. �Color online� ZF-�SR spectra at se-
lected temperatures between 60 mK and 4 K.
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temperature from 4 to 1 K, � first increases gradually but
then exhibits a sharp rise below 1 K. Furthermore, a log-log
plot �see the inset of Fig. 6�a�� exhibits a power-law type
behavior with ��T��0.14 T−0.8. This value of the exponent
is reasonably close to 0.6–0.8, obtained from the temperature
dependence of the susceptibility, E /T scaling of the dynami-
cal susceptibility, and magnetization scaling, as mentioned
previously. Furthermore, it is to be noted that the value of �
��0.6� is nearly temperature independent between 4 and 1 K
before it increases and approaches one at the lowest tempera-
ture �Fig. 6�b��. The rise may indicate that the relaxation
function at the lowest temperature is close to a Lorentzian
form. Further confirmation of the temperature dependence of
� at low temperatures �below 0.4 K� is obtained with a data
plot in the form of Pz�t� versus t1/2 �not shown here�. The
data above 0.3 K exhibited linear behavior but the data be-
low 0.3 K displayed a noticeable deviation from a linear
dependence above a time of 2.25 �s, indicating the previ-
ously mentioned change of the � value.

We comment that �=0.5 is to be expected for a rapidly
fluctuating dynamic local Lorentzian field distribution aris-
ing from fluctuating atomic dipoles49 above the spin-glass
temperature �Tg� for dilute spin-glass systems while �=1 /3
is expected for a concentrated spin-glass system at the spin
freezing temperature.49,50 The case of �=1 /3 at Tg has been
observed for the spin-glass systems such as Y�Mn0.9Al0.1�2
and AgMn �0.5 at %�.50,51 The case of �=1 /2 has been
found for Y6�Mn0.55Fe0.45�23,

52 which does not show any sign
of a long-range magnetic ordering but exhibits dynamic spin
fluctuations, and for AuFe �1 at %�,53 which exhibits spin-
glass-type behavior below 9.1 K. The observed temperature
dependence of � for CePd0.15Rh0.85 at the lowest tempera-
tures may rule out the possibility of a diluted or concentrated
spin-glass system up to 60 mK and even at T→0. On the
other hand, �=0.7 at lowest temperature of 0.05 K can be

taken as an indication of a broad distribution of relaxation
rates, as discussed for similar features found in UCu4Pd.40

It is useful to compare the power-law behavior observed
in ZF ��T� with a similar feature seen in the temperature
dependence of the susceptibility ��T�. For example, the tem-
perature dependence of ��T� can be directly compared with
the neutron-scattering linewidths via the formalism described
by Lovesey et al.54 Moreover, there exists a direct relation-
ship between �, the inelastic linewidth 
�q�, and the wave
vector dependent susceptibility ��q�:

� = �BT

N
��

q

��q�

�q�

, �3�

with

1

N
�

q

��q� = �L, �4�

where ��q� is related to the neutron dynamical susceptibility
through a Kramers-Kronig relation,55 �L is the local suscep-
tibility, and B is the coupling constant. We have measured
the inelastic neutron response of CePd0.15Rh0.85, which
shows a q-independent behavior.29 Furthermore, the
temperature-dependent linewidth at low temperatures exhib-
its nearly linear behavior with temperature, 
�T��T. In a
theoretical model of NFL behavior by Bernhoeft,36 the low-
energy linewidth also exhibits linear behavior with tempera-
ture while the high energy linewidth is temperature indepen-
dent. Thus we can safely assume a linear behavior of 
�T�
with temperature. If we take the observed power-law behav-
ior in Fig. 3 as the temperature-dependent behavior of �L�T�
at low temperatures, i.e., �L�T� � T−�, and substitute this
form of 
�T� and �L�T� in Eq. �3�, then the temperature
dependence of ��T� becomes

��T� = BT−�. �5�

Using this equation one can obtain a similar value of the
exponent as observed in the temperature dependence of the
ZF-muon relaxation rate of CePd0.15Rh0.85.

