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Microscopic aspects of magnetism and superconductivity have been studied in the heavy-fermion
superconducting alloy systems (U,Th)Be» and (U,Th)Pt3 using the technique of positive-muon (p )

spin rotation and relaxation (pSR). In U& Th Be», x =0.033, a striking increase of zero-field
Kubo-Toyabe relaxation rate o.KT is observed below the temperature T,2-0.4 K at which a second
phase transition occurs in the superconducting state. This jump is firm evidence for the onset of
weak static magnetism below T,&. The observed increase of —1.5 Oe in the p+ local field corre-
sponds to an effective moment of 10 —10 pz/U atom. The p+ Knight shift K„ in the normal
states of U& Th, Be», x =0 and 0.033, is proportional to the bulk susceptibility and yields a
transferred f-spin-p, " hyperfine field of —1.99+0.12 kOe/ps. In the superconducting states of
U&, Th Be», x =0, 0.01, and 0.033, a large reduction of the magnitude of K„ is observed for x =0
but not for x =0.033, and an intermediate reduction is found for x =0.01. This behavior suggests
(1) spin-singlet pairing in undoped UBe», and (2) conventional reduction of the spin susceptibility
suppression in (U,Th)Be» by spin-orbit scattering from Th impurities. In undoped UPt3 small in-
creases of a&T and the transverse-field Gaussian relaxation rate o.

G below -6 K are again evidence
for the onset of weak static magnetism similar to that found in (U,Th)Be». Recent spin-polarized
neutron scattering studies of normal-state UPt3 have observed a commensurate antiferromagnetic
(AF) structure with a sublattice magnetization of —10 pz/U atom, in rough agreement with the
pSR results. For U& Th Pt3, x =0.05, zero-field p+ precession frequencies below 6.5 K indicate
an AF structure with a considerably larger moment (-0.6 pz/U atom). The average p+ Knight
shift in the normal state of undoped UPt3 is much smaller than in UBe», which suggests multiple
p+ stopping sites with hyperfine couplings of opposite signs.

I. INTRODUCTION

Despite a great deal of experimental' and theoretical
effort over the past several years, the precise nature of the
so-called heavy-fermion (HF) state of condensed matter is
still not completely understood. Heavy-fermion materi-
als contain certain 4f or 5f elements (e.g., Ce, U) and ex-
hibit many intriguing properties. At high temperatures
the magnetic susceptibility is paramagnetic and shows
Curie-gneiss-like behavior, which indicates the existence
of weakly interacting localized f-electron moments.
Below a characteristic temperature To —10—100 K these
local moments disappear, leaving in their place strongly
interacting itinerant electrons with large effective masses

(-100X free-electron mass). This large effective mass is
manifested through a large linear specific-heat coefficient
y. The susceptibility y also becomes large and tempera-
ture independent (Pauli-like) at low temperatures, such
that the Wilson ratio y/y is approximately the free-
electron value. Coherent electron scattering is observed,
e.g. , as a decreasing resistivity, as the temperature is
lowered below a "coherence" temperature T„I,«TO.
The HF state can be paramagnetic (CeA13, CeCu6), mag-
netically ordered (UCd», NpBe, 3, URu2Siz), or supercon-
ducting (UPt3, UBe», CeCuzSiz) and, in some compounds
(URu2Si2), exhibits both an antiferromagnetic (AF) and a
superconducting phase transition.

Of particular interest are the unusual superconducting
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properties of the heavy-fermion compounds UBe&3 and
UPt3. The superconducting energy gaps of these materi-
als are highly anisotropic, ' vanishing either at points
(UBe,3, applied field Ha=0) or on lines (UPt3; UBe, 3,
H0~ 1.5T Ref. 3) on the Fermi surface. These proper-
ties, together with very large values of the upper critical
field H, 2 and its slope —(dH, 2ldT)r at T„' have led

C

many investigators to conclude that the HF supercon-
ducting state is not the same as in the phonon-mediated
BCS superconductors previously studied. The pairing
mechanism itself is therefore likely to be unconventional,
and may involve the exchange of purely electronic excita-
tions rather than phonons.

In addition, the nature of the HF state is very sensitive
to impurity doping. For example, addition of a few
atomic percent (at. %%uo ) thoriu mo rpalladiu m toUPt 3 in-
troduces or enhances a Fermi surface instability below
5 —6 K, which results in a commensurate AFM structure
with a moment of about 0.5 Bohr magneton (ps). Simi-
lar concentrations of Th in UBe&3 produce a nonmono-
tonic depression of the superconducting transition tern-
perature T„with increasing Th concentration. For Th
concentrations between -2 and -4 at. % in (U,Th)Be/3
the specific heat indicates a second phase transition at a
temperature T,2 below the superconducting transition at
T„. Ultrasonic experiments suggest that this second
transition is to a spin-density wave state, but no evidence
for magnetic order has been obtained from either neutron
scattering' or NMR (Ref. 11) experiments.

