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Onset of antiferromagnetism in UPt3 via Th substitution studied by muon spin spectroscopy
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Muon spin spectroscopy has been used to study in detail the onset of large-moment antiferromagnetism
~LMAF ! in UPt3 as induced by Th substitution. Zero-field experiments have been carried out on a series of
polycrystalline U12xThxPt3 (0<x<0.05) samples in the temperature range 0.04–10 K. At low Th content
(x<0.002) magnetic ordering on the time scale of themSR experiment (1028 s) is not detected. Forx
50.005 a weak magnetic signal appears belowT52 K, while for 0.006<x<0.05, spontaneous oscillations in
the mSR spectra signal the presence of the LMAF phase. The data are well described by a two-component
depolarization function, combining the contribution of a polycrystalline antiferromagnet and a Kubo-
Lorentzian response. However, the transition into the antiferromagnetic phase is quite broad. Forx50.01 and
0.02, a weak magnetic signal appears below about 7 K, which is well above the mean-field transition tempera-
tures. The broadening may be a result of the effects of disorder on the time fluctuations associated with
anomalous small-moment antiferromagnetism.

DOI: 10.1103/PhysRevB.68.224421 PACS number~s!: 75.30.Kz, 71.27.1a, 74.70.Tx, 76.75.1i
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I. INTRODUCTION

The compound UPt3 is an exemplary unconventiona
superconductor.1 Superconductivity emerges atTc'0.5 K
from a strongly correlated heavy-fermion state that also
hibits an anomalous form of antiferromagnetism~‘‘small-
moment’’ antiferromagnetism, or SMAF! below;6 K.2 The
superconducting state has a striking double transition3 and
multiple superconducting phases in applied magnetic fiel4

Experiments have demonstrated that the magnetic SM
couples to the superconducting state,5,6 as expected for mag
netically mediated pairing. Knight shift7 and substitutional
studies8,9 indicate that the superconducting state has odd
ity. These experimental results are well accounted for
phenomenological Ginzburg-Landau theories, which m
use of complex one-dimensional~1D! or 2D order param-
eters. Multiple superconducting phases then arise from
lifting of intrinsic internal degeneracies of the order para
eter by a symmetry-breaking field.1 Pressure10 and
substitutional11 studies indicate that the anomalous SMA
state is the symmetry-breaking field, although lattice dis
tions and defects12–14 are possible alternatives.

While it is generally accepted that the pairing is due
magnetic correlations, the magnetic state from which su
conductivity emerges is poorly understood. Neutron a
magnetic x-ray scattering clearly signal a transition into
SMAF phase.2,6 Additional Bragg scattering peaks appear
6 K, which show that the small ordered magnetic momen
directed along thea* axis in the hexagonal plane (UPt3 has
a hexagonal MgCd3-type of crystal structure!. The magnetic
unit cell consists of a doubling of the nuclear unit cell alo
thea* axis. The order parameter exhibits an anomalous q
silinear temperature dependence. Bulk thermodynamic
natures of the SMAF phase are expected to be difficul
observe due to the small size of the ordered moment (0.0mB
0163-1829/2003/68~22!/224421~9!/$20.00 68 2244
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as T→0 K), but sufficiently sensitive local probes such
NMR ~Ref. 15! and muon spin relaxation/rotation~mSR!,16,17

also do not signal a transition into the SMAF state. Thus
has been suggested that in UPt3 , SMAF is not a statically
ordered phase. Rather, it fluctuates on time scales that
short compared to the typical NMR andmSR time scales
~down to 1028 s), yet are long compared to the nearl
instantaneous scales (,10211 s) of neutron and x-ray
scattering.18 This picture qualitatively explains the discrep
ancy between the neutron measurements andmSR and NMR
data. A similar picture has recently been proposed for
high-temperature superconductor YBa2Cu3O6.5.19

Conventional antiferromagnetism with fairly large ma
netic moments ~large-moment antiferromagnetism, o
LMAF ! can be induced readily upon doping UPt3 . For ex-
ample, upon substituting small amounts of Th for U pr
nounced phase transition anomalies are observed in the
mal and transport properties.20,21 The l-like anomaly in the
specific heat and the chromium-type anomaly in the elec
cal resistivity give evidence of an antiferromagnetic pha
transition of the spin-density wave type.20 Antiferromag-
netism in the U12xThxPt3 pseudobinaries has been detect
in the concentration range 0.02<x<0.1. The Ne´el tempera-
ture TN attains a maximum value of 6.5 K at about 5-at.
Th. Neutron-diffraction experiments22 on single-crystalline
U0.95Th0.05Pt3 provide solid proof for antiferromagnetic or
dering with an ordered moment of 0.6560.1mB /U-atom. In-
terestingly, the magnetic structures for the LMAF and SMA
are identical, indicating a close connection between the
types of magnetism.