2. Longitudinal field �SR measurements

In order to study further the role of static and dynamic
local internal fields as well as to investigate the time-field
scaling,40,41 we have carried out �SR measurements in ap-
plied longitudinal fields between 0 and 2500 G at 0.1 K. In
longitudinal fields the muon spin relaxation is mainly due to
thermally excited 4f-electron-spin fluctuations, which couple
to the muons implanted in the sample. These muons at a
given site then experience a time-varying local internal field
Hloc�t� due to the spin fluctuations of the neighboring 4f
moments. The field-dependent data are also important in ob-
taining information on the spin-spin dynamical autocorrela-
tion function, q�t�= 	Si�t� .Si�0�
. For a spin-glass system,
q�t� is theoretically predicted to exhibit a power law such as
q�t�=c t−� or a stretched exponential q�t�=c exp �−��st��s�
behavior. The subscript “s” indicates that these variables re-
fer to the spin-spin autocorrelation function and should not
be confused with the ones used in the muon relaxation

FIG. 6. �Color online� �a� Temperature dependence of the depo-
larization rate ��� and �b� temperature dependence of the exponent
��� for the ZF-�SR data. The inset shows the log-log plot for the
depolarization rate for the ZF data.
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function.51 As shown by Keren et al.51 for spin-glass systems
and MacLaughlin et al.41 for NFL systems, the spatially av-
eraged muon spin relaxation function Pz�t ,H� at time t and
longitudinal field H obeys the time-field scaling relation,
Pz�t ,H�= Pz�t /Hy�, for both the power-law and stretched ex-
ponential forms of q�t�. The time-field scaling has been ob-
served for both classical spin-glass systems and NFL systems
having local f moments so that the observation of the time-
field scaling can be interpreted as a signature of slow spin
dynamics. This scaling can, in principle, appear near any
critical point but is usually associated with spin-glass-like
behavior.41 For the systems exhibiting NFL behavior, the
glassy spin dynamics may arise from the effect of disorder
on quantum critical fluctuations. From the observation of the
time-field scaling, it is possible to obtain independent infor-
mation on the nature of the spin autocorrelation function,
q�t�: y=1−�
1 for power-law correlation and y=1+�s
�1 for stretched exponential correlation, as long as the
muon Larmor frequency ��=��H is much greater than �. It
is also to be noted that the power law and stretched expo-
nential forms mentioned here are for q�t�, and the same form
cannot be necessarily applied to the muon spin relaxation
function, Pz�t�.

In the following, the field dependence of the muon spin
relaxation measured on CePd0.15Rh0.85 at 0.1 K is discussed.
Figure 7 shows the field dependence of the �SR spectra,
Pz�t ,H�, at 0.1 K between 0 and 2500 G. With increasing
field the relaxation rate initially decreases fast between zero
and 50 G. Above 50 G, the rate decreases more gradually
with increasing applied fields. However, there is no clear
sign of a static nuclear component, i.e., a KT component, as
mentioned previously in our ZF-field data. Thus we attribute
this initial decrease of the relaxation rate with applied fields
to the initial decoupling of the muons spin from the elec-
tronic or dynamic moments. Furthermore, the gradual de-
crease of the electronic damping with field may indicate that
the electronic component is distributed over a wide field
range. A very similar field dependence of �SR spectra has
been observed in NFL systems such as UCu3.5Pd1.5, UCu4Pd,
and CePtSi0.9Ge0.1 at 50 mK.40,41 In these systems the ob-

served wide distribution of the muon relaxation rates at low
fields has been attributed to slow or glassy dynamics associ-
ated with quantum spin-glass behavior �i.e., TG=0� rather
than quantum criticality such as in a uniform system. It
should be noted that the value of � for CePd0.15Rh0.85 at 0.1
K exhibits a large change between 0 and 50 G applied field
�see Fig. 8�b��, which could be due to the way the low ap-
plied field affects the spin dynamics of the Ce ions whose TK
is suppressed to 0 K. At present there is only one data point
below 50 G that does not allow us to make any firm state-
ment on the origin of this behavior.

