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The Pr-rich end 0 ≤ x ≤ 0.25 of the alloy series Pr1−xNdxOs4Sb12 has been studied using muon
spin rotation and relaxation. The end compound PrOs4Sb12 is an unconventional heavy-fermion
superconductor, which exhibits a spontaneous magnetic field associated with broken time-reversal
symmetry (TRS) in the superconducting phase. No such field is observed in the Nd-doped alloys
for x ≥ 0.05, indicating that TRS has been restored. The superfluid density from the vortex-lattice
field distribution is insensitive to Nd concentration for x . 0.2, indicating that TRS restoration
does not have a strong effect on the superconducting state. No Nd3+ static magnetism, ordered or
disordered, is found down to the lowest temperatures of measurement.

I. INTRODUCTION

Unconventional superconductivity was discovered in
the filled skutterudite compound PrOs4Sb12 (Tc =
1.85 K) almost twenty years ago [1], but there are still
many intriguing aspects of this compound that are not
well understood. Two of these are the origin of its en-
hanced electron mass in the absence of the magnetic
crystalline-electric-field ground state that is usual for
heavy-fermion compounds [2, 3], and the mechanism or
mechanisms responsible for its multiple superconducting
phases; the superconducting gap symmetry, in particu-
lar, is controversial [4–9]. An internal magnetic field was
detected via muon spin relaxation (µSR) [10] in the zero-
field (ZF) superconducting state [11], indicative of broken
time reversal symmetry (TRS) [12]. The appearance of
superconductivity in PrOs4Sb12 is close to an antiferro-
quadrupolar phase for magnetic fields H between 4.5 T
and 14.5 T [13, 14], raising the possibility that the pairing
mechanism involves quadrupolar [15–18] or higher-order
multipolar [19] fluctuations.

Other rare-earth filled-skutterudite compounds order
magnetically at quite low temperatures: spin-density-
wave type antiferromagnetism in CeOs4Sb12 occurs be-
low 1 K [20–23], weak ferromagnetism in SmOs4Sb12

develops below 2.6 K [24], and ferromagnetism in
NdOs4Sb12 appears below 1 K [25]. The latter led to
speculation that the origin of the superconducting pair-
ing mechanism in PrOs4Sb12 could be quantum fluctua-
tions near a magnetic quantum critical point.

The Pr1−xNdxOs4Sb12 substitutional alloy system has
been studied [26–28] to investigate the interplay between
ferromagnetism and the unconventional superconductiv-
ity in PrOs4Sb12. The phase diagram of the supercon-

ducting and ferromagnetic transition temperatures (Tc
and TCurie, respectively) vs Nd concentration x is shown
in Fig. 1 [28, 29], together with the onset of broken TRS
at Tc for x = 0 [11, 30, 31]. One of the major features

TF

FIG. 1. Phase diagram of Pr1−xNdxOs4Sb12. Superconduct-
ing and ferromagnetic transition temperatures (Tc and TCurie

respectively) from electrical resistivity ρ, magnetic suscepti-
bility χ, specific heat C [28], and µSR ([29], this work), onset
of broken TRS, x = 0 from ZF µSR [11, 30, 31], and upper
temperature limits for static Nd3+ magnetism and/or broken
TRS from ZF µSR (this work).

is the relative insensitivity of Tc to Nd doping; the rate
of decrease is comparable to that for nonmagnetic Ru
doping [27] and much slower than for rare-earth dop-
ing of both conventional and unconventional supercon-
ductors. The initial slope (dTc/dx)0/Tc is -0.012/% in
Pr1−xNdxOs4Sb12, compared to, for example, −0.94/%
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in La1−xGdxIn3 [32] and ∼ − 0.30/% in heavy-fermion
U1−xRxBe13, R = La, Gd, Lu, and Th [33].