The LMAF phase also appears in a very similar man
when Pt is replaced by small amounts of Pd~Ref. 23! or
Au.24,25 This shows that the localization of the uranium m
ments is not governed by the unit cell volume of the
©2003 The American Physical Society21-1
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M. J. GRAFet al. PHYSICAL REVIEW B 68, 224421 ~2003!
pseudobinaries, as Th expands the lattice, while Pd and
contract the lattice, but rather by thec/a ratio,24,26,27which
decreases for these dopants. This is corroborated by su
tution studies24,28 using small amounts of Ir~the c/a ratio
increases and no magnetic order is detected!, as well as by
pressure studies.26,27 However, subsequent dopant studie29

using Lu, Sc, Hf, and Zr have cast some doubt on the role
the c/a ratio as control parameter for the LMAF phase.

The goal of the present work is to investigate in detail
magnetic phase diagram of the U12xThxPt3 pseudobinaries
Our aim is to determine the LMAF phase boundary, and
study the possible interplay between the magnetic and su
conducting phase. Our motivation stems from the close
semblance of the magnetic phase diagrams of U12xThxPt3
(x<0.15) ~Ref. 21! and U(Pt12xPdx)3 .26 The magnetic and
superconducting properties of U(Pt12xPdx)3 have been stud
ied in great detail~for a review see Ref. 26!. Recently, a
series of neutron diffraction30 and mSR ~Refs. 17 and 31!
experiments, on polycrystalline as well as single-crystall
samples, led to the important finding that the critical conc
tration for the emergence of the LMAF phase,xc,AFM , is
approximately equal to the critical concentration for the s
pression of superconductivity,xc,SC. This was taken as evi
dence that static antiferromagnetism and odd-parity su
conductivity are incompatible in this system, which in tu
can be attributed to strong magnetic fluctuations in the vic
ity of the quantum critical point atxc,AFM'xc,SC'0.006.31

The phase diagram for the U(Pt12xPdx)3 compounds, delin-
eating the superconducting, SMAF and LMAF phase,
shown in Fig. 1. It will serve as a reference for the discuss
of the results for Th-substituted compounds presented in
work.

In this paper we present a systematicmSR study of the
magnetic phase diagram of U12xThxPt3 for several Th con-
centrations 0<x<0.05. The motivation to use themSR tech-
nique is given by the extreme sensitivity of the muon

FIG. 1. The superconducting and magnetic phase diagram
U(Pt12xPdx)3 , adapted from Ref. 31. SC, superconductivi
SMAF, small-moment antiferromagnetism; LMAF, large-mome
antiferromagnetism. The phase boundary for the LMAF phase
been observed by thermal and transport measurements, as w
by neutron diffraction andmSR. The phase line for SMAF is ob
served by neutron diffraction only.
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weak magnetic signals. Additionally, the muon acts as a lo
probe and may be used to distinguish magnetically inequ
lent sample regions and to determine the corresponding
ume fractions. In a previous study,32 zero-fieldmSR experi-
ments were carried out on polycrystalline U12xThxPt3 with
x50.01 and 0.05. Forx50.05 the LMAF phase appeared a
a spontaneous oscillation in themSR signal belowTN
56.5 K. Forx50.01, data were taken forT.4 K only, and
no magnetic phase transition was observed. Our new res
extend over a large temperature range~0.04–10 K!, as well
as providing more detail on the Th concentration dep
dence.

II. MUON DEPOLARIZATION FUNCTIONS

In this section we present the muon depolarization fu
tions that are used to fit themSR spectra obtained for th
(U,Th)Pt3 compounds. As will become clear in Sec. IV, th
magnetic properties of Th and Pd doped UPt3 are very simi-
lar. Therefore, the fitting procedure described here relies
great extent on a close parallel with the analysis of themSR
spectra of the U(Pt,Pd)3 pseudobinaries.17

Zero-magnetic-fieldmSR is a local probe measurement
the magnetic field at the muon stopping site~s! in the
sample.33 If the implanted polarized muons are subject
magnetic interactions, their polarization becomes time
pendent,Pm(t). By measuring the asymmetric distribution o
positrons emitted when the muons decay as a function
time, the time evolution ofPm(t) can be deduced. The func
tion Pm(t) is defined as the projection ofPm(t) along the
direction of the initial polarization: Pm(t)5Pm(t)
•Pm(0)/Pm(0)5G(t)Pm(0). The depolarization function
G(t) reflects the normalized muon-spin autocorrelation fu
tion G(t)5^S(t)•S(0)&/S(0)2, which depends on the ave
age value, distribution, and time evolution of the intern
fields, and it therefore contains all the physics of the m
netic interactions of the muon inside the sample.

