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Onset of antiferromagnetism in UPt 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 UPt; as induced by Th substitution. Zero-field experiments have been carried out on a series of
polycrystalline Y _,Th,Pt; (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 #h8R experiment (10° s) is not detected. Fox
=0.005 a weak magnetic signal appears below?2 K, while for 0.006=x=0.05, spontaneous oscillations in
the uSR 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 OF@t 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.
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I. INTRODUCTION as T—0K), but sufficiently sensitive local probes such as
_ . NMR (Ref. 15 and muon spin relaxation/rotatigpSR), 5

The compound URtis an exemplary unconventional also do not signal a transition into the SMAF state. Thus it
superconductor. Superconductivity emerges &.~0.5K  has been suggested that in JPSMAF is not a statically
from a strongly correlated heavy-fermion state that also eXprdered phase. Rather, it fluctuates on time scales that are
hibits an anomalous form of antiferromagnetigfsmall-  gphort compared to the typical NMR angSR time scales
moment” antif_erromagnetism, or _S!\/IAFE)eIow~6 K.z_'_l'he (down to 10°8s), yet are long compared to the nearly-
superconducting state has a striking double transitamd instantaneous scales<(L0 ''s) of neutron and x-ray
multiple superconducting phases in applied magnetic ffelds. cattering'® This picture qualitatively explains the discrep-
Experiments have demonstrated that the magnetic SMAI§mcy between the neutron measurementsz8& and NMR
Ezijig!aells t?nteh dﬁaigger(;?r?gucwﬁ it?ieﬁigﬁgesizgtfgtgﬁg data. A similar picture has recently been proposed for the

Y P g g Ihigh-tempera’ture superconductor Y;Bar0q s.*°

studie§? indicate that the superconducting state has odd pa C tional antif i ith fairly |
ity. These experimental results are well accounted for by -Onventional antiierromagnetism with tairly largé mag-

phenomenological Ginzburg-Landau theories, which mak&'€lic  moments (large-moment  antiferromagnetism, or
use of complex one-dimensionélD) or 2D order param- LMAF) can be 'nd{lce_d readily upon doping YPFor ex-
eters. Multiple superconducting phases then arise from th@mPple, upon substituting small amounts of Th for U pro-
lifting of intrinsic internal degeneracies of the order param_nounced phase transition anomalies are observed in the ther-
eter by a symmetry-breaking field. Pressur® and mal and transport propertié$* The \-like anomaly in the
substitutional" studies indicate that the anomalous SMAF specific heat and the chromium-type anomaly in the electri-
state is the symmetry-breaking field, although lattice distor<al resistivity give evidence of an antiferromagnetic phase
tions and defectd~*are possible alternatives. transition of the spin-density wave typ®.Antiferromag-
While it is generally accepted that the pairing is due tonetism in the Y_, Th,Pt; pseudobinaries has been detected
magnetic correlations, the magnetic state from which supeiin the concentration range 0.8X<0.1. The Nel tempera-
conductivity emerges is poorly understood. Neutron andure Ty attains a maximum value of 6.5 K at about 5-at. %
magnetic x-ray scattering clearly signal a transition into theTh. Neutron-diffraction experimerfson single-crystalline
SMAF phasé:® Additional Bragg scattering peaks appear atU, ¢-Th, &Pt provide solid proof for antiferromagnetic or-
6 K, which show that the small ordered magnetic moment iglering with an ordered moment of 069.1ug/U-atom. In-
directed along th@* axis in the hexagonal plane (UHPtas terestingly, the magnetic structures for the LMAF and SMAF
a hexagonal MgCgtype of crystal structune The magnetic are identical, indicating a close connection between the two
unit cell consists of a doubling of the nuclear unit cell alongtypes of magnetism.
thea* axis. The order parameter exhibits an anomalous qua- The LMAF phase also appears in a very similar manner
silinear temperature dependence. Bulk thermodynamic sigvhen Pt is replaced by small amounts of HREf. 23 or
natures of the SMAF phase are expected to be difficult toAu.?#?°This shows that the localization of the uranium mo-
observe due to the small size of the ordered moment (3,02 ments is not governed by the unit cell volume of these
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weak magnetic signals. Additionally, the muon acts as a local
UPt. Pd) | probe and may be used to distinguish magnetically inequiva-
x x3 lent sample regions and to determine the corresponding vol-
ume fractions. In a previous studf/zero-field uSR experi-
ments were carried out on polycrystalling YTh,Pt; with
x=0.01 and 0.05. Fox=0.05 the LMAF phase appeared as
a spontaneous oscillation in theSR signal belowTy
=6.5 K. Forx=0.01, data were taken far>4 K only, and
no magnetic phase transition was observed. Our new results
extend over a large temperature rarig4—-10 K, as well
as providing more detail on the Th concentration depen-
dence.
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X II. MUON DEPOLARIZATION FUNCTIONS