In this paper we report studies of the magnetic and su-
perconducting properties of (U,Th)Be, 3 and (U,Th)Pt3 al-

loys using the technique of muon-spin rotation and relax-
ation (@SR).' The muon possesses a relatively large
magnetic dipole moment (3.2 times the nuclear magne-
ton) and zero electric quadrupole moment; these two
properties render pSR experiments particularly sensitive
to small changes in local magnetic fields, so that muon
linewidth changes and frequency shifts can be accurately
determined. In the absence of spin-lattice relaxation or
other dynamic contributions (as is the case in virtually all
the present experiments), the muon relaxation rate
reOects the distribution of microscopic local magnetic
fields at the muon site or sites. The muon Knight shift,
defined as the shift of precession frequency in a metallic
environment, is a measure of the spin susceptibility in
both the normal and the superconducting states. The
temperature dependence of the latter gives information
on the pairing mechanism. pSR investigations of a num-
ber of HF materials have been reported. '

The paper is organized as follows: Our experimental
procedures are described in Sec. II. Sections III and IV
give the data and analysis for UBe&3- and UPt3-based sys-
tems, respectively. A summary and concluding remarks
are presented in Sec. V. Part of this work has been pub-
lished in preliminary form elsewhere. '

II. EXPERIMENTAL PROCEDURES

Our pSR experiments were carried out at the Clinton
P. Anderson Meson Physics Facility (LAMPF), Los
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FIG. 1. Diagram of the @SR spectrometer in the parallel
configuration (applied field H0 parallel to muon-spin direction
S„}. Collimators Cl and C2 help to focus the muon beam on
the sample S. Incident muons are counted by counters BE and
M. Positron counters are labeled FO and F1 (front), BO and B1
(back), LO and L1 (lower), and UO and U1 (upper). Small
Helmholtz coils were used to produce a transverse field (-100
Oe) to determine asymmetry and normalization parameters in
the parallel configuration shown. For zero-field measurements
the field at S could be reduced to & 10 mOe using three pairs of
orthogonal coils (not shown).

Alamos National Laboratory. A beam of positive muons
(p+ ) from the backward decay of in-fiight pions, with a
spin polarization of -85%%uo and a momentum of 80
MeV/c, was implanted in samples of interest, and the
subsequent precession and relaxation of the p+ polariza-
tion was observed.

A standard time-dift'erential pSR spectrometer, '

shown schematically in Fig. 1, was used. A pair of
Helmholtz coils produced applied magnetic fields be-
tween 0 and 5 kOe at the sample position. For zero-field
experiments any stray fields were nulled to 0.01 Oe us-
ing three pairs of mutually perpendicular bucking coils.
The Helmholtz pair could be rotated to orient the applied
field H0 either parallel or perpendicular to the muon-spin
polarization S„, which was directed along the beam axis.
The parallel configuration, shown in Fig. 1, was also used
for experiments in zero field. In this configuration a
second small Helmholtz pair produced a field oriented
perpendicular to the muon-spin polarization. Transverse
pSR in this field was used to determine asymmetry and
normalization parameters as discussed below. For
Knight-shift measurements' ' the field stability was
monitored by a NMR probe, and an absolute field cali-
bration was obtained by measuring the muon precession
frequency of a standard copper sample with a known
Knight shift of 60 ppm.

The data acquisition electronics were configured as
shown schematically in Fig. 2 which, with Fig. 1, defines
all counter nomenclature used below. The signal MU for
a muon stop in the sample S was defined as a coincidence
(logical AND) of the BE and M counters, together with
no coincident signal from the SBOX array. SBOX was
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defined as the logical OR signal from the UO, FO, or LO
counters. The macroscopic LAMPF duty factor of
6—9%%uo put severe constraints on the average muon stop-
ping rates, so that the rate of undesired two-muon events
within the time window of 8 —12 ps (referred to as "pile-
up") would be minimized. Pileup rejection [Pu R in Fig.
2(b)] was implemented for the MU signal. As a practical
matter the MU rate was limited to 1.2 kHz average (20
kHz instantaneous) for a 6% accelerator duty factor, in
order to keep the random background rate to less than a
few percent of the signal. The M, BO, UO, FO, and I.O

counters were placed in the cryostat vacuum space, to
reduce the number of MU signals from muons stopping
in the cryostat materials.

A positron signal was defined as a coincidence between
all the counters in one and only one position telescope
[N= 1 in Fig. 2(b)]. Two counters per telescope, as
shown in Fig. 1, were used with the dilution refrigerator,
and three counters per telescope were used with the gas-
Aow cryostat. A BE anticoincidence signal was used to
veto positron events arising from decay of muons stopped
in the C2 beam collimator.

The time di8'erences between muon stops and positron
signals were collected in time-differential histograms, one
histogram per positron telescope. Data were digitized by
an Ortec time-to-amplitude converter (TAC), which fed a
LeCroy analog-to-digital converter (ADC). Tag bits,
which identified which of the four positron telescopes had
fired, were also included in the 16-bit ADC word. The
linearity and drift of the electronics were monitored by
an Ortec time calibrator (TC), and were found to be
stable to one part in 10 or better.