In the LMAF phase, well below the ordering temperatu
(T!TN), the depolarization is best described by a tw
component function~compare Ref. 17!:

G~ t !5AoscF2

3
exp~2lt !cos~2pnt1f!1

1

3
exp~2l8t !G

1AKLGKL~lKLt !. ~1!

The first term on the right hand side is the time-depend
depolarization function for a polycrystalline antiferromagn
This term consists of a 2/3 contribution from muons prece
ing with frequencyn in a static, non-zero, local magnet
field, and a 1/3 contribution from muons with spins effe
tively aligned parallel to the field (n50). The exponential
decaysl andl8 reflect the distribution of local fields due t
static variations and/or dynamical fluctuations. The seco
term is a Kubo-Lorentzian decay

GKL~lKLt !5
1

3
1

2

3
~12lKLt !exp~2lKLt !. ~2!
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t
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ONSET OF ANTIFERROMAGNETISM IN UPt3 VIA Th . . . PHYSICAL REVIEW B 68, 224421 ~2003!
In this case, the depolarization with characteristic ratelKL is
caused by an isotropic Lorentzian distribution of local fie
with an average value of zero. For U(Pt,Pd)3 , the amplitudes
of the two components ofG(t) were found to be equal
Aosc'AKL , which indicates that the muon can stop at tw
distinct localization sites in the sample with equal probab
ity.

For samples atT.TN , the depolarization is found to re
sult from the Gaussian distribution of static, random
oriented, magnetic fields due to195Pt nuclei. As expected, th
form of the depolarization function is given by the Kub
Toyabe function

GKT~DKTt !5AKTF1

3
1

2

3
~12DKT

2 t2!expS 2
1

2
DKT

2 t2D G ,
~3!

with DKT'0.07ms21 ~Ref. 17!. There is no zero-fieldmSR
signature for the SMAF state,16,17 so Eq.~3! works equally
well in the paramagnetic phase as in the anomalous SM
region.

Finally, in the vicinity of the Ne´el transition, the muon
ensemble will be sensitive to sample domains posses
slightly different transition temperatures. The total depol
ization will therefore be given in this temperature range b
sum of Eqs.~1! and ~3!. The breadth of the transition from
LMAF to paramagnetism~or SMAF! is manifested in the
amplitude of the magnetic componentAM5Aosc1AKL rela-
tive to the total signal,Atot5AM1ANM . The nonmagnetic
componentANM is given byAKT . The total signal amplitude
is assumed to be constant, which is used as a fitting c
straint.

III. MATERIALS PREPARATION AND
CHARACTERIZATION

Polycrystalline U12xThxPt3 samples were prepared at Lo
Alamos National Laboratory withx50.00, 0.002, 0.005
0.006, 0.009, 0.01, 0.02, and 0.05. Two batches were
pared for x50.02. As starting materials we used 99.99
pure U and Th, and 99.999% pure Pt. To ensure a homo
neous distribution of the relatively small amounts of Th
the sample, U was melted into the starting amount of Th
several increments. The stoichiometrically appropri
amount of Pt was then melted into the U-Th alloy in 5
increments. This sample was melted 8–10 times, broken
small pieces, and then re-melted another 8–10 times.
final product was annealed in a high-vacuum furnace~base
pressure 631027 torr) at 850 °C for five days, followed by a
slow cooldown~two days!. The annealed samples were spa
cut into 631031-mm3 plates that were polished for th
mSR measurements. Additional smaller bars were cut
characterization via x-ray analysis, resistive measureme
etc.

X-ray studies on the samples show that there is less
1% impurity phase in the samples. The lattice parameter
the undoped sample were a50.5761(1) nm, c
50.4897(1) nm, and thusc/a50.8501(3),34 consistent
with earlier results for UPt3 .26 These values were found t
22442
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be independent of Th concentration within the experimen
error, as the resolution was not sufficient to track the ant
pated very small changes inc/a ~less than 0.04% for 5-at. %
Th!.24