FIG. 1. The superconducting and magnetic phase diagram of In this section we pre_sent the muon depola_lrization func-
U(Pt_,Pd)s, adapted from Ref. 31. SC, superconductivity; iONS that are used to fit theSR spectra obtained for the
SMAF, small-moment antiferromagnetism; LMAF, large-moment (U,Th)Pt compounds. As will become clear in Sec. 1V, the
antiferromagnetism. The phase boundary for the LMAF phase hagiagnetic properties of Th and Pd doped Y&t very simi-
been observed by thermal and transport measurements, as well kag. Therefore, the fitting procedure described here relies to a
by neutron diffraction angkSR. The phase line for SMAF is ob- great extent on a close parallel with the analysis of gl$R
served by neutron diffraction only. spectra of the U(Pt,Pg)pseudobinaries’

Zero-magnetic-fielgkSR is a local probe measurement of
pseudobinaries, as Th expands the lattice, while Pd and Athe magnetic field at the muon stopping &ein the
contract the lattice, but rather by tieéa ratio?****’which  sample®® If the implanted polarized muons are subject to
decreases for these dopants. This is corroborated by substhagnetic interactions, their polarization becomes time de-
tution studie$"?® using small amounts of I(the c/a ratio pendentpP,(t). By measuring the asymmetric distribution of
increases and no magnetic order is detectad well as by  positrons emitted when the muons decay as a function of
pressure studie€:*” However, subsequent dopant stuffes time, the time evolution oP ,(t) can be deduced. The func-
using Lu, Sc, Hf, and Zr have cast some doubt on the role ofion P,(1) is defined as the projection &,(t) along the
the c/a ratio as control parameter for the LMAF phase. direction of the initial polarization: P,(t)=P,(t)

The goal of the present work is to investigate in detail the. P,(0)/P,(0)=G(t)P,(0). The depolarization function
magnetic phase diagram of thg UTh,Pt; pseudobinaries. G(t) reflects the normalized muon-spin autocorrelation func-
Our aim is to determine the LMAF phase boundary, and tajon G(t)=(S(t)- S(0))/S(0)?, which depends on the aver-
study the possible interplay between the magnetic and supesge value, distribution, and time evolution of the internal
conducting phase. Our motivation stems from the close refields, and it therefore contains all the physics of the mag-
semblance of the magnetic phase diagrams pf,BhPt  netic interactions of the muon inside the sample.

(x=<0.15) (Ref. 29 and U(P{_Pd,)3.?° The magnetic and In the LMAF phase, well below the ordering temperature
superconducting properties of U¢P{Pd,); have been stud- (T<T,), the depolarization is best described by a two-
ied in great detailfor a review see Ref. 26 Recently, a component functioricompare Ref. 1)7

series of neutron diffractiofl and uSR (Refs. 17 and 31

experiments, on polycrystalline as well as single-crystalline > 1

samples, led to the important finding that the critical concen- G(t) :Aosc{—exp( —\t)cog2mvt+ )+ zexp(—\'t)

tration for the emergence of the LMAF phas,aru, is 3 3

approximately equal to the critical concentration for the sup-

pression of superconductivity, sc. This was taken as evi- ALkt @)
dence that static antiferromagnetism and odd-parity supe
conductivity are incompatible in this system, which in turn
can be attributed to strong magnetic fluctuations in the vicin
ity of the quantum critical point @ apm=~Xcsc~0.0063"

The first term on the right hand side is the time-dependent
depolarization function for a polycrystalline antiferromagnet.
This term consists of a 2/3 contribution from muons precess-

. . ing with frequencyv in a static, non-zero, local magnetic
The phase diagram for the UgPLPd)s compounds, delin- g4 204 a 1/3 contribution from muons with spins effec-

eating the superconducting, SMAF and LMAF phase, IStively aligned parallel to the fieldy=0). The exponential

shown in Fig. 1. It will serve as a reference for the discussio ’ ity 1 :
of the results for Th-substituted compounds presented in thrigecayg\ andA’ reflect the distribution of local fields due to

work tatic variations and/or dynamical fluctuations. The second
In this paper we present a systemagtiSR study of the term is a Kubo-Lorentzian decay
magnetic phase diagram of, U, Th,Pt; for several Th con- 1
centrations 6 x=<0.05. The motivation to use theSR tech-
. . . e =-+=-(1- — .
nique is given by the extreme sensitivity of the muon to Crihah =g+ (1= M) exp = l) @
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In this case, the depolarization with characteristic hatg is 100 . . ' 1 .

caused by an isotropic Lorentzian distribution of local fields

with an average value of zero. For U(Pt,Pd)he amplitudes 8o (U, Th)PY .

of the two components o6(t) were found to be equal, .