Time calibration runs (channel number versus real
time) were taken several times a day for relaxation rate
studies and every other data run for Knight-shift studies.
A typical run required between 1 and 2 h to accumulate
-5 X 10 events per histogram. Zero-time channels, cor-
responding to immediate muon decay, were measured us-
ing muons which passed through the sample area with
the SBOX veto disabled. The counter system outside the
cryostat could be rotated 90' to determine zero-time
channels for counter telescopes perpendicular to the
muon beam.

The time-differential histogram rates N(t) for each
telescope were fit to the general form'

N(t) =B +Noe "[1+aG(t)cos(co„t +P)] .
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Here B is a time-independent background term, Xo is the
initial counting rate, ~„ is the muon decay time constant,
a is the product of the p+ beam polarization and the
geometrical asymmetry, G(t) is the normalized relaxa-
tion function, co„ is the muon Larmor frequency, and P is
a phase angle. The value v.„=2.20 ps was fixed for all
telescopes. In the parallel configuration co„=0 and /=0
and m for the front and back histograms respectively, so
that cos(oi„t +P)=+1.

Parallel-configuration data could be fit using either of
two methods. In the first method histograms from the
front (+) and (

—) telescopes (cf. Fig. 1) were simultane-
ously and separately fit to Eq. (1) using a common relaxa-
tion function G(t). The asymmetries a+ and a were
determined from separate "normalization" runs taken in
a low (100 Oe) transverse field. Typically a+ -a =0.2
and B+/No+ =0 02

In the second fitting method, an asymmetry function
R (t) was formed from the two histograms as follows:
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Here N+ (t) and N (t) are the front and back histogram
rates after subtraction of the backgrounds B+. The pa-
rameter a=No+ /No, like the asymmetries, was deter-
mined experimentally from transverse-field normalization
runs; typically a = 1.

Ideally R (t)=G(t). In practice small drifts between
normalization runs forced us to fit the experimental
asymmetry function R '"i"(t) to the form

R'" "(t)=R (t)+5B,
FIG. 2. Schematic diagram of the @SR data acquisition elec-

tronics. (a) Fast logic. (b) Slow logic. For clarity only the front
counter logic is shown explicitly.

where 5B is a small change in background. It was found,
moreover, that the normalization parameter u, deter-
mined from separate transverse-field runs as described
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above, varied from run to run unless the MU rate was
kept to ~ 1.2 kHz average. The value of a could be self-
consistently determined for a given run by fitting the raw
histograms separately to Eq. (1), but then the statistical
uncertainty in relaxation-function parameters was unac-
ceptably large {larger than for fits of R ""i'"(t) [Eq. (3)] to
asymmetry functions).

Sample temperatures were controlled using a Helitran
gas-Aow cryostat for temperatures between -3 and 300
K, and by a He- He dilution refrigerator developed at
LAMPF (Ref. 24) for temperatures between 0.2 and 3 K.
In both cryostats the sample was thermally anchored to a
silver rod attached to the refrigerating element (Helitran
cold finger or dilution refrigerator mixing chamber).
Sample temperatures were monitored using carbon-glass
thermometers thermally anchored to the sample itself.

The samples were prepared by arc melting
stoichiometric quantities of the constituents in elemental
form. For the doped samples single pieces of the dopant
elements were used to ensure that no material was lost.
The arc furnace was evacuated while the UBe&3-based
samples were still molten after the final melt; this effected
a relatively slow anneal. The UPt3-based samples were
wrapped in tantalum, sealed in quartz ampoules, and an-
nealed for several days at 1250'C. Superconducting tran-
sition temperatures were determined using ac susceptibil-
ity measurements. For U, Th Be&3, x =0, 0.01, and
0.033, T,&=0.86+0.02 K, 0.68+0.02 K, and 0.60+0.02
K, respectively. For our sample of UPt3 T, =0.41+0.01
K.

III. EXPERIMENTAL RESULTS:
(U,Th)Bei3

We have carried out p+ relaxation and Knight-shift
experiments in undoped UBe}3 and in U& Th Be~3,
x =0.01 and 0.033. These were motivated by the unusual
superconducting behavior of this alloy system described
in Sec. I, together' with the known utility of implanted
muons as interstitial probes of their magnetic environ-
ments. Weak static magnetism in U, Th Be&&, initially
suggested by an ultrasonic attenuation anomaly at T,2,
can be sensed directly via the behavior of p+ local fields.
Similarly, the Knight shift of spin probes (nuclei or
muons) refiects the local spin susceptibility, and as a re-
sult can shed light on the nature of superconducting pair-
ing which affects this susceptibility.

A. Relaxation rate studies

Figure 3 shows the temperature dependence of the
Gaussian relaxation rate o.