This article reports results of a study of Pr-rich
Pr1−xNdxOs4Sb12, x = 0, 0.05, 0.10, 0.15, 0.20, and 0.25,
using ZF and transverse-field (TF) [34] µSR. With ZF
µSR we observe the onset at T = Tc of the previously-
reported spontaneous internal field for x = 0 [11, 31], but
for x = 0.05 and higher no such field is observed down to
the lowest temperatures of measurement. This is a sur-
prising result, since rapid restoration of TRS by magnetic
moments seems peculiar when ordered magnetism breaks
TRS. The T=0 superfluid density ρs(0) measured using
TF µSR is remarkably independent of x for x ≤ 0.2,
suggesting only a small difference, if any, between the
broken-TRS (x = 0) and restored-TRS superconducting
states. For x & 0.1 the dynamic muon relaxation rate
increases with decreasing temperature down to the low-
est temperatures of measurement. This is reminiscent of
critical slowing at a magnetic phase transition, but no
magnetic transition is observed for x ≤ 0.25 down to the
lowest temperatures of measurement.

II. EXPERIMENT

Single crystals of Pr1−xNdxOs4Sb12, x = 0.05, 0.10,
0.15, and 0.20, were prepared by the antimony self-flux
growth method [20]. Praseodymium and neodymium
were premixed using a single-arc furnace. X-ray pow-
der diffraction measurements were made to confirm the
alloys have the cubic LaFe4P12-type structure [35]. For
each concentration ∼2-g clusters of single crystals were
attached to silver sample holders using GE-7031 varnish.

Positive-muon (µ+) µSR experiments were carried out
using dilution refrigerators at the ISIS muon facility,
STFC Rutherford Appleton Laboratory, UK, over the
temperature range 0.025–3 K, in ZF and TF (field per-
pendicular to the initial µ+ spin polarization) between
0 and 200 Oe. For the ZF µSR experiments the field
was zeroed to within ∼1 µT. Data were analyzed us-
ing the µSR software package musrfit [36]. Obser-
vation of temperature-dependent relaxation rates down
to ∼100 mK is evidence for good thermalization of the
samples to this temperature. Previously-reported data
for x = 0 [9, 31] and 0.25 [29], obtained at ISIS and
TRIUMF, Vancouver, Canada, have been reanalyzed and
included here.

A brief summary of the µSR data analysis used in the
present work is given in the Appendix.

III. RESULTS

A. Zero Field

Representative ZF µSR spin polarization functions
from asymmetry measurements in Pr1−xNdxOs4Sb12 are

shown in Fig. 2. As described in the Appendix, a silver
background signal from the cryostat cold finger has been

FIG. 2. Zero-field µ+ spin polarization G(t) in Pr1−xNdx-
Os4Sb12, T = 1 K. (a) x = 0.05. (b) x = 0.10. (c) x = 0.20.
Solid curves: fits of exponentially-damped static ZF Gaussian
KT function [Eq. (1)] to the data. Dashed curves: plots (not
fits) of undamped Voigtian functions [Appendix Eq. (A.5)]
with ∆KT and static exponential rate a = λd from damped
Gaussian fits (Appendix Sec. 1).

subtracted, and the sample signal has been normalized
to give the polarization function G(t).

It is not easy to differentiate between dynamic ex-
ponential damping and an exponential contribution to
static relaxation if only early-time data are available. If,
however, the data extend to late enough times, the dif-
ference in asymptotic behavior can provide a clear de-
termination. Quite generally G(t→∞) → 1/3 for static
ZF relaxation due to randomly-oriented local fields [37]
(cf. Appendix Sec. 1), whereas G(t→∞)→ 0 for dynamic
relaxation.

The solid curves in Fig. 2 are fits to the data of
the exponentially-damped Gaussian Kubo-Toyabe (KT)
function [37]
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G(t) = e−λdt
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(cf. Appendix Sec. 1). This models the combined effect of
dynamically-fluctuating local fields (relaxation rate λd)
and a Gaussian distribution of randomly-oriented static
fields with rms width ∆KT/γµ; here γµ = 8.5156 ×
108 s−1 T−1 is the muon gyromagnetic ratio.

The dashed curves in Fig. 2 are not fits; they are
the undamped ZF static Voigtian KT relaxation func-
tion GV (∆KT, a, t) [Eq. (A.5)] appropriate to a convolu-
tion of purely static Gaussian and Lorentzian field dis-
tributions [38], with Gaussian rate ∆KT and exponen-
tial rate a fixed at values from the damped Gaussian
fits (a = λd). Agreement is good at early times, but
the Voigtian functions exhibit the late-time approach to
1/3 characteristic of static ZF relaxation in disagree-
ment with the experimental data. The observed decay
to zero is strong evidence that the exponential relax-
ation is dynamic in origin. Damped Voigtian fits to the
data [Appendix Eq. (A.6) with Gstat(t) = GV (∆KT, a, t),
Eq. (A.5)] yield a ≈ 0 (Appendix Sec. 1).