The resistance was measured using a four-terminal
technique in a3He refrigerator. The residual resistivitiesr0
were determined by extrapolating the data between 1 and
K ~or Tc for the samples withx50 and 0.002! to 0 K as-
suming a power-law temperature dependence.11,35 r0 varies
smoothly across the series~see Fig. 2!, indicating proper
quality of the samples. Initiallyr0 increases in a quasi-linea
fashion, but forx.0.005 the increase becomes superline
This behavior was also observed for U(Pt,Pd)3 ,26 and is be-
lieved to result from the opening of a gap at the Fermi s
face upon formation of the LMAF spin-density wave state

For samples withx50.02 and 0.05 we observe broad r
sistive anomalies near 5 and 7 K, respectively, which sig
the onset of the LMAF phase.20 However, for samples with
lower Th content (x<0.01) no resistive anomalies associat
with magnetic ordering were detected. The samples witx
50 and 0.002 were found to have superconducting transi
temperatures of 0.55 K and 0.43 K, respectively, consis
with earlier results.36 For the samples withx50.005 and
0.006 no superconductivity was detected in the measu
temperature range (T.0.3 K).

IV. mSR RESULTS FOR U1ÀxThxPt3

Muon-spin spectroscopy measurements on U12xThxPt3
were carried out on thepM3 beamline at the Paul Scherre
Institute in Villigen, Switzerland. Measurements were co
ducted between 1.7 and 10 K using the General Purp
Spectrometer, and between 0.04 and 2.2 K using the L
Temperature Facility. Our primary results concern the mu
spin relaxation/rotation in zero applied magnetic field. T
total depolarization amplitude~asymmetry! for each sample
during a particular run was determined from measureme
in a 100-G transverse magnetic field in the high-tempera
paramagnetic state. In all the fitting procedures descri
below, the sum of the amplitudes of the fitting components
constrained to equal this total amplitude.

FIG. 2. Variation of the residual resistivity of U12xThxPt3 . The
two values forx50.02 are for independently fabricated sample
The solid line is a guide to the eye.
1-3
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A. xÏ0.002

Zero-field experiments were carried out for thex50
sample in the temperature range 2–10 K. The muon depo
ization is well-described by the Kubo-Toyabe function, w
a temperature independentDKT50.071(3)ms21. No sign of
entry into the anomalous SMAF phase was observed ne
K. This is consistent with earlier results o
single-crystalline16 and polycrystalline17 undoped UPt3
samples. Forx50.002, zero-field data were taken in the te
perature range 0.05 K<T<0.9 K. The resulting fits with the
Kubo-Toyabe equation yieldDKT50.103(5)ms21 indepen-
dent of T. This behavior is consistent with the results f
pure UPt3 . While DKT is slightly larger than for our pure
sample, an additional measurement made at 7.3 K yie
DKT50.094(6)ms21. Therefore we rule out any weak in
crease ofDKT as temperature is lowered and conclude t
the sample remains non-magnetic at all temperatures stu
These results are similar to observations made17 on
U(Pt12xPdx)3 in the range 0<x<0.005. We conclude tha
the local muon response is unaffected by entry into
SMAF phase, and is primarily due to195Pt nuclear moments

B. xÐ0.006

Zero-field data were obtained for samples withx
50.009, 0.01, 0.02~two different samples!, and 0.05 in the
temperature range 1.8–10 K and forx50.006 in the tem-
perature range 0.04–3 K. For all samples we clearly obse
the signature of static~on the typical muon timescale o
1028 s) antiferromagnetism. In Fig. 3 we show themSR
spectra (t,0.6ms) for samples withx50.01, 0.02 and 0.05
at the lowest temperature~1.8 K!. For samples withx
>0.009 spontaneous oscillations are clearly observed
the oscillation frequency decreases with decreasing Th c
tent. At low temperatures (T!TN) the data are well de

FIG. 3. The short-time depolarization as a function of time
several U12xThxPt3 samples taken at low-temperature (T51.8 K).
Curves are displaced along the vertical axis for sake of clarity. S
lines represent fits to the data using Eq.~1!.
22442
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scribed by the two-component depolarization function giv
in Eq. ~1!, i.e., the sum of depolarization due to a polycry
talline antiferromagnet and a Kubo-Lorentzian term. T
solid lines in Fig. 3 illustrate the quality of the fit. The spe
tra obtained for the sample withx50.006 is satisfactorily
described by Eq.~1! as well, but here the spontaneous osc
lation is barely discernible, even at the lowest temperat
(T50.04 K). In Fig. 4 we summarize these results by pl
ting the relevant fit parameters obtained atT!TN as a func-
tion of Th concentration. The spontaneous oscillation f
quency n, the decay ratel8, and the Kubo-LorentzlKL
decay time, all show a smooth concentration depende

r

id

FIG. 4. Fitting parameters of the two-component depolarizat
function Eq.~1! as function of impurity contentx in UPt3 . Filled
symbols are for U12xThxPt3 , open symbols for U(Pt12xPdx)3 ~Ref.
17!. All values are determined atT51.8 K, except the values fo
x50.006, which are evaluated at 0.1 K.
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while the decay ratel increases dramatically with decreasin
Th concentration. For comparison we have included in Fig
the values reported for the LMAF phase in U(Pt,Pd)3 .17 The
similarity is evident.