Aose~AkL, which indicates that the muon can stop at two § 60t .

distinct localization sites in the sample with equal probabil- ]

ity. = 40} 1
For samples al >T,, the depolarization is found to re-

sult from the Gaussian distribution of static, randomly- 20 | 4

oriented, magnetic fields due &Pt nuclei. As expected, the

form of the depolarization function is given by the Kubo- 0 . s : .

Toyabe function 0 001 002 003 004 005

X

, FIG. 2. Variation of the residual resistivity of,U,Th,Pt;. The
3 two values forx=0.02 are for independently fabricated samples.
3 The solid line is a guide to the eye.

with Agr~0.07us ! (Ref. 17. There is no zero-fielghSR
signature for the SMAF stafé;'” so Eq.(3) works equally ~ be independent of Th concentration within the experimental
well in the paramagnetic phase as in the anomalous SMAEITOr, as the resolution was not sufficient to track the antici-
region. pated very small changes @ta (less than 0.04% for 5-at. %
Finally, in the vicinity of the Nel transition, the muon Th).**
ensemble will be sensitive to sample domains possessing The resistance was measured using a four-terminal ac-
slightly different transition temperatures. The total depolar-technique in @He refrigerator. The residual resistivitigg
ization will therefore be given in this temperature range by avere determined by extrapolating the data between 1 and 0.3
sum of Egs.(1) and(3). The breadth of the transition from K (or T, for the samples withk=0 and 0.002to O K as-
LMAF to paramagnetisnior SMAF) is manifested in the suming a power-law temperature dependenice p, varies
amplitude of the magnetic componehy, =A,+ Ak, rela-  smoothly across the serigsee Fig. 2, indicating proper
tive to the total signalA=Ay+Ayw. The nonmagnetic quality of the samples. Initiallp, increases in a quasi-linear
componenty is given byAyr. The total signal amplitude fashion, but forx>0.005 the increase becomes superlinear.
is assumed to be constant, which is used as a fitting corFhis behavior was also observed for U(Ptp£dj and is be-
straint. lieved to result from the opening of a gap at the Fermi sur-
face upon formation of the LMAF spin-density wave state.
For samples withk=0.02 and 0.05 we observe broad re-
sistive anomalies near 5 and 7 K, respectively, which signal
the onset of the LMAF phas®.However, for samples with
Polycrystalline Y_, Th,Pt, samples were prepared at Los lower Th contentX<0.01) no resistive anomalies associated
Alamos National Laboratory withk=0.00, 0.002, 0.005, Wwith magnetic ordering were detected. The samples with
0.006, 0.009, 0.01, 0.02, and 0.05. Two batches were pre=0 and 0.002 were found to have superconducting transition
pared forx=0.02. As starting materials we used 99.99%temperatures of 0.55 K and 0.43 K, respectively, consistent
pure U and Th, and 99.999% pure Pt. To ensure a homogavith earlier results® For the samples withx=0.005 and
neous distribution of the relatively small amounts of Th in0.006 no superconductivity was detected in the measured
the sample, U was melted into the starting amount of Th iiemperature rangeT¢-0.3 K).
several increments. The stoichiometrically appropriate
amount of Pt was then melted into the U-Th alloy in 5-6
increments. This sample was melted 8—10 times, broken into
small pieces, and then re-melted another 8—10 times. The Muon-spin spectroscopy measurements opn Jh,Pt;
final product was annealed in a high-vacuum furnéu®se were carried out on theM3 beamline at the Paul Scherrer
pressure & 107 torr) at 850 °C for five days, followed by a Institute in Villigen, Switzerland. Measurements were con-
slow cooldown(two days. The annealed samples were sparkducted between 1.7 and 10 K using the General Purpose
cut into 6X10X1-mn? plates that were polished for the Spectrometer, and between 0.04 and 2.2 K using the Low
#SR measurements. Additional smaller bars were cut folTemperature Facility. Our primary results concern the muon-
characterization via x-ray analysis, resistive measurementspin relaxation/rotation in zero applied magnetic field. The
etc. total depolarization amplitudeasymmetry for each sample
X-ray studies on the samples show that there is less thaduring a particular run was determined from measurements
1% impurity phase in the samples. The lattice parameters dh a 100-G transverse magnetic field in the high-temperature
the undoped sample werea=0.5761(1) nm, c  paramagnetic state. In all the fitting procedures described
=0.4897(1) nm, and thus/a=0.85013),3 consistent below, the sum of the amplitudes of the fitting components is
with earlier results for URt2® These values were found to constrained to equal this total amplitude.