G for undoped UBe, 3 in a 100-
Oe transverse field. These data were obtained by fitting
each histogram to Eq. (1) with G(t) taken to be the
Craussian relaxation function GG(t) =exp( ,'oGt ). ——.
(Note that the relaxation rate is identical to the resonance
linewidth; the two terms will be used synonymously. )

Below T-150 K a temperature-independent linewidth
o.&=0.21+0.01 ps ' was obtained. Above about 150 K
the linewidth decreases rapidly, due to the onset of
thermally induced p+ diffusion and consequent motional
narrowing. '
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FIG. 3. Temperature dependence of the p+ transverse relax-
ation rate o.& in UBe», applied field Ho =100Oe.

Data taken in zero applied field were fit to the Kubo-
Toyabe relaxation function GKT(t), given by

G~T(t)= —,'+ —', (1 —o&Tt )exp( —
—,'oKTt ) .

A typical measured relaxation function (U, Th Bei3,
x =0.033, at T =0.215 K), together with the fitted func-
tion from Eq. (4) (solid line), are shown in Fig. 4. Despite
the statistical uncertainty at long times, the initial
Gaussian-like relaxation at earher times is well deter-
mined.

The temperature dependence of o.&T between -0.15
and 2.5 K for UBe» is shown in Fig. 5 (solid circles).
Within statistical error o.KT is independent of tempera-
ture below -3 K, with an average value
o.&T=0.200+0.005 ps '. From Figs. 3 and 5 it can be
seen that ~KI in zero field and o.

G in transverse fields are
nearly equal at low temperatures.

The theory of p+ linewidth due to nuclear dipolar in-
teractions' gives two limiting values of the linewidth in
weak and strong applied field, respectively. In strong
fields the nonsecular terms in the p+-nuclear dipolar in-
teraction are averaged out by nuclear spin precession,
and one obtains the secular Van Vleck value o vv (aver-
aged over orientations in a polycrystalline sample). In
weak or zero field relaxation is due to the full dipolar
Hamiltonian, and the relaxation rate is faster:
crrT=&5/2ovv In UBe, 3, ho.wever, the Be nuclei are
in sites of noncubic symmetry, and nuclear quadrupolar
precession in the resulting nonzero electric field gradient
(EFG) can average the nonsecular dipolar terms even in
zero applied field. This effect was first studied in a cubic
system (Cu metal), ' where the EFCx is induced by the
electric charge of the muon itself. The approximate
equality of o.KT and o.z suggests, therefore, that quadru-
pole effects dominate the zero-field linewidth. This is not
surprising, because Be NMR spectra yield a quadrupole
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interaction of —160 Oe in field units. The Be nuclei
are already in a large EFG even without any additional
contribution from the muon, and for a small applied field
of 100 Oe we expect o ~ =o-~~ as observed ' The crys-
talline EFG at Be sites makes it difficult to identify the
muon interstitial site or sites fram the value of o G', the
conclusions of this paper are, however, independent of
site identification.

As mentioned in the introduction to this section, stud-
ies of @SR relaxation rates in (U,Th)Be, 3 were undertaken
in part to help resolve the nature of the second phase

0.30—
I I i I I II

t ()'s)
FIG. 4. Typical zero-field p+ relaxation function in

U& Th„Be», x =0.033, T =0.21S K. The curve gives the best
fit to the Kubo-Toyabe function GK+(t).

transition, which occurs in the superconducting state of
U& Th„Be&3 for 0.02 ~ x ~ 0.04. The specific-heat jump
associated with this transition reaches a maximum near
x =0.033~ Figure 6 gives the temperature dependence of
the specific heat for our x =0.033 sample. The supercon-
ducting transition is clearly visible at T,&-0.55 K, fol-
lowed by a second transition at T,z-0.42 K.

Batlogg et al. have taken the observed peak in ul-
trasonic attenuation at T,2 as evidence for an AF state
which coexists with superconductivity below this temper-
ature. Attempts to find evidence for such a state in neu-
tron scattering' or NMR (Ref. 11) experiments were not
successful, however. The absence of any observed change
in NMR spectra, which were dominated by quadrupolar
broadening, placed an approximate upper limit of 10
p'/U atom on the size of any magnetic moment below
T,2. We note that pSR experiments can easily resolve
line broadening due to nuclear magnetic moments, which
are a factor of 10 smaller than this upper limit. In addi-
tion pSR, unlike conventional NMR, can be carried out
in zero applied field.

Comparison of the behavior of o.z~ for U, Th„Be,3,
x =0 and 0.033 (Fig. 5), reveals important differences and
similarities. First, neither compound exhibits a change in
linewidth below the superconducting transition tempera-
ture T„. This is to be expected if the p+ local fields are
due principally to dipolar coupling to surrounding nuclei,
because this coupling is not affected by superconductivi-
ty. The increase in normal-state relaxation rate near
T = 1 K for x =0.033 is probably due to small changes in
p+ sites produced by random locations of Th impurities,
which alter the rms dipolar coupling to Be nuclei.