The ratio of the amplitude of the oscillatory and th
Kubo-Lorentz decay term,Aosc/AKL , has been extracte
from the fits using the constraintAtot5Aosc1AKL and is pre-
sented in Fig. 5 as a function of Th concentration. Within
statistical error of the fits, we find thatAosc5AKL indepen-
dent of thorium concentration, as was found for P
substituted samples.17 This indicates that the muon localize
in the ordered phase at two distinct interstitial sites w
equal probabilities. However, assigning high-symmetry int
stitial sites to the two components in Eq.~1! is problematic.
The first component with asymmetryAosc signals a stopping
site with a fairly large local dipolar field, i.e.
0.19– 0.33 T/mB , as 5.4 MHz,n,9.5 MHz ~Fig. 4!. The
second term with asymmetryAKL suggest the presence of
site where the local dipolar fields cancel or are at le
smaller than;0.01 T/mB as follows from the measure
lKL . These measured values may be compared with the
ues calculated for the LMAF structure for several high sy
metry interstitial sites presented in Ref. 37~recall that the
magnetic structures for Th and Pd doped UPt3 are identical!.
Along ~0,0,z! the calculated dipolar field is small (Bloc50
for z50), which indicates that muons localizing at this s
give rise to the Kubo-Lorentzian term. Along~2/3,2/3,z! the
calculated dipolar fields range between 0.26 and 0.67 TmB
~for an ordered moment of 1mB). This indicates that the
oscillatory term should be attributed to this second ax
symmetric site. However, this is not corroborated by tra
verse magnetic fieldmSR studies in the paramagnetic state
single-crystalline U(Pt0.95Pd0.05)3 .38 The analysis of the
Knight shift indicates a single muon localization site~0,0,0!.
This in turn has been taken as evidence that the samp
intrinsically inhomogeneous.39 Moreover, comparison of the
ordered moment determined by neutron diffraction and
mSR fit parameters for U(Pt,Pd)3 , show thatlKL scales with
the ordered moment butn does not.17 Thus, the origin of the
two-component response remains an unresolved prob
and the various parameters in Eqs.~1! and~2! are considered
as phenomenological in nature.

FIG. 5. Variation of the ratio of the asymmetries of the oscil
tory component,Aosc, and the Kubo-Lorentzian component,AKL ,
with Th concentration@see Eq.~1!#.
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We now discuss our results for the temperature dep
dence. In order to fit our time-dependent curves asT in-
creases towardsTN , we have incorporated the addition
constraint thatAosc5AKL ~in addition to fixing the total am-
plitude!, consistent with our experimental results atT!TN .
Also, we found that asT increases towardsTN use of Eq.~1!
is not sufficient, and we have used the sum of Eqs.~1! and
~3!. The Kubo-Toyabe relaxation rateDKT was extracted
from the high-temperature data (T.TN) and used as a con
stant in the fitting procedure. This value falls in th
0.05– 0.08ms21 range for all the samples studied, apart fro
the previously mentionedx50.002.

Analysis of thex50.05 data is straightforward. The two
component fit is found to work quite well except in a narro
region within about 1 K of the Néel temperature. Just like fo
U(Pt,Pd)3 we find that the temperature dependence of
parametersn andlKL is mean-field-like and can be fit to th
form17

P~T!5P~0!F12S T

TN
D a Gb

, ~4!

whereTN is the Néel temperature, andP is eithern or lKL .
The resulting temperature dependence ofn andlKL is plot-
ted for ourx50.05 sample in Fig. 6. Using Eq.~4! to fit the
data yields TN57.02(2) K for both curves; n(0)
59.8(5) MHz, a52.0(6), andb50.42(5) fromn(T), and