1.2 2 2 12 o
Crr(Akr) =Axr| 3+ 3 (1= Akqt)exp — 5 Akqt

Ill. MATERIALS PREPARATION AND
CHARACTERIZATION

IV. uSR RESULTS FOR U,_,Th,Pt;
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FIG. 3. The short-time depolarization as a function of time for 0 . , , s
several Y_,Th,Pt; samples taken at low-temperatur={ 1.8 K). 20 . . . .
Curves are displaced along the vertical axis for sake of clarity. Solid
lines represent fits to the data using E%. 15 ©
A. x=<0.002 g ] |
Zero-field experiments were carried out for the=0 =< 10
sample in the temperature range 2—10 K. The muon depolar- i * )
ization is well-described by the Kubo-Toyabe function, with 5 ]
a temperature independeli+=0.071(3) us 1. No sign of P . , . ,
entry into the anomalous SMAF phase was observed near 6 0 . i . . '
K. This is consistent with earlier results on 10 ) .
single-crystallin® and polycrystallin&’ undoped URt
samples. Fox=0.002, zero-field data were taken in the tem- = 8 1 1
perature range 0.05KT=<0.9 K. The resulting fits with the 2 61l A
Kubo-Toyabe equation yield «1=0.103(5) us ! indepen- e
dent of T. This behavior is consistent with the results for <" 4} o ]
pure UPt. While Ay is slightly larger than for our pure 21 s ]
sample, an additional measurement made at 7.3 K yielded ° <
Ax7=0.094(6) us 1. Therefore we rule out any weak in- 0 2 L L . L
crease ofAyt as temperature is lowered and conclude that 0 001 002 003 004 005
the sample remains non-magnetic at all temperatures studied. X

These results are similar to observations maden N o
U(Pt,_,Pd); in the range 8x=0.005. We conclude that FIQ. 4. Fitting parameters qf the _two-compor_went depol_arlzatlon
the local muon response is unaffected by entry into théunctlon Eq.(1) as function of impurity conternt in UPt;. Filled

. . . symbols are for Y_,Th,Pt;, open symbols for U(Rt ,Pd); (Ref.
SMAF phase, and is primarily due 8Pt nuclear moments. 17). All values are determined &t=1.8 K, except the values for

Xx=0.006, which are evaluated at 0.1 K.

B. x=0.006 . . . .
X scribed by the two-component depolarization function given

Zero-field data were obtained for samples with in Eq. (1), i.e., the sum of depolarization due to a polycrys-
=0.009, 0.01, 0.02two different samples and 0.05 in the talline antiferromagnet and a Kubo-Lorentzian term. The
temperature range 1.8—-10 K and fo=0.006 in the tem- solid lines in Fig. 3 illustrate the quality of the fit. The spec-
perature range 0.04-3 K. For all samples we clearly observga obtained for the sample witk=0.006 is satisfactorily
the signature of stati¢on the typical muon timescale of described by Eq(1) as well, but here the spontaneous oscil-
10 8 s) antiferromagnetism. In Fig. 3 we show thé&SR  Ilation is barely discernible, even at the lowest temperature
spectra (<0.6 us) for samples withx=0.01, 0.02 and 0.05 (T=0.04K). In Fig. 4 we summarize these results by plot-
at the lowest temperatur€l.8 K). For samples withx  ting the relevant fit parameters obtainedrat Ty as a func-
=0.009 spontaneous oscillations are clearly observed angbn of Th concentration. The spontaneous oscillation fre-
the oscillation frequency decreases with decreasing Th corjuency v, the decay rate\’, and the Kubo-Lorenta
tent. At low temperaturesT(<Ty) the data are well de- decay time, all show a smooth concentration dependence,
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FIG. 5. Variation of the ratio of the asymmetries of the oscilla-
tory componentA,., and the Kubo-Lorentzian componen, , 6
with Th concentratiorisee Eq.(1)].

while the decay rate increases dramatically with decreasing
Th concentration. For comparison we have included in Fig. 4 4?43 i
the values reported for the LMAF phase in U(Pt,2d) The B gt
similarity is evident. x=0.02