Figure 3 gives ZF µ+ spin polarization functions G(t)
at the lowest temperatures of measurement, to show the
effect of Nd doping at early times. The curves are fits

FIG. 3. Zero-field relaxation of µ+ spin polarization G(t) in
Pr1−xNdxOs4Sb12, x = 0, 0.5, 0.15, 0.20 and 0.25, at the
lowest temperatures of measurement. Solid curves: fits of
exponentially-damped static ZF Gaussian KT functions to
the data as in Fig. 2. Results for x = 0 and 0.25 are from
reanalysis of previously reported data (Refs. 31 and 29, re-
spectively).

of exponentially-damped static ZF Gaussian KT func-
tions to the data as in Fig. 2. The slower relaxation for
x = 0.05 compared to x = 0 is due to suppression of
the spontaneous field distribution associated with bro-
ken TRS. For x > 0.05 the relaxation becomes faster
and more nearly exponential.

The temperature and Nd concentration dependencies
of the relaxation rates ∆KT and λd are discussed in

Sec. IV A.

B. Transverse Field

Examples of TF µSR spin polarization functions above
and below Tc for transverse field HTF greater than the
lower critical field Hc1 are shown in Fig. 4 for x = 0.05.
The silver signal has been subtracted and the sample

FIG. 4. Time evolution of µ+ spin polarization G(t) for
Pr0.95Nd0.05Os4Sb12, transverse field HTF = 100 Oe. Cir-
cles: T = 2.5 K > Tc. Triangles: 1.0 K < Tc. Curves: fits of
Eq. (A.7) to the data.

signal has been normalized as described above and in
the Appendix. The curves are fits to the data of the
exponentially-damped TF Gaussian relaxation function
(Appendix Sec. 2)

GTF(t) = exp
[
−λTFt− 1

2 (σTFt)
2
]

cos(ωt+ φ). (A.7)

The rapid damping for T = 1.0 K is due to the inhomo-
geneous magnetic field distribution in the vortex lattice.

Section IV B discusses the Nd concentration and tem-
perature dependencies of the Gaussian and exponential
relaxation rates from fits of Eq. (A.7) to the data.

IV. DISCUSSION

A. Zero Field

Figure 5 shows the temperature dependence of the ZF
relaxation rates ∆KT and λd from fits of Eq. (1) to the
data. Data below ∼0.07 K show little temperature de-
pendence, which is perhaps a sign of lack of thermaliza-
tion at these temperatures. We concentrate on the results
above ∼0.1 K.



4

FIG. 5. Temperature dependencies of (a) static Gaussian KT
rate ∆KT and (b) dynamic exponential rate λd from fits of
Eq. (1) to ZF data. Rates for x = 0 and x = 0.25 are from
reanalysis of previously-reported data [29, 31]. Dashed line:
normal-state rate for x = 0 from Ref. 31.

For x = 0 the Gaussian static rate ∆KT increases below
Tc due to the spontaneous local field from broken TRS in
the superconducting state [11, 30, 31]. When Pr is substi-
tuted with Nd, the relatively slow variation of Tc with in-
crease of Nd concentration (Fig. 1) might have suggested
a correspondingly slow suppression of broken TRS, as is
found for nonmagnetic La or Ru doping [31]. In addi-
tion, magnetic-impurity-induced broken TRS has been
theoretically predicted [39–41]. In contrast, no increase
of ∆KT below Tc is observed for 0.05 6 x 6 0.20 down
to the lowest temperatures of measurement (Fig. 5(a)).
This is evidence for rapid recovery of TRS by Nd doping,
and is a major result of this work.

Broken TRS without an associated internal magnetic
field is possible if there are no spontaneous defect- or
surface-induced supercurrents [42] or no associated spin
supercurrents [43]. It seems unlikely, however, that dop-
ing with magnetic impurities would lead to either of these
situations. Thus the observed suppression of the spon-
taneous field is strong evidence that TRS is restored for
low Nd concentrations. To our knowledge there has been
no previous observation or theory of this phenomenon.