FIG. 6. Temperature dependence of the~a! spontaneous oscilla
tion frequency, and ~b! Kubo-Lorentz damping factor, for
U0.95Th0.05Pt3 and U0.98Th0.02Pt3 . The solid lines are the mean-fiel
fits, as described in the text. The squares and triangles forx50.02
denote results for two independently fabricated samples.
1-5
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M. J. GRAFet al. PHYSICAL REVIEW B 68, 224421 ~2003!
lKL(0)56.7(3) ms21, a53(1), and b50.35(7) from
lKL(t). These values for the exponents compare favora
with those extracted in Ref. 17 for U(Pt0.95Pd0.05)3 : a
52.1(3) andb50.39(2) fromn(T), anda52.0(5) andb
50.36(6) from lKL(t). As pointed out in that work, the
values are consistent with the theoretical prediction ofb
50.38 derived for the 3D Heisenberg model40 and a52
calculated for a cubic antiferromagnet.41 We also note that
our values forn(T) are in excellent agreement with the r
sults for U0.95Th0.05Pt3 reported in Ref. 32. The mean-fiel
TN value of 7.0 K is in good agreement with thermal a
transport measurements.20,21

A similar analysis for the temperature evolution of t
muon response is problematic for samples with 0.006<x
<0.02. This is mainly due to the strong damping of t
oscillatory term, as is illustrated by the large values of
decayl for x<0.01 shown in Fig. 4~b!. Upon increasing the
temperature, an accurate determination of the fitting par
eters using Eq.~1! becomes more and more difficult. More
over, as will be discussed in the next paragraph, the ph
transition regions are quite broad and in the case ox
50.01 and 0.02 extend up to 7 K. Therefore, we have u
the sum of Eqs.~1! and ~3! in a broad temperature window
up to ;7 K. For samplex50.02, the results ofn(T) and
lKL(t), are shown in Fig. 6. Notice that a few data points
T.5.5 K have been omitted because of their large error b
The fit parameters obtained for two different samples are
excellent agreement. Onlyn(T) obeys a mean-field behavio
as expressed in Eq.~4!, albeit in a limited temperature inter
val. When fittingn(T) for x50.02 andT,4 K to Eq. ~4!
using the model valuesa52 and b50.38, we find TN
55.05(5) K. The fit is shown in Fig. 6. This mean-fie
value ofTN is in fair agreement with specific heat data.20,21

While lKL(t) decreases slightly asT approachesTN , it
could not be fit using Eq.~4!. We believe this is related to th
magnetic inhomogeneity present in the system, as discu
in the next paragraph. A similar procedure for thex50.01
sample yieldsTN53.50(5) K. In Ref. 32, U0.99Th0.01Pt3 was
also studied viamSR, and no evidence of magnetic behav
was reported. However, it should be noted that the data
that sample were limited and extended only down to appro
mately 4 K.

The most striking aspect of the data is that our depo
ization curves unambiguously show that magnetism
present in the system at temperatures well above the m
field values forTN . This is shown in Fig. 7, where the time
dependent polarization forx50.02 is plotted over shor
times at temperatures of 5.3, 5.8, and 7.4 K, all of which
greater than the mean fieldTN of 5.05 K. While extraction of
the exact parameters can be difficult when the conditionT
!TN is no longer met, we can readily characterize the tr
sition width by calculating the magnetic fraction of the to
amplitude, i.e., the fraction of the total signal due to t
depolarization described by Eq.~1!: AM /Atot5(Aosc
1AKL)/Atot . We have plottedAM /Atot in Fig. 8 for samples
with x50.01, 0.02, and 0.05. For comparison, we have a
plotted the same quantity as extracted from the data of R
17 for Pd-substituted samples. All the Pd-substituted sam
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have narrow transition widths, as does the Th-substitu
sample withx50.05. However, the transitions for the Th
substituted samples withx50.01 and 0.02 are quite broa
and have a magnetic component up toT57 K, which is the
transition temperature forx50.05. It is clear that some form
of magnetic inhomogeneity is present. The second sam
with x50.02, independently fabricated at a later date, yie
essentially identical data, confirming this behavior.

The validity of the assumption thatAosc5AKL , and of the
actual form of the fitting functions themselves, is debata
in the broad transition regions. However, the calculation
the fractional magnetic signal is insensitive to the functio
form of the magnetic component. We have used a variety
different fitting functions to describe the magnetic contrib
tion in the vicinity ofTN , and always reproduce the qualita
tive features shown in Fig. 8.

FIG. 7. Temperature evolution of the depolarization function
short times for U0.98Th0.02Pt3 . Note that all temperatures are abov
the mean-field Ne´el temperature of 5.05 K.