The ratio of the amplitude of the oscillatory and the - 1

-1
A, (ns)
P

Kubo-Lorentz decay termA,¢./Ax., has been extracted 0 L doe
from the fits using the constraint,,;=A,s+Ax,_ and is pre- 0 1 2 3 4 5 & 7 8
sented in Fig. 5 as a function of Th concentration. Within the

statistical error of the fits, we find thadt,;.= A« indepen- Temperature (K)

dent .Of thorium el(éonc_entrafuon, as was found for_ Pd- FIG. 6. Temperature dependence of taespontaneous oscilla-
substituted samples.This indicates that the muon localizes g, frequency, and(b) Kubo-Lorentz damping factor, for

in the ordered phase at two distinct interstitial sites withy 1 ot and U 44Thy oPt. The solid lines are the mean-field
equal probabilities. However, assigning high-symmetry inter+its “as described in the text. The squares and triangles=dr.02
stitial sites to the two components in E@) is problematic.  denote results for two independently fabricated samples.

The first component with asymmet#y, . signals a stopping

site with a fairly large local dipolar field, ie.,  \We now discuss our results for the temperature depen-
0.19-0.33 Thg, as 5.4 MHz=v<9.5MHz (Fig. 4. The  dence. In order to fit our time-dependent curvesTam-
second term with asymmetr suggest the presence of a creases towardd,, we have incorporated the additional
site where the local dipolar fields cancel or are at leasgonstraint that\,s.= Ay, (in addition to fixing the total am-
smaller than~0.01 T/ug as follows from the measured pjitude), consistent with our experimental resultsTa& Ty, .

Ak - These measured values may be compared with the vak|so, we found that a3 increases towardgy use of Eq(1)

ues calculated for the LMAF structure for several hlgh SYyM-is not sufficient, and we have used the sum of Eqs.and
metry interstitial sites presented in Ref. B’Ecall that the (3) The Kubo-Toyabe relaxation ratAKT was extracted
magnetic structures for Th and Pd dopedm |dentlcal from the high_temperature datajéTN) and used as a con-
Along (0,0,2 the calculated dipolar field is smalB(,c=0  stant in the fitting procedure. This value falls in the
for z=0), which indicates that muons localizing at this site 0.05—0.08.s ! range for all the samples studied, apart from
give rise to the Kubo-Lorentzian term. Alor@/3,2/3,2 the  the previously mentioned= 0.002.

calculated dipolar fields range between 0.26 and 0.65T/  Analysis of thex=0.05 data is straightforward. The two-
(for an ordered moment of 4g). This indicates that the component fit is found to work quite well except in a narrow
oscillatory term should be attributed to this second axiakegion within aboti1 K of the Neel temperature. Just like for
symmetric site. However, this is not corroborated by trans{y(pt,Pd) we find that the temperature dependence of the
verse magnetic fiel@SR studies in the paramagnetic state ofparameters’ and\ ¢, is mean-field-like and can be fit to the
single-crystalline U(RtedPdh 093.%® The analysis of the form?’

Knight shift indicates a single muon localization si@0,0.

This in turn has been taken as evidence that the sample is T\*]#

intrinsically inhomogeneou¥. Moreover, comparison of the P(T)=P(0) 1_<-|—_) } , 4
ordered moment determined by neutron diffraction and the N

uSR fit parameters for U(Pt,Psl) show that\, scales with  whereTy is the Neel temperature, an® is eitherv or Ay .

the ordered moment butdoes not’ Thus, the origin of the The resulting temperature dependences@ind X\, is plot-
two-component response remains an unresolved problented for ourx=0.05 sample in Fig. 6. Using E¢4) to fit the
and the various parameters in E¢b.and(2) are considered data yields Ty=7.02(2) K for both curves; v(0)
as phenomenological in nature. =9.8(5) MHz, «=2.0(6), and3=0.42(5) fromy(T), and
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A (0)=6.7(3) us !, a=3(1), and B=0.35(7) from
Mk (t). These values for the exponents compare favorably
with those extracted in Ref. 17 for UREPdo9)3: «
=2.1(3) andB=0.39(2) fromy(T), anda=2.0(5) andg
=0.36(6) fromh (t). As pointed out in that work, the
values are consistent with the theoretical predictiongof
=0.38 derived for the 3D Heisenberg motfeand =2
calculated for a cubic antiferromagrfétWe also note that
our values fory(T) are in excellent agreement with the re-
sults for U, gsThy osPt; reported in Ref. 32. The mean-field
Ty value of 7.0 K is in good agreement with thermal and
transport measuremerfts?! PR PN
A similar analysis for the temperature evolution of the ' : -
muon response is problematic for samples with 0086 00 0.5 1.0 1.5 2.0
=<0.02. This is mainly due to the strong damping of the time (ps)
oscillatory term, as is illustrated by the large values of the
decay for x<0.01 shown in Fig. &). Upon increasing the FIG_. 7. Temperature evolution of the depolarization function at
temperature, an accurate determination of the fitting paramznort imes for |4 ,gThy o Pt Note that all temperatures are above
eters using Eq(1) becomes more and more difficult. More- the mean-field Nel temperature of 5.05 K.
over, as will be discussed in the next paragraph, the phase N ) .
transition regions are quite broad and in the casexof have narrow transition widths, as does the Th-substituted
=0.01 and 0.02 extend up to 7 K. Therefore, we have usegdample withx=0.05. However, the transitions for the Th-
the sum of Egs(1) and(3) in a broad temperature window substituted samples witk=0.01 and 0.02 are quite broad
up to ~7 K. For samplex=0.02, the results o¥(T) and and have a magnetic component uplte 7 K, which is the
AL (1), are shown in Fig. 6. Notice that a few data points fortransition temperature for=0.05. It is clear that some form
T>5.5 K have been omitted because of their large error bar®f magnetic inhomogeneity is present. The second sample
The fit parameters obtained for two different samples are ivith x=0.02, independently fabricated at a later date, yields
excellent agreement. Oniy(T) obeys a mean-field behavior essentially identical data, confirming this behavior.