Second, and most striking, a measurable increase of
o.K~ is observed below T,2 for the Th-doped sample.
Within statistical error the line shape at the lowest tem-
peratures below T,~ is still well described by Eq. (4), indi-
cating that the additional relaxation is produced by qua-
sistatic (rather than rapidly Auctuating) magnetic fields.
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FIG. 5. Temperature dependence of the zero-field Kubo-
Toyabe relaxation rate o.K+ in the normal and superconducting
states of U& Th„Be&3, x =0 and 0.033. The superconducting
transition temperatures T, (x =0) and T, l(x =0.033) and the
second transition temperature T,&(x =0.033) are shown by ar-
rows.
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(The term "quasistatic" refers to Iluctuation times ~, long
compared to the inverse linewidth: o KTr, )&1.) Such an
increase in the linewidth (about 15% at the lowest tem-
perature) can be due to only one of two causes: (1) a
change in dipolar linewidth resulting from a structural
phase transition, or (2) the onset of a small additional
magnetic field. The first seems highly unlikely: the dipo-
lar linewidth varies as r, , where r,. is the distance be-
tween the muon and the ith nucleus. Therefore a de-
crease in lattice parameters of -5%%uo, which is 3 orders of
magnitude larger than the observed change at T,2,
would be required to explain the measurement. We con-
clude that the increase of o-KT below T,2 is firm evidence
that the phase transition at this tejriperature is associated
with weak electronic magnetism.

A rough estimate of —1.5 Oe for the additional mag-
netic field at p sites below T,2 is obtained assuming that
the additional field adds in quadrature with that due to
nuclear dipoles. Assuming further that the coupling to
localized magnetic moments is dipolar, and therefore of
order 10 Oe/p~ at typical interatomic spacings and in
the absence of symmetry restrictions (see below), this cor-
responds to an e8'ective moment of about 10 pz/U
atom. This small e6'ective moment explains why the
magnetic nature of the transition was not detected by ei-
ther NMR or neutron scattering experiments. Although
our estimate is smaller than that obtained from the ul-
trasonic absorption anomaly (-10 p~/U atom), the
moment would have been observed by NMR or neutron
scattering if it were more than an order of magnitude
larger than 10 pz/U atom.

On the other hand, the increase of o KT due to AF or-
dering would be eliminated if muon sites were centered
between commensurate AF sublattices, because dipolar
or hyperfine fields from the two sublattices would then
cancel. But in Th-doped samples the p+ sites might be
slightly displaced due to the disordered electrostatic po-
tential associated with the Th impurities, as noted above.
Calculated dipolar lattice sums, based on this hypothesis
and assuming displacements of a few percent, lead to a
revised estimate of —10 pz/U atom, in qualitative
agreement with the ultrasound results.

Unfortunately our results do not give a clear indication
of the nature of the magnetic state, because a small in-
crease in linewidth could be due to slightly increased in-
homogeneous broadening on the one hand or coherent
p+ precession in a weak but homogeneous field on the
other. Thus a commensurate magnetic structure cannot
be distinguished from an incommensurate one. (A large
additional coherent precession is observed in
Uo 95Tho ogPt3 as discussed below in Sec. IV.) The ques-
tion is important in part because of the possibility that a
so-called "nonunitary" superconducting phase, in which
Cooper pairs possess spin or orbital magnetism, sets in
below T,2. Such phases, which have been suggested by
Volovik and Gor'kov and studied recently by Sigrist
and Rice, would possess nonzero spin (for triplet pair-
ing) and possibly nonzero orbital moment within a unit
cell. This magnetism would then simulate magnetic or-
dering, and give rise to a local field at muon sites.

B. Knight-shift measurements

The relative frequency shift E of a spin probe (muon or
nucleus) is in general a sum of terms, each of which cor-
responds to a particular interaction mechanism (contact,
orbital, core polarization, etc.) between the spin probe
and the corresponding contribution to the susceptibility
y. That is,

It =g K,. =g a, y, , where y =g g; .

For a given susceptibility contribution the hyperfine field

Hhf is related to the slope n, =dE; /dy; by
a;=Hz'& /Np~, where N is the number of formula units

per unit used in the susceptibility (i.e. , N is Avogadro s
number for the molar susceptibility). In metals this fre-

quency shift is often called the Knight shift, although
strictly speaking that term should be reserved for contri-
butions to K from itinerant electrons. Local moments
can also make important and sometimes dominant contri-
butions to E.

The spin-dependent contribution IC, from itinerant
electrons is proportional to the itinerant-electron spin
susceptibility y, in both the normal and superconducting
states. ' Knight shifts in the superconducting state can
therefore give information on the nature of superconduct-
ing pairing via its e6'ect on g, . Early Al Knight-shift
measurements in superconducting aluminum ' confirmed
the expected Yosida (BCS) temperature dependence of
y, below T, : y, (T) vanishes for T « T, in a supercon-
ductor with sj.nglet pairing. If spin-orbit scattering is
present conduction-electron spin eigenstates are mixed,
so that Cooper pairing is no longer between states of
well-defined spin. Then g, (T«T, ) is no longer zero,
and approaches the normal-state value g„ for the mean
free path for spin-orbit scattering much less than the su-
perconducting coherence length. Spin-orbit scattering
is expected to be important for superconductors contain-
ing high-Z elements, and has been observed in mercury
and tin. In a He-like model for spin-triplet supercon-
ductivity y, is also of order y„, although y, /y„can be
reduced by Fermi-liquid corrections. A complete
theory of y, (T) in HF superconductors, where spin-orbit
scattering of uranium-derived wave functions is expected
to be large, has not yet been reported.