The field dependence of the �SR spectra of
CePd0.15Rh0.85 between 0 and 2500 G at 0.1 K is well de-
scribed by the stretched exponential function, as used for the
ZF data. During the fits of these data, we have kept the
values of ABG and A0 fixed, as obtained from the fit of the 0.1
K ZF data. This method gave very good fits to all field data
and the quality of the fit can be seen by the solid line in Fig.
7. The value of � and � obtained from the fits are plotted as
a function of field in Figs. 8�a� and 8�b�. As can be seen in
the figures, � exhibits a dramatic decrease with increasing
field while � exhibits a sharp drop from 0.82 to 0.52 at 50 G
before it remains nearly constant up to 2500 G. In order to
illustrate the behavior of � with H, we have plotted � versus
H on a log-log scale in the inset of Fig. 8�a�. From this
analysis a power-law behavior, ��H−y, is found with y�1
in the low-field regime and y�1.58 in the high-field regime.
It is interesting to compare these values with y=1.6 observed
for CePtSi0.9Ge0.1 at 50 mK between 50 and 1000 G, and y
=1.0 observed for YbRh2Si2 at 20 mK between 10 and 400
G.41,42 On the other hand, CeRu4Sn6, exhibiting NFL behav-
ior with a spin gap, has a very small value of y=0.17.44 It is
to be noted that we also tried to fit the longitudinal-field data
by keeping �i� �, ABG, and A0 fixed, and �ii� � and ABG fixed

FIG. 7. �Color online� LF dependence of �SR spectra at 0.1 K.
The solid line represents the fit �see text�.

FIG. 8. �Color online� �a� LF dependence of the depolarization
rate ��� and �b� LF dependence of the exponent ��� at 0.1 K. The
dotted and solid lines indicate the fit results obtained with and with-
out taking the ZF data into account, respectively �see text�. The
inset shows the log-log plot with the solid lines representing power-
law behaviors for different exponents.
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to the ZF values at 0.1 K. However these constraints did not
yield good fitting results, indicating that the observed field
dependence of � in Fig. 8�b� is an intrinsic property of
CePd0.15Rh0.85, i.e., it is not due to an artifact arising from
the fitting procedure.

Another method of analyzing the longitudinal-field data at
fixed temperature is to use a time-field scaling plot. Consid-
ering the observation of the time-field scaling in UCu5−xPdx
�x=1 and 1.50�, CePtSi1−xGex,

40,41 as well as of the spin-
glass system AgMn �0.5 at %� above Tg,49 we have plotted
the relaxation function Pz�t ,H� against the scaling variable
�t /Hy� for CePd0.15Rh0.85 between 0 and 2500 G at 0.1 K in
Fig. 9. In order to obtain the best scaling plot, we have varied
the value of y in steps of 0.1 between 0.5 and 3.0. The best
scaling of the overall data can be obtained with y
=1.0�0.1, except for the high-field data with 2500 G field,
which show considerable deviation from the scaling curve
�see Fig. 9�. The deviation of the high-field data from the
scaling curve was also observed for UCu3.5Pd1.5 and
UCu4Pd, in which the latter exhibits considerable deviation
compared with the former. The observed scaling exponent
y=1.0 for CePd0.15Rh0.85 is higher than the values observed
for UCu3.5Pd1.5 �y=0.7� and UCu4Pd �y=0.35� but smaller
than the y=1.6 observed for CePtSi1−xGex �x=0 and 0.1�.
The observed scaling exponent of y�1 for CePd0.15Rh0.85
may suggest that q�t� can be well approximated by either a
power-law or a stretched exponential form. It should also be
noted that we did not use any specific information on the
form of Pz�t� in obtaining the form of q�t�. It would be in-
teresting to investigate directly the form of q�t� using a neu-
tron spin-echo technique for CePd0.15Rh0.85.

Now let us discuss the spin autocorrelation time �c that
can be estimated from the longitudinal-field dependence of �
as follows:

� = �2��
2 	Hloc

2 
�c�/�1 + ���
2 Happ

2 �c
2�p� , �6�

where 	Hloc
2 
 is the second moment of the field distribution at

the muon stopping sites. �c is related to the imaginary com-
ponent of the q-independent dynamical susceptibility, �����,
through the fluctuation-dissipation theorem55

�c = �kBT/�B
2�������/�� �7�

for ћ��kBT. We fitted the field dependence of � in Fig. 8�a�
using Eq. �6� first by keeping p=1, which yields a good fit to
all the data except for the ZF-field point �see the dotted line
in Fig. 8�a��, with the parameter values ���

2 	Hloc
2 
�

=1.97�MHz� and �c=8�10−8 s. This type of behavior has
also been observed for several heavy fermion compounds
with NFL-like behavior in their bulk properties:
CeCoGe1.8Si1.2 with �c=4�10−8 s,48 Ce0.7Th0.3RhSb with
�c=5.8�10−8 s,56 CeInPt4 with �c=3.7�10−9 s,57 Ce7Ni3
with �c=4.7�10−9 s,58 CeRu4Sb12 with �c=9.4�10−9 s,56

and CeRu4Sn6 with �c=2.3�10−8 s.44 Variation of the pa-
rameter p provides the best fits to all the data including the
ZF point �see the solid line in Fig. 8�a�� with the parameter
values of ��m

2 	Hloc
2 
�=1.64�MHz�, �c=17�10−8 s, and p

=0.67. At present, we cannot provide good justifications for
the use of parameter p other than that we choose this par-
ticular value in order to obtain a good fit to the ZF-data
point. It is to be noted that the good fit to ��H� was obtained
for both Ce0.7Th0.3RhSb and CeRu4Sn6 with p=0.338 and
0.221, respectively, in Eq. �6�. The observed value of �c in
CePd0.15Rh0.85 and in CeCoGe1.8Si1.2, as well as in
Ce0.7Th0.3RhSb, is much larger than that of 10−10–10−11 s
observed in the metallic spin-glass systems, e.g., CuMn with
5 at. % of Mn,53 but also larger than that in ordered systems
such as Ce7Ni3, CeInPt4, and CeRu4Sb12. The observed large
value of �c in CePd0.15Rh0.85 may originate from disordered
spin-spin correlations and can yield very slow or glass-type
spin dynamics at low temperatures.40,41 On the other hand,
the observed high value of �c in ordered CeRu4Sn6 was ex-
plained in terms of a very high residual resistivity
�550 �� cm�, which indicates some sort of site disorder or
vacancies.59

3. Comparison with other NFL systems

It is important for us to compare the �SR results of
CePd0.15Rh0.85, which exhibits NFL behavior near the FM-
QCP, with those of other systems exhibiting NFL behavior.
For this purpose, we have plotted Pz�t� versus time for sev-
eral NFL systems of stoichiometric compounds without dop-
ing, as well as of chemically substituted alloys in Fig. 10. We
chose stoichiometric compounds, which exhibit interesting
NFL behavior, for comparison. For example, CeRu4Sn6 and
CeRu4Sb12 exhibit NFL behavior with a spin gap formation
in the density of states near the Fermi level. Despite the spin
gap, the low-temperature heat capacity of these compounds
is very large: �ele=0.4 J /mole-K2 at 0.2 K and
0.4 J /mole-K2 at 0.12 K, respectively, and they exhibit loga-
rithmic behavior in the C /T plot.59,60 We note that the origin
of the high value of C /T in the presence of a spin gap is still
under discussion. On the other hand, CeNi9Ge4 shows un-
usual NFL behavior: the heat capacity exhibits NFL behavior
C /T� ln�T�, �ele=5.5 J /mole-K2 at 0.08 K,61 but the low-
temperature susceptibility shows FL-type behavior, a con-
stant value at low temperature. Furthermore, CeRh0.8Pd0.2Sb
exhibits NFL behavior near an antiferromagnetic quantum
phase transition,62 �ele=0.58 J /mole-K2 at 1.5 K, while from
the heat capacity it has been shown that the NFL behavior in

FIG. 9. �Color online� Time-field scaling of the �SR relaxation
function, Pz�t� versus �t /Hy�, for CePd0.15Rh0.85 at 0.1 K.
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Ce0.7Th0.3RhSb, �ele=0.6 J /mole-K2 at 0.05 K, is possibly
due to the Griffiths phase formation.2,63 It is obvious from
Fig. 10 that the stoichiometric compounds exhibit smaller
relaxation rates compared with those observed in the chemi-
cally substituted alloys. Furthermore, the strongest observed
relaxation rate in CeRh0.8Pd0.2Sb may not be entirely due to
site disorder as it shows two well-defined crystal-field exci-
tations in our inelastic neutron-scattering data.64 After having
considered all the data shown in Fig. 10, we propose that it
may instead arise due to a complex antiferromagnetic ground
state at T→0 K. The present comparison does not give any
clear relation between �ele and the muon relaxation rate,
which is in agreement with the previous comparison made by
MacLaughlin et al.41 for another set of ordered NFL com-
pounds with the chemically substituted UCu5−xPdx �x=1 and
1.5� alloys. Furthermore, MacLaughlin et al.41 have found a
correlation between the normalized muon relaxation rates �or
the value of stretched exponent, ��, � Vmol