FIG. 8. Transition widths as illustrated by the temperatu
dependent fractional amplitude associated with magnetism. Cir
are for U12xThxPt3 while triangles are for U(Pt12xPdx)3 with
equivalentx values, taken from the work of Ref. 17. Solid an
dashed lines are guides to the eye for the Th-substituted and
substituted data, respectively.
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C. xÄ0.005

We have also studied a sample withx50.005, which
showed strong depolarization at low temperatures, but
oscillations were observed due to the heavy damping, al
increases dramatically with decreasing Th concentration@see
Fig. 4~b!#. In order to follow the temperature dependence
the magnetism, Eq.~1! was modified by replacing the tw
oscillatory terms with two exponential decays~i.e., setting
the frequency equal to zero!. An analysis similar to the one
presented in the preceding paragraph shows that once a
the transition from a magnetic to a nonmagnetic behavio
quite broad, as shown in Fig. 9. It is important to note th
for this sample the fractional magnetic signalAM /Atot ap-
pears to reach a maximum value of about 0.6 at 0.085
suggesting that the sample never has a fully formed LM
state.

V. DISCUSSION

We conclude from the low-temperature (T!TN) results
that the two-component response function,@Eq. ~1!# yields a
proper description of the depolarization within the LMA
phase of our Th doped samples. The same depolariza
function, with comparable values for the fit parameters a
relative amplitudes of the different components, descri
the LMAF phase in U(Pt,Pd)3 . Thus Eq.~1! appears to be a
general characteristic of the LMAF phase, independen
whether the substitution is on the uranium or platinum s
lattice. Note that Th substitution is far more effective in i
ducing LMAF than Pd substitution, since in our notatio
equal values ofx translate into a number of Pd impuritie
that is three times the number of Th impurities. These ob
vations are consistent with the assumption that thec/a ratio
is the controlling factor in the onset of LMAF magnetism
since comparable values ofx in the case of Th and Pd dopin
yield comparable changes inc/a.26

The amplitudesAosc andAKL are found to be independen
of concentration and impurity type. This important observ
tion rules out an interpretation of the two-components be
due to two different stopping sites where muons experie

FIG. 9. Temperature dependence of the fraction of the total
plitude of the depolarization function associated with magnetic
havior for U0.995Th0.005Pt3 .
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either a local field due to sites with all U~or Pt! nearest
neighbors or sites where one or more of the U~Pt! nearest
neighbors have been replaced by Th~Pd!.

The most striking difference between our data for T
substituted samples and similar data for Pd-substitu
samples is the very broad magnetic transition region,
shown in Fig. 8. X-ray diffraction analysis shows that the
is less than 1% impurity phase in the samples, and i
known from earlier work that U12xThxPt3 remains single
phase up to aboutx50.25.21 Strong variations in the local Th
concentration across the sample volume could conceiva
produce the broad transitions, since the Ne´el temperature de-
pends onx. Such an effect would be consistent with th
sharp transition observed forx50.05 because theTN(x)
curve is expected to be fairly flat nearx50.05 ~see Fig. 1!,
and so a given distribution of concentrations would produ
a less-broad transition region. However, the transition
gions for thex50.01 and 0.02 samples extend up to 7 K. F
the x50.01 sample, we estimate that about 10% of
sample volume would need to have a local Th concentra
well above x50.02 in order to reproduce the broadenin
shown in Fig. 9. This would severely deplete other regio
yet the data shown in Fig. 8 show that the sample ha
negligible volume fraction with Ne´el temperature less than
K. Moreover, such dramatic inhomogeneity is inconsist
with smooth variation of the residual resistivity shown
Fig. 2. Thus chemical inhomogeneity seems unlikely to
the cause of the observed broadening.

An alternative explanation for the broadening of magne
transition involves the effect of Th disorder on the anom
lous SMAF phase. If the SMAF phase is indeed a tim
fluctuating version of the LMAF phase, then Th impuritie
may serve to slow down the fluctuations. When the fluct
tion timescale becomes comparable to, or longer than,
typical muon spectroscopy timescales one would expec
observe a magnetic signal. If so, the muon measurem
would signal magnetic behavior near the onset tempera
of the SMAF phase. No neutron diffraction studies have be
carried out on the concentration dependence of either
SMAF or LMAF phases in U12xThxPt3 . However, neutron
diffraction results for U(Pt,Pd)3 ~Ref. 30! show that SMAF
is robust upon alloying: the transition into the SMAF sta
remains fixed at 6 K with increasingx ~up to x50.01), al-
though the ordered moment increases withx. By analogy we
expect that the SMAF phase line for (U,Th)Pt3 will be es-
sentially independent of Th concentration and fixed a
value of approximately 6–7 K. Thus it would be expect
that for strong disorder, one could observe magnetism be
ning at about 7 K, as observed in this work. This scena
could also explain the discrepancy between recentmSR stud-
ies on UPt3 ~Refs. 16 and 17! and the much earlier work by
Heffner et al.32 In Ref. 32 a small increase in the zero
magnetic field depolarization rate was observed at the SM
transition temperature of 6 K. However, later work on sing
crystals16 and polycrystals17 of high quality gave no evidence
of the transition. It is possible that the sample quality for t
work described in Ref. 32 was such that impurities playe
role in slowing down the SMAF fluctuations, rendering th
transition observable. At present we have no explanation

-
-
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to why Th is apparently much more effective than Pd
slowing down the SMAF fluctuations.