We have obtained p+ spectra in U, Th„BeI3 x =0,
0.01, and 0.033, over the temperature range -0.3—295 K
in a transverse applied field of 5 kQe. Fourier transforms
of the histograms exhibited two frequency components
("lines" ). Within errors the frequency of one of these
lines was unshifted (compared to the Cu reference shift)
and temperature independent. Auxiliary experiments
showed that this unshifted line was due to muon stops in
the cryostat walls. The loss of collimation was caused
primarily by a spread in the incident beam momentum,
which produced a spatial dispersion of the beam in the
transverse applied field. A clean separation of the two
lines was possible over most of the temperature range,
but the presence of the background line limited the pre-
cision of the measurements, particularly that of the
linewidths. Each frequency component of a histogram



39 MUON SPIN ROTATION IN THE MAGNETIC AND. . . 11 351

was fit to an appropriately modified version of Eq. (1)
with Gaussian relaxation functions. In the following we
discuss only the frequency component with a
temperature-dependent shift, for which the temperature
dependence of the Gaussian linewidth has been published
previously. '

When an applied field Ho &H„ is applied to an ellip-
soidal type-II superconducting sample with demagnetiza-
tion factor n, the p+ spin in a pSR experiment precesses
at a frequency ~„=y„B„,where y„=8.51 X 10 s ' Oe
is the muon gyromagnetic ratio and B„is the local mag-
netic induction at the p+ site. The experimentally mea-
sured shift IC„'" " is then given by 8„/Ho —1, and differs
from JI „by Lorentz, demagnetizing, and supercurrent
screening corrections:

0.2

~O0

0.0

CO

-0.2

-0.4—
K„'"~"=E„+4~(,' n—)y—~ +4rryd (1 n), — (6)

l

15

where y =y —
yd is the paramagnetic contribution to the

total susceptibility, and yd is the diamagnetic susceptibil-
ity produced by persistent currents in the mixed-state
vortex lattice. [In Eq. (6) the susceptibilities must be in
dimensionless cgs units, i.e., emucm .] An accurate
value of the intrinsic Knight shift K„can therefore be ob-
tained only if the correction terms in Eq. (6) are small or
can be determined independently. In the normal state
only the paramagnetic correction [second term in Eq. (6)]
is required.

The normal-state p+ Knight shifts K„ in
U& Th Be&3, x =0 and 0.033, are plotted versus the
measured susceptibility y, with temperature an implicit
variable, in Fig. 7. These data have been corrected using
Eq. (6) with yd =0. (The corrections differ slightly from
those in a preliminary version of this work. '

) One sees
that E„ is proportional to y for y & 7X 10 emu mol
which corresponds to temperatures ~150 K. We attri-
bute the lack of proportionality for y & 7 X 10
emu mol ' to rapid muon diff'usion between inequivalent
interstitial sites (Sec. III A). Muon difFusion above —150
K is also clearly manifested in the temperature depen-
dence of the p linewidth (Fig. 3).

For g~7X10 emumol ' the data of Fig. 7 are well
described by K ( T)=a~o+afyf( T), where yo sums all
temperature-independent contributions to the susceptibil-
ity and gf ( T), the f-electron susceptibility, is assumed to
account for all of the temperature dependence of g. The
value of yo found from the intercept of a plot of y versus
1/T is = 1 X 10 emu mol '. We then obtain
K =(0.19+0.03)% for &f =0, as indicated on Fig. 7.

From the slope af of the straight line on Fig. 7 the f-
electron hyperfine field Hzr' is found to be (

—1.99+0.12)
kOe/p~. This is similar to other values for f-electron-p+
transferred hyperfine fields in heavy-fermion materials. '

A value of about 20 kOe/p~ is found for the hyperfine
field corresponding to ao. This is consistent with
contact-type p+ hyperfine fields found in typical metals, 23

although yo is considerably larger than usual Pauli sus-
ceptibilities.

The temperature dependence of K„'"~"is given in Fig.
8 for x =0 and 0.033. It is clear that belo~ T, the mag-
nitude of the Knight shift is significantly reduced for

x =0 but not for x =0.033. We note that these data
have not been corrected using Eq. (6), because y has not
been measured independently below T, . One can never-
theless estimate these quantities, and draw qualitative
conclusions regarding the nature of the Knight shifts.

We first estimate the diamagnetic corrections in pure
UBe, 3. In conventional Ginzburg-Landau theory one
has

H, 2/Ho —1—4myd =
P(2ir —1)+ri

(7)
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FIG. 8. Temperature dependence of measured p+ Knight

shift K„'" " in Ul Th„8e», x =0 and 0.033. The dashed curve
gives the BCS (Yosida) temperature dependence for
K„'" "(yf =0)=0.19% as obtained from the normal-state data.

SUSCEPTIBILITY X (10 emuimol)

FIG. 7. Dependence of p+ Knight shift K„, corrected for
Lorentz and demagnetizing fields, on bulk susceptibility y in the
normal states of U& Th„Be&3, x =0 and 0.033. Temperature is
an implicit variable. Refinement of the data has produced slight
difterences from the results reported in Ref. 13.
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where H, 2 is the upper critical field, 13=1.1, and ~ is the
Ginzburg-Landau parameter. Using v=65 (Ref. 32) and
H, 2-70 kOe at T=0.3 K, one obtains 4myd(1 —n)
= —0. 12%. This is a negative contribution to K'"i'"

P
below T„which therefore cannot explain the observed
positive change (Fig. 8). The data therefore indicate that

yf ( T) in undoped UBe» decreases substantially below T,
at 5 kOe applied field independently of the diamagnetic
correction (the magnitude of which would be decreased
by (lux trapping below T, ).

The behavior of the paramagnetic contribution y to
the susceptibility below T, is also unknown; indeed, it is
the spin-dependent contribution to g~ which we wish to
measure. Using as an upper bound the normal-state
value y =15X10 emumol ' at T=1.5 K one obtains
4m( —,

' n)y&-—0.04%. This is smaller than the diamag-
netic contribution and of opposite sign. Its change in the
superconducting state, if any, would be in the same direc-
tion as the diamagnetic contribution. The observed
change of K„'"~" is therefore a lower bound on the
change of K„.

One of the most striking features of our results is the
change of Knight-shift behavior with thorium dop-
ing. ' ' In the alloy U, „Th,Be», x =0.033, IK„I is
constant or even increases slightly in the superconducting
state (Fig. 8). A conventional explanation of this con-
stancy would invoke a decrease with Th doping of the
mean free path for spin-orbit scattering which, as men-
tioned previously, increases the spin susceptibility
g, (T=0) to a nonzero value in conventional supercon-
ductors. ' ' Alternatively, the difference in shift be-
havior could be taken as evidence that the superconduct-
ing states for the two alloys are qualitatively different,
i.e., that the pair symmetry is affected by Th doping. [An
estimate of the diamagnetic correction to E'" " forP
x =0.033 yields 4ayd(1 —n) = —0. 10%, which is similar
to the value for x =0 obtained above. ]

To test this latter possibility we have measured K„ in

U, Th„Be» for the intermediate concentration
x =0.01. In this case K„was found to vary below T, at
a rate intermediate between the variations for x =0 and
0.033, as shown in Fig. 9. While not conclusive, these re-
sults suggest essentially conventional spin-orbit scattering
by Th impurities. This suggests that in UBe&3 the super-
conducting pairs are in spin-singlet states.

We now present a simple qualitative analysis of con-
ventional spin-orbit scattering. From Fig. 9 it can be
seen that the reduction of K„ in the superconducting
state of U, Th Be,3 is suppressed for x of the order of
0.01. In conventional theory this suppression occurs for
a mean free path I, , between spin-reversing scattering
events of the order of the superconducting coherence
length $0. An estimate go —100—150 A has been ob-
tained from measurements of H, 2 in UBe&3, so that
I, , (x =0.01)—100 A. We can further estimate the
mean free path I„ for transport scattering events very
roughly by assuming that the scattering is in the unitarity
limit, which has some theoretical justification. Then I„
is -of the order of the average distance between Th impur-
ities, which for x =0.01 yields l„-20 A or

I I l I

1.0 7 rs

CI

CI
II

0.5—

0.0
0.0

Ug x Th x Be)3
~ x=0
a x =0010
x x =0033

I I I I I I I I I

0.5 1.0 1.5

FIG. 9. Dependence of the reduced p Knight-shift change
k =AE„/AK„on reduced temperature T/T, in superconduct-
ing U&, Th Be», x =0 (4), 0.01 ( ), and 0.033 (X). Here

~(exPt) ( T) ~(exPt) (+ —0) ~here ~(exPt) (g —0)P P p f f
defined in the caption to Fig. 8, and AK„ is the average of b K„
for T/T, ~1.2.

IV. EXPERIMENTAL RESULTS: (U,Th)Pt3

Following the discovery of HF superconductivity in
CeCu2Si2 and UBe», UPt3 was also found to be supercon-
ducting but with different and contrasting properties.
The temperature dependence of the normal-state specific
heat of UPt3 at low temperatures was found to be indica-
tive of strong spin Auctuations, which suggested that the
superconducting mechanism might involve these Auctua-
tions, i.e., be purely electronic in origin. In support of
this picture, inelastic neutron scattering studies found
strong AF spin correlations in the normal state of UPt3.
As mentioned in the introduction, doping UPt3 with a
few percent of thorium or palladium produces a sharp
transition to an AF state. ' This suggests that UPt3
possesses instabilities towards both magnetic and super-
conducting ground states, and is therefore an interesting
system to study using pSR. Recently ' Pt NMR in UPt3
has been reported; ' we comment on these results below.

A. Relaxation-rate studies

Figure 10 shows the temperature dependence of the
zero-, transverse-, and longitudinal-field linewidths in un-
doped UPt3 between 0.17 and 300 K. The zero-field data
were fit to the standard Kubo-Toyabe function [Eq. (4)]

I, /It, —5 —10.
The data are therefore consistent with one spin-

reversing scattering event approximately every five to ten
transport scattering events. This ratio is of the same or-
der of magnitude as that obtained in conventional super-
conductors, most notably tin- and lead-based systems.
Thus the hypothesis of spin-orbit scattering is self-
consistent in this sense. We will return to the question of
the pairing symmetry in Sec. V below.
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G in 100 Oe transverse field are nearly the same magni-

tude as the zero-field rates o.KT. This would not be ex-
pected from nuclear broadening alone, since ' Pt nuclei
(I =

—,') possess no nuclear quadrupole moment (cf. the
discussion of quadrupole efFects in Sec. IIA). In addi-
tion, o.

G increases by a factor of 2 —3 as Ho is increased
from 100 Oe to 5 kOe.

Below 5 —6 K o.KT increases monotonically as the tern-
perature is reduced, and reaches a plateau below -0.5 —1

K, similar to the order parameter obtained from neutron
scattering. Qualitatively similar behavior is seen in the
transverse-field data, except that the increase of o.z be-
gins at a slightly higher temperature (-10 K). There is
some indication of a slight additional increase of o.KT
below T„but an unambiguous effect has not been
resolved. The low-temperature values of o.KT and o.

G are
approximately a factor of 2 greater than can be account-
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FIG. 10. Temperature dependence p+ linewidth is undoped
UPt3 between 0.17 and 300 K. (a) Zero-field Kubo-Toyabe
linewidth o.KT (o ) and transverse-Geld (100 Oe) Gaussian
linewidth o.

G ( X ). (b) Transverse-field (5 kOe) Gaussian
linewidth o G (fl and longitudinal-field Lorentzian linewidth
(exponential relaxation rate) A,z in 500 Oe (+) and 5 kOe (0).
From Ref. 16.

to obtain o.KT. Gaussian and exponential relaxation func-
tions, Go(t)=exp( ,'oot ) and——Gz(t)=exp( Azt), re-—
spectively, gave best fits to the transverse- and
longitudinal-field data respectively. (The latter fit corre-
sponds to a Lorentzian line shape, with linewidth A,z.)

This association of functional form with relaxation
geometry is expected when transverse relaxation is due to
a distribution of quasistatic local fields with a Gaussian
distribution function, whereas longitudinal relaxation is
caused by thermally excited fluctuations of the local field,
i.e., by lifetime broadening, which gives a Lorentzian line
shape. We first note that A,E, taken in 0.5 and 5 kOe ap-
plied field (Fig. 10), was found to be zero within errors at
all temperatures. This indicates the absence of spin-
lattice or other dynamical relaxation mechanisms.
Therefore the linewidths o.

G and aKT originate solely
from inhomogeneous distributions of quasistatic local
fields.

Values of the calculated Van Vleck linewidths o.vv due
to ' Pt nuclear moments range between 0.031 and
0.042 ps ', depending on the assumed p+ interstitial site.
(The contribution of U nuclear moments to o.vv is negli-
gible. ) Thus the Kubo-Toyabe linewidth o xT= &5/2o vv
in zero field for a stationary muon should range between
0.049 and 0.066 ps, which is consistent with our mea-
surements above -6 K. The decrease in linewidth above
-30 K is probably due to slow muon hopping.

We note, however, that at all temperatures the rates

ed for by nuclear broadening.
These results imply an additional source of p+ local

field, for which we now consider the following mecha-
nisms: (1) a magnetic second phase, (2) a strong
Ruderman-Kittel-Kasuya- Yosida (RKKY)-type coupling
between p+ and ' Pt moments, motionally narrowed at
higher temperatures by rapid ' Pt Korringa relaxation,
and (3) heavy-fermion magnetism. We discuss these in
turn.

a. Magnetic second phase. Magnetization measure-
ments were performed on a portion of the sample used
for pSR to determine the possible existence of a magnetic
second phase. No remanent magnetization greater than
-2X 10 emu g

' was observed. If UPt (T, =27 K) is
assumed to be the ferromagnetic second phase, ' it must
be present at less than 0.065% mole fraction.

The Walstedt-Walker (WW) mechanism for inhomo-
geneous line broadening in a random alloy of static
paramagnetic impurities is also applicable to broadening
by dipolar fields from inclusions of a magnetic second
phase, as long as the