as expressed in E@4), albeit in a limited temperature inter-  The validity of the assumption tha{,s.= Ak , and of the
val. When fitting »(T) for x=0.02 andT<4K to Eq.(4)  actual form of the fitting functions themselves, is debatable

using the model valuest=2 and 8=0.38, we find Ty in the brpad transitiop re_gions. Howev_er, the calculatiqn of
—5.05(5) K. The fit is shown in Fig. 6. This mean-field the fractional magnetic signal is insensitive to the func'tlonal
value of Ty is in fair agreement with specific heat datg*  form of the magnetic component. We have used a variety of
While Ny (1) decreases slightly a§ approachesTy, it @fferent f|tt|_ng funcnons to describe the magnetic contr!bu-
could not be fit using Eq4). We believe this is related to the tion in the vicinity of Ty, and always reproduce the qualita-
magnetic inhomogeneity present in the system, as discuss&y€ features shown in Fig. 8.

in the next paragraph. A similar procedure for tkee 0.01
sample yields'y=3.50(5) K. In Ref. 32, YgoThy o;Pt; Was ‘ ‘ ‘ '
also studied viauSR, and no evidence of magnetic behavior =

was reported. However, it should be noted that the data for
that sample were limited and extended only down to approxi-
mately 4 K.

The most striking aspect of the data is that our depolar-
ization curves unambiguously show that magnetism is
present in the system at temperatures well above the mean-
field values forTy . This is shown in Fig. 7, where the time-
dependent polarization fork=0.02 is plotted over short
times at temperatures of 5.3, 5.8, and 7.4 K, all of which are
greater than the mean field of 5.05 K. While extraction of
the exact parameters can be difficult when the condifion
<Ty is no longer met, we can readily characterize the tran-
sition width by calculating the magnetic fraction of the total
amphtuQe, 1€, the frf':lCt'on of the total signal due to the 5 g Transition widths as illustrated by the temperature-
depolarization described by EQ(1): Awn/Aw=(Acsc  dependent fractional amplitude associated with magnetism. Circles
+AW/Ar- We have plottedAy /Ay in Fig. 8 for samples  are for U_,Th,Pt; while triangles are for U(RL,Pd)s with
with x=0.01, 0.02, and 0.05. For comparison, we have als@quivalentx values, taken from the work of Ref. 17. Solid and
plotted the same quantity as extracted from the data of Retiashed lines are guides to the eye for the Th-substituted and Pd-
17 for Pd-substituted samples. All the Pd-substituted samplesubstituted data, respectively.

Depolarization

Fractional Magnetic Signal

Temperature (K)
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10 F T ' ‘ ' ' ) either a local field due to sites with all (br PY nearest
neighbors or sites where one or more of theRi) nearest
T 08| x=0.005 1 neighbors have been replaced by (Fu).
- ‘ The most striking difference between our data for Th-
-.g. 08 3 1 substituted samples and similar data for Pd-substituted
§ *6’ samples is the very broad magnetic transition region, as
= o4t h . shown in Fig. 8. X-ray diffraction analysis shows that there
g %Q% is less than 1% impurity phase in the samples, and it is
8 o2l .}ﬁ i known from earlier work that Y ,Th,Pt; remains single
= H % { phase up to about=0.25%! Strong variations in the local Th
00 , . L 0 e el o concentration across the sample volume could conceivably
"o 1 2 3 produce the broad transitions, since theeNemperature de-

pends onx. Such an effect would be consistent with the
sharp transition observed for=0.05 because th&(x)