As was previously observed for x = 0.25 [29], there
is no oscillation or increase of ∆KT at low temperatures
that would signal the onset of static magnetism, ordered
or disordered. The Gaussian rate due to µ+ dipolar cou-
pling to a diluted lattice of disordered Nd3+ static mo-

ments has been estimated [29] at ∼10 µs−1 for x ∼ 0.2.
This is a lower limit, since an additional RKKY-based
transferred hyperfine interaction is present in the x = 1
end compound. The data of Fig. 5 show no such increase
on a scale two orders of magnitude smaller than this es-
timate down to the lowest temperatures of measurement
(Fig. 1). These are therefore upper bounds on both mag-
netic and TRS-breaking transitions.

For x = 0 λd is significant, and has been attributed to
hyperfine-enhanced 141Pr nuclear spin dynamics [44]. In
the Nd-doped alloys λd exhibits an upturn at low tem-
peratures, the size of which increases with increasing x.
This is reminiscent of critical slowing associated with a
magnetic phase transition, and is evidence that Nd3+

spin fluctuations are involved but magnetic freezing is
not present down to the lowest temperatures of measure-
ment. This is surprising, since the paramagnetic Curie-
Weiss temperature is ∼ −1 K for x = 0.2 [28], suggest-
ing antiferromagnetic correlations. At this concentration
the Curie constant corresponds to an effective Nd3+ mo-
ment ∼2.5µB , which is close to the value for x = 1 [25].
Spin freezing might therefore have been expected not too
far below 1 K. Furthermore, extrapolation of the linear
ferromagnetic Curie temperature TCurie(x) observed for
x ≥ 0.45 (Fig. 1) to low Nd concentrations yields es-
timated transitions at experimentally-attained tempera-
tures (e.g., 0.2 K for x = 0.25). As discussed in previous
paragraph, the resulting static µ+ relaxation rate from
magnetic freezing of Nd moments would be much larger
than observed (Fig. 5).

It might be argued that for x > 0 the increase of λd and
statistical anticorrelation between ∆KT and λd in Eq. (1),
rather than restoration of TRS, causes the absence of an
increase of ∆KT(T ). These parameters are moderately
correlated in the fits (correlation coefficients ∼ −0.5),
which may contribute to the decrease of ∆KT(T ) at low
temperatures discussed below. We note, however, that
for x = 0 the rate increase clearly begins at Tc, whereas in
the Nd-doped alloys the increase of λd(T ) does not begin
strongly until considerably below Tc. In particular, λd(T )
is nearly the same for x = 0 and x = 0.05, but for x =
0.05 ∆KT is temperature independent to within errors.
Thus restoration of TRS by Nd doping is considerably
more likely than an artifact of correlation.

For higher Nd concentrations ∆KT(T ) decreases some-
what at intermediate temperatures. Apart from the sta-
tistical anticorrelation mentioned above, this would be
expected from the spin dynamics: slowing of Nd3+ fluc-
tuations increases the dynamic relaxation rate of nuclear
spins as well as µ+ spins. Then nuclear dipolar fields
at µ+ sites might no longer be quasistatic, and the µ+

relaxation rate would be reduced [37]. The subsequent
slight increase in ∆KT(T ) at lower temperatures is not
well understood.

Presumably the contribution to λd(T ) from fluctuating
nuclear moments [44] is similarly motionally narrowed
(decreased) by increased nuclear spin-lattice relaxation.
But λd(T ) increases with decreasing temperature, at a



5

FIG. 6. Temperature dependence of transverse-field relaxation rates σTF and λTF in Pr1−xNdxOs4Sb12 from fits of Eq. (A.7)
to the data. Transverse magnetic field HTF = 200 Oe for x = 0, 100 Oe for x > 0. Triangles: Gaussian relaxation rate σTF.
Circles: exponential damping rate λTF. Arrows: superconducting transition temperatures Tc.

rate that increases with increasing x [Fig. 5(b)]. This is
strong evidence that direct relaxation by Nd3+ spins is
dominant.

B. Transverse Field

a. Gaussian rate. The distribution of the magnetic
field in the vortex state is not expected to be Gaus-
sian [45, 46], but the relaxation rate σTF from a Gaus-
sian fit is often used as an estimate of γµ∆Brms, where

∆Brms = 〈∆B2〉1/2 is the rms width of the field dis-

tribution in the vortex lattice. For HTF close to Hc1,
Brandt [47] showed that

〈∆B2〉 = 0.00371 Φ2
0/Λ

4 (2)

in the London limit Λ � coherence length ξ, where Λ is
the London penetration depth and Φ0 is the flux quan-
tum. In turn, from the London equations Λ is related
to the superfluid density ρs and the carrier effective
mass meff by

1

Λ2
=

4πe2ρs
meffc2

. (3)

Thus ρs ∝ σTF.

Figure 6 gives the temperature dependencies of the
TF relaxation rates from fits of Eq. (A.7) to the
data. The zero-temperature superfluid density ρs(0)
from σTF(T→0) varies somewhat with x but is remark-
ably insensitive to Nd doping up to x = 0.20, where Tc
has decreased by more than 20% (Fig. 1).

In principle the temperature dependence of σTF and
hence of ρs yields information on the symmetry of the
superconducting energy gap. In PrOs4Sb12, ρs(0) ≈
1022 cm−3 [4], or roughly 8 carriers per cubic unit cell.
This is somewhat high compared to band-theoretical

Fermi volumes [48], but no more than order-of-magnitude
agreement can be expected given the approximations in
the µSR analysis. Moreover, the temperature depen-
dence of σTF is consistent with the absence of super-
conducting gap nodes [4, 8, 9], whereas Meissner-state rf
penetration-depth measurements [6] were taken as evi-
dence for point nodes. This difference can be accounted
for by a second smaller gap, which contributes to the
Meissner state Λ(T ) but not significantly to the vortex-
state field distribution [8, 9]. Multiband superconduc-
tivity has been observed in PrOs4Sb12 by other tech-
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niques [3, 49, 50]. Multiple gaps complicate analysis of
the temperature dependence of ρs [51].

A significant difficulty with the present data is the sta-
tistical anticorrelation between σTF and λTF in Eq. (A.7),
an effect that was noted previously [9] and discussed
above in Sec. IV A for ZF µSR fits. The correlation co-
efficient magnitudes for these parameters in Eq. (A.7)
are large, ∼0.8. For x = 0 λTF(T ) is essentially con-
stant [Fig. 6(a)] and was fixed at its normal-state value
in previous analyses [8, 9]. This cannot be done for
x > 0, since λTF(T ) exhibits significant temperature de-
pendence [Fig. 6(b–f)]. The data behave unevenly across
the alloy series, and σTF-λTF anticorrelation is suggested,
particularly at low temperatures. Thus determining the
penetration depth from σTF(T, x>0) is problematic.
b. Exponential rate. For x = 0 the TF exponential

damping rate λTF(T ) [Fig. 6(a)] is nearly temperature-
independent, as noted above and previously reported [4,
11, 44] (and approximately the same as the ZF rate, cf.
Fig. 5).

But λTF(T ) acquires considerable structure in the al-
loys [Fig. 6(b–f)]. The two main features are increases
with decreasing temperature at low temperatures and
peaks below Tc (which are shown by arrows in Fig. 6).
Both of these anomalies increase with Nd concentration.
The low-temperature increase of λTF(T ) is consistent
with that observed in the ZF dynamic rate λd(T ) and
discussed in Sec. IV A.

The peaks are reminiscent of the “coherence peak” due
to conduction-electron spin-lattice (dynamic) nuclear re-
laxation in a fully-gapped superconductor [52]. Alter-
natively, a peak at a magnetic transition would be ex-
pected from critical slowing down of dynamic spin fluc-
tuations at the transition. But both of these phenomona
involve dynamic relaxation, so that peaks should also be
observed in ZF λd(T ). This is not the case (Fig. 5), and
therefore dynamic relaxation is unlikely. Furthermore,
there is no evidence for a magnetic transition near Tc.

We speculate that the peaks are due to the onset
of Lorentzian-like distributions of static local fields at
Tc [53], which narrow at low temperatures. Two can-
didate mechanisms for this are (i) impurity-assisted flux
pinning, and (ii) inhomogeneity in Tc. Both would disap-
pear at low temperatures; the former when the applied
field is well below Hc2, and the latter when the entire
sample volume is superconducting. More work is clearly
needed to understand this feature of the data.

V. CONCLUSIONS

We have carried out a study of Pr-rich Pr1−xNdxOs4-
Sb12 alloys (0 ≤ x ≤ 0.25) using the µSR technique.
A spontaneous internal field, found below the supercon-
ducting Tc in the end compound x = 0 and attributed to
broken TRS [11, 31], is not observed for x ≥ 0.05. It is
surprisingly indicating that the magnetic substitution of
Nd for Pr suppresses broken TRS rapidly. At higher Nd

concentrations the dynamic relaxation rate λd increases
with decreasing temperature as T → 0 (Fig. 5), sugges-
tive of critical slowing as a magnetic phase transition is
approached. There is, however, no sign of static mag-
netism or magnetic moment freezing of Nd3+ down to
the lowest temperatures of measurement.

The T=0 superfluid density ρs(0, x) from TF µSR mea-
surements of σTF (Fig. 6) is remarkably independent of x
up to∼0.2, even though the suppression of Tc has reached
more than 20% of PrOs4Sb12’s (Fig. 1). The expected
behavior of ρs(0, x) in the presence of multiple gaps and
magnetic impurities is complex [51], but the weak im-
purity concentration dependence is evidence that neither
the restoration of TRS nor the initial suppression of Tc is
accompanied by a major change in the superconducting
state.

All the above are unexpected phenomena discovered
in the current study. Further investigation is needed to
understand the enigmatic behavior of Pr1−xNdxOs4Sb12.
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Appendix: Data Analysis

Here we summarize the µSR analysis procedures used
in the present work. Comprehensive reviews of the µSR
technique are cited in Ref. [10].

In a typical µSR experiment, 100% spin-polarized pos-
itive muons (µ+) are implanted and stop at interstitial
sites in the sample. Each muon decays according to the
reaction µ+ → e++νe+νµ, with a lifetime τµ ≈ 2.197 µs.
The decay positron is emitted preferentially in the di-
rection of the µ+ spin at the time of decay. Individ-
ual positrons are detected using an array of scintillation
counters surrounding the sample. A positron event in the
ith counter at time t after the corresponding µ+ implan-
tation increments the histogram bin Ni(t) for this time
by 1.

The resulting histogram is given by

Ni(t) = N0
i e

−t/τµ [1 +AiGi(t)] , (A.1)

where Gi(t) is the time evolution of the µ+ ensemble spin
polarization component in the direction of the counter
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[Gi(t=0) is normalized to 1 for 100% spin polarization],
N0
i (1 + Ai) is the initial count rate, and Ai is the ini-

tial count asymmetry, spectrometer-dependent but usu-
ally ∼0.2–0.25 [10]. Thus the experiment measures Gi(t),
which contains information on local static and dynamic
magnetic fields at µ+ sites in the sample.

For two identical counters 1 and 2 on opposite sides of
the sample (N0

2 = N0
1 , A2 = −A1), the asymmetry time

spectrum A(t) is given by

A(t) =
N1(t)−N2(t)

N1(t) +N2(t)
= A1G(t). (A.2)

In practice the two counters and their environments are
seldom identical, but differences can be measured in cal-
ibration experiments and accounted for in data analy-
sis [54].

In longitudinal-field (LF) µSR [55] and ZF µSR (a spe-
cial case of LF µSR) the counters and magnetic field, if
any, are aligned parallel to the initial µ+ polarization. In
a TF µSR experiment the counters and initial µ+ spin
polarization are aligned perpendicular to the field.

A spurious signal is often present due to muons that
miss the sample and stop in the sample holder. This is
usually made of silver, which in addition to good thermal
conductivity exhibits a simple µSR signal due to weak
nuclear magnetism. In that case

G(t) = (1− fAg)Gsamp(t) + fAgGAg(t), (A.3)

where Gsamp and GAg are the µ+ spin polarizations of the
sample and silver, respectively, and fAg is the fraction of
muons that stop in the sample holder. In the present
experiments fAg varied with sample size and mounting
in the range 0.3–0.4. ZF µ+ spin relaxation in silver
is slow on the time scale of the sample relaxation (rate
∼ 0.015 µs−1). This has been included in GAg(t), but it
does not affect the results appreciably.

Fits to the data can be made either to separate his-
tograms [Eq. (A.1)] or to the asymmetry time spectrum
[Eq. (A.2)]. The fit parameters are the Ai, parameters
that define Gsamp(t) (relaxation rates, frequencies, etc.),
fAg, and other spectrometer-dependent parameters. The
procedure can be applied to either LF/ZF µSR or TF
µSR data.