It is also difficult to reconcile the growing body of da
probing the SMAF-to-LMAF transition with the phase di
gram shown in Fig. 1. OurmSR results imply that the tran
sition is not abrupt, but results from a slowing down of t
SMAF oscillations. Moreover, recent studies utilizing can
lever magnetometry42 with a characteristic frequency of
kHz do not show a magnetic transition in U(Pt0.99Pd0.01)3
single crystals, despite what appears to be sufficient sens
ity and even thoughmSR measurements17 clearly indicate
TN51.8 K. These results imply that the SMAF-to-LMA
transition is not a true phase transition but rather a type
crossover behavior. The details of a phase diagram suc
that shown in Fig. 1 will depend on the characteristic tim
scale of the measuring probe, at least in some critical cr
over region.

It is difficult to test for the existence of a superconductin
antiferromagnetic mutual quantum critical point, as found
U(Pt,Pd)3 .31 Apart from thex50.05 sample, an unambigu
ous determination of the Ne´el temperature is not possibl
from our data. For thex50.005 sample, it is expected th
Tc50.2 K36 while we clearly observe magnetic behavior b
low about 2 K. This would seem to rule out the possibility
xc,SC'xc,AFM . However, forx50.005 the magnetic signa
is not developed in the whole sample volume asAM /Atot
approaches 0.6 asT→0 K ~Fig. 9!. This magnetic volume
fraction is attributed to the LMAF phase, as it is entirely d
to the two-component depolarization response, albeit w
n50. Therefore, superconductivity may occupy the rema
ing ;40% of the sample volume and thus still compete w
the LMAF state. More detailed studies for samples in
vicinity of x50.005 are required to clarify the relationsh
between superconductivity and LMAF.

The magnetic inhomogeneity in (U,Th)Pt3 , as evidenced
by the two-component muon response function and the br
SMAF-to-LMAF transition, is particularly interesting since
was recently discovered that URu2Si2 , another U-based
small-moment heavy fermion system is magnetically inh
mogeneous. NMR~Ref. 43! and mSR ~Ref. 44! measure-
ments under applied pressure showed that the small mom
is caused by a small fraction of the sample volume havin
relatively large local ordered moment, while the majority
the sample is paramagnetic. Neutron scattering45 yields an
ordered moment that is averaged over the entire volum
nd

r,
ys

ls
s.
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the sample. While there are significant differences betw
the two systems, it is clearly of interest to further probe t
possibility of magnetic inhomogeneity in (U,Th)Pt3 and
U(Pt,Pd)3 with an eye to similarities with the URu2Si2 sys-
tem.

VI. SUMMARY

In summary, we have used muon spin spectroscopy
study the onset of the large-moment antiferromagnetic ph
~LMAF ! in UPt3 as induced by Th substitution. At low Th
content (x<0.002) magnetic ordering on the time scale
the mSR experiment (1028 s) is not detected, as is the ca
for pure UPt3 . For 0.006<x<0.05, spontaneous oscillation
in the mSR spectra signal the presence of the LMAF pha
The data are well described by the sum of two depolariza
functions, namely a contribution from a polycrystalline an
ferromagnet and a Kubo-Lorentzian response. This tw
component depolarization function was previously used
describe the muon response in the LMAF phase of pseu
binary U(Pt,Pd)3 . However, the transition into the antiferro
magnetic phase as temperature is lowered is much bro
for Th substitution than for Pd substitution. The broad tra
sition makes it difficult to detail the competition betwee
superconductivity and LMAF in (U,Th)Pt3 , however, it may
provide an important clue as regards the nature of the SM
phase. Forx50.01 and 0.02 the magnetic signal extends
to ;7 K, which suggests that the broadening may be a re
of the effects of disorder on the time fluctuations associa
with the anomalous antiferromagnetic state~SMAF!. These
results imply that SMAF-to-LMAF is not a true phase tra
sition but rather a crossover behavior. We are currently c
ducting detailed materials analysis and thermodynamic s
ies to test for this possibility.
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