2 , where Vmol is the
volume of unit cell per formula unit and residual resistivity,
��0�. Although there are few reports on the residual resistiv-
ity of CePd0.15Rh0.85, the magnetic scattering resistivity re-
ported by Sereni et al. ����38 �� cm at 6 K� �Ref. 65�, as
well as an estimation of the residual resistivity ���0�
�60–80 �� cm� in single crystals,66 which is inevitably
sample dependent, can be taken as an upper limit of ��0�
�80 �� cm of CePd0.15Rh0.85. When the value of �
=0.833 at 68 mK and the normalized relaxation rate, �
Vmol

2 �2.314�103 Å6 �s−1 �where �=1.137 �s−1 at 60 mK
and Vmol=45.117 Å3 at 300 K� were added in Fig. 15 of Ref.
41 �� Vmol

2 �or �� vs ��0� plot�, � of CePd0.15Rh0.85 indeed

follows the trend given in Ref. 41. However the � Vmol
2 does

show a considerable deviation from the trend given in Ref.
41. In order to follow the behavior as shown in Ref. 41
between � Vmol

2 and ��0�, the value of ��0� for CePd0.15Rh0.85
should have been �200 �� cm, which is not the case.

IV. CONCLUSIONS

In addition to magnetization measurements, we have used
ZF- and LF-muon spin relaxation techniques between 60 mK
and 4 K to investigate the low-energy spin dynamics of
CePd0.15Rh0.85, which exhibits non-Fermi-liquid behavior
near the ferromagnetic quantum critical point. The ZF-�SR
data reveal a considerable slowing down of spin fluctuations
at low temperatures, particularly below 1 K, without loss of
noticeable initial asymmetry, implying the absence of static
magnetic ordering. The temperature dependence of the
ZF-�SR spin relaxation rate exhibits a power-law behavior,
��T−n, with an exponent n�0.8, which is in good agree-
ment with exponents �0.6 obtained from power-law behav-
ior of the temperature dependence of the dc susceptibility, as
well as the exponent value �0.6 in the E /T scaling of the
dynamic susceptibility. The ZF data do not reveal a clear
sign of diluted spin glass or classical spin–glass-type behav-
ior down to 60 mK that would have given a peak in ��T� at
the spin-glass temperature if it exists above 60 mK. Further-
more, the LF-�SR data at 0.1 K exhibit a time-field scaling
with the exponent y=1.0, which may suggest that the spin-
spin autocorrelation �not to be confused with the muon re-
laxation function� can have either a power-law or stretched
exponential behavior. The observation of time-field scaling
indicates that the local spin dynamics are characterized by a
power-law dynamical susceptibility at low frequencies. The
observed large value of the spin autocorrelation time �c in
CePd0.15Rh0.85, even larger than that for spin-glass systems,
may suggest that the disorder effect plays a role in the origin
of NFL behavior. This is in agreement with the conclusions
obtained from the magnetic entropy and the concentration of
unscreened magnetic moments, which reveals a broad distri-
bution of local Kondo temperatures in CePd0.15Rh0.85.

26

ACKNOWLEDGMENTS

We wish to thank D. MacLaughlin, A. Keren, V. Krishna-
murthy, P. Schlottmann, A. Schofield, and O. O. Bernal for
fruitful discussions on this topic. We are grateful to J.-Y. So,
H. Michor, and A. Strydom for allowing us to show their
�SR data for the comparison. D.T.A. would like to acknowl-
edge financial support from the COST-P16 program. Work at
Sungkyunkwan University was supported by the CSCMR
and the 21st Century Frontier R&D Program for Hydrogen
Energy.

FIG. 10. �Color online� LF-�SR spectra of various non-Fermi-
liquid systems at low temperatures in applied fields of 50 G.
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Ref. 44�, CeRh0.8Pd0.2Sb �Adroja et al., Ref. 67�, and
Ce0.7Th0.3RhSb �So et al., unpublished�.
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