For simplicity Gsamp(t) is referred to as G(t) in the
following and the main article.

1. Zero Field

a. Static relaxation. In ZF the relaxation func-
tion G(t) is extremely sensitive to the behavior of the
local magnetic field Bloc at µ+ sites, since there is no
competing applied field. If dynamic relaxation is negligi-
ble, µ+ precession in Bloc results in static relaxation of
G(t) if the magnitude Bloc is distributed. The spin com-
ponent of each muon parallel to Bloc does not precess,
however, leading to a constant term in G(t) [37]. If Bloc

is randomly oriented, in zero applied field the component
of non-precessing µ+ polarization in the initial polariza-
tion direction is 1/3 the initial polarization [10], so that
G(t) relaxes from 1 at t = 0 to 1/3 at late times.

In the static Gaussian Kubo-Toyabe (KT) model [37]
the distribution of static field components is modeled by
a Gaussian of width ∆KT/γµ and zero mean. In ZF the
static KT µ+ spin relaxation function resulting from this
field distribution is

GG(∆KT, t) = 1
3 + 2

3

[
1− (∆KTt)

2
]

exp
[
− 1

2 (∆KTt)
2
]
.

(A.4)
This model is applicable when Bloc is the sum of
randomly-oriented quasistatic nuclear dipolar fields at µ+

sites if, as is often the case, nuclear moment fluctuations
are slow on the muon time scale [37]. The dipole field
distribution is approximately Gaussian because random
fields from several nuclei contribute and the central limit
theorem is approximately valid.

Equation (A.4) also models the effect of additional
static contributions to Bloc if their distribution is approx-
imately Gaussian (e.g., the spontaneous fields observed
below Tc in PrOs4Sb12 [11]).

A convolution of static Gaussian and Lorentzian field
distributions yields the ZF static Voigtian KT relaxation
function [38]

GV (∆KT, a, t) = 1
3 + 2

3

[
1− at− (∆KTt)

2
]

× exp
[
−at− 1

2 (∆KTt)
2
]
, (A.5)

where a/γµ is the half-width of the Lorentzian dis-
tribution. Exponentially-damped Voigtian KT relax-
ation [Eq. (A.6) with Gstat(t) = GV (∆KT, a, t)] has
been observed in the filled skutterudite superconduc-
tor PrPt4Ge12 [56], and is therefore a candidate for
describing the present experimental results. However,
damped Voigtian KT fits to the present data yield expo-
nential Voigtian rate a ≈ 0, which are therefore equiv-
alent to damped Gaussian KT fits. As discussed in
Sec. III A, there is no evidence for a Lorentzian com-
ponent to the static field distribution.
b. Dynamic Relaxation. Dynamic µ+ spin relax-

ation (“spin-lattice” relaxation in the NMR literature) is
due to thermally-fluctuating components of Bloc, which
induce transitions between µ+ spin states and relax G(t)
to its thermal equilibrium value (essentially zero in µSR).
A damping factor exp(−λdt) is often used to model dy-
namic relaxation in the presence of static relaxation:

G(t) = e−λdtGstat(t), (A.6)

where Gstat(t) is the appropriate static relaxation func-
tion [i.e., Eq. (A.4) or (A.5)]. The exponential form of
the damping assumes that the fluctuating field at each
µ+ site results in the same dynamic relaxation rate, even
though the static local fields are distributed, and that the
fluctuation rate is rapid compared to the rms amplitude
of the fluctuating field; this is the so-called motionally-
narrowed limit.
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2. Transverse Field

In TF µSR G(t) is dominated by µ+ precession in the
applied field. In the presence of both exponential and
Gaussian contributions to the damping, data are often
fit by the TF relaxation function

GTF(t) = exp
[
−λTFt− 1

2 (σTFt)
2
]

cos(ωt+ φ) (A.7)

for applied transverse field HTF � Bloc, where ω =
γµHTF, σTF/γµ is the width of the Gaussian field distri-
bution, and φ is the phase of the oscillation, determined
by the geometry of the spectrometer. Whether the ex-
ponential TF rate λTF in Eq. (A.7) is static or dynamic
in origin cannot be determined from TF µSR alone.
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