FIG. 9. Temperature dependence of the fraction of the total amcurve is expected to be fairly flat near=0.05 (see Fig. 1,
plitude of the depolarization function associated with magnetic beand so a given distribution of concentrations would produce
havior for U g9sThg godPts - a less-broad transition region. However, the transition re-

gions for thex=0.01 and 0.02 samples extend up to 7 K. For
the x=0.01 sample, we estimate that about 10% of the
C. x=0.005 sample volume would need to have a local Th concentration

We have also studied a sample wik0.005, which well abovex=0.02 in order to reproduce the broadening
showed strong depolarization at low temperatures, but n8hown in Fig. 9. This would severely deplete other regions,
oscillations were observed due to the heavy damping, as Yet the data shown in Fig. 8 show that the sample has a
increases dramatically with decreasing Th concentrdties  Negligible volume fraction with Nel temperature less than 2
Fig. 4b)]. In order to follow the temperature dependence ofK. Moreover, such dramatic inhomogeneity is inconsistent
the magnetism, Eq(1) was modified by replacing the two wlth smooth variation pf the reS|dL_JaI resistivity _shown in
oscillatory terms with two exponential decagise., setting Fig. 2. Thus chemical inhomogeneity seems unlikely to be
the frequency equal to zeroAn analysis similar to the one the cause of the observed broadening. . _
presented in the preceding paragraph shows that once again/An alternative explanation for the broadening of magnetic
the transition from a magnetic to a nonmagnetic behavior igransition involves the effect of Th disorder on the anoma-
quite broad, as shown in Fig. 9. It is important to note thatlous SMAF phase. If the SMAF phase is indeed a time-
for this sample the fractional magnetic signs, /Ay ap- fluctuating version of the LMAF pha_se, then Th impurities
pears to reach a maximum value of about 0.6 at 0.085 KMmay serve to slow down the fluctuations. When the fluctua-

suggesting that the sample never has a fully formed LMAFiON timescale becomes comparable to, or longer than, the
state. typical muon spectroscopy timescales one would expect to

observe a magnetic signal. If so, the muon measurements
V. DISCUSSION would signal magnetic behavior near t_he onsgt temperature
of the SMAF phase. No neutron diffraction studies have been
We conclude from the low-temperatur@<€Ty) results carried out on the concentration dependence of either the
that the two-component response functiffg. (1)] yields a  SMAF or LMAF phases in Y_,Th,Pt;. However, neutron
proper description of the depolarization within the LMAF diffraction results for U(Pt,Pd)(Ref. 30 show that SMAF
phase of our Th doped samples. The same depolarizatias robust upon alloying: the transition into the SMAF state
function, with comparable values for the fit parameters andemains fixed 86 K with increasingx (up tox=0.01), al-
relative amplitudes of the different components, describeshough the ordered moment increases witlBy analogy we
the LMAF phase in U(Pt,Pd) Thus Eq.(1) appears to be a expect that the SMAF phase line for (U, Th)Rtill be es-
general characteristic of the LMAF phase, independent ogentially independent of Th concentration and fixed at a
whether the substitution is on the uranium or platinum subvalue of approximately 6—7 K. Thus it would be expected
lattice. Note that Th substitution is far more effective in in- that for strong disorder, one could observe magnetism begin-
ducing LMAF than Pd substitution, since in our notation ning at about 7 K, as observed in this work. This scenario
equal values ok translate into a number of Pd impurities could also explain the discrepancy between regeSR stud-
that is three times the number of Th impurities. These obselies on UPj (Refs. 16 and 1j7and the much earlier work by
vations are consistent with the assumption thatdteeratio  Heffner et al®? In Ref. 32 a small increase in the zero-
is the controlling factor in the onset of LMAF magnetism, magnetic field depolarization rate was observed at the SMAF
since comparable values wfin the case of Th and Pd doping transition temperature of 6 K. However, later work on single
yield comparable changes @a.?® crystals® and polycrystaf¥ of high quality gave no evidence
The amplitude®\,;. andAy, are found to be independent of the transition. It is possible that the sample quality for the
of concentration and impurity type. This important observa-work described in Ref. 32 was such that impurities played a
tion rules out an interpretation of the two-components beingole in slowing down the SMAF fluctuations, rendering the
due to two different stopping sites where muons experiencé&ansition observable. At present we have no explanation as

Temperature (K)
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to why Th is apparently much more effective than Pd inthe sample. While there are significant differences between

slowing down the SMAF fluctuations. the two systems, it is clearly of interest to further probe the
It is also difficult to reconcile the growing body of data possibility of magnetic inhomogeneity in (U, ThiPand

probing the SMAF-to-LMAF transition with the phase dia- U(Pt,Pd) with an eye to similarities with the URGi, sys-

gram shown in Fig. 1. OunSR results imply that the tran- tem.

sition is not abrupt, but results from a slowing down of the

SMAF oscillations. Moreover, recent studies utilizing canti- VI. SUMMARY

lever magnetometfy with a characteristic frequency of 1 h d .

kHz do not show a magnetic transition in Uggdd) 01 In summary, we have used muon Spin spectroscopy to

single crystals, despite what appears to be sufficient sensiti\?tudy the onset of the large-moment antiferromagnetic phase

ity and even thoughuSR measuremeritsclearly indicate (LMAF) Qi(n UPt a)s induced bth substitur:ion. Al IowlTh
_ : content k<0.002) magnetic ordering on the time scale of
Ty=1.8K. Th r Its imply th h MAF-to-LMAF . . .
n=1.8 ese results imply that the S to ihe uSR experiment (10° s) is not detected, as is the case

transition is not a true phase transition but rather a type o -
crossover behavior. The details of a phase diagram such & puré UP3. For 0.006<x=<0.05, spontaneous oscillations

that shown in Fig. 1 will depend on the characteristic timelphthz "f[SR specitlrz S'gn.zl :jhg ptr:sence offtthe (Ij‘MAIF phaé.se.
scale of the measuring probe, at least in some critical cross- € data are well describeéd by theé sum of two depoiarizalion

over region unctions, namely a contribution from a polycrystalline anti-
It is difficult to test for the existence of a superconducting/fermmagmftdamjI a Kybo-llc_oretqtman response. lTh'S tdw?-
antiferromagnetic mutual quantum critical point, as found forcomponent depoiarization function was previously used to
U(Pt,Pd),.3! Apart from thex=0.05 sample, an unambigu- dgscnbe the muon response in the !__MAI_: phase of _pseudo—
ous determination of the é¢ temperature is not possible binary l.J(Pt’Pda' However, the transition mto_the antiferro-
from our data. For th&=0.005 sample, it is expected that magnetic phasg as temperature is Igwgred s much broader
T.=0.2 K® while we clearly observe m,agnetic behavior be- 0" Th substitution than for Pd substitution. The broad tran-
Ioi/v about 2 K. This would seem to rule out the possibility of sition makes it difficult to detail the competition between
X e X However, forx=0.005 the magnetic signal superconductivity and LMAF in (U,Th) Rt however, it may
iscyi((:)t d‘:éCFe?Ao.ped in the whole éample volume /ag /A provide an important clue as regards the nature of the SMAF
approaches 0.6 a5—0 K (Fig. 9. This magnetic volut?;le phase. Fox=0.01 and 0.02 the magnetic signal extends up
fraction is attributed to the LMAF phase, as it is entirely duet0 ~7 K, which suggesis that the broadening may he a result

to the two-component depolarization response, albeit wittPf the effects of disorder on the time fluctuations associated

»=0. Therefore, superconductivity may occupy the remain_W|th the anomalous antiferromagnetic stéBMAF). These

ing ~40% of the sample volume and thus still compete witheSults imply that SMAF-to-LMAF is not a true phase tran-

the LMAF state. More detailed studies for samples in the5|t|0n but rather a crossover behavior. We are currently con-

vicinity of x=0.005 are required to clarify the relationship %Lécigﬂ(tge(i?}zlrletgi;nagesg?éﬁi?naly5|s and thermodynamic stud-
between superconductivity and LMAF. P Y-

The magnetic inhomogeneity in (U,Th}Ptas evidenced
by the two-component muon response function and the broad
SMAF-to-LMAF transition, is particularly interesting since it ~ We thank Eric J. Peterson of Los Alamos National Labo-
was recently discovered that URRi,, another U-based ratory for carrying out x-ray diffraction measurements on the
small-moment heavy fermion system is magnetically inho-samples used in this studySR experiments were performed
mogeneous. NMRRef. 43 and uSR (Ref. 44 measure- at the Swiss Muon Source, Paul Scherrer Institute, Villigen.
ments under applied pressure showed that the small momeihis work was supported by the Petroleum Research Fund of
is caused by a small fraction of the sample volume having ahe American Chemical Society, DOE Grant No. DEF
relatively large local ordered moment, while the majority of 60202ER63404, and the FERLIN program of the European
the sample is paramagnetic. Neutron scattéfiyields an  Science Foundation. Work at Los Alamos was performed un-
ordered moment that is averaged over the entire volume aler the auspices of the U.S.D.O.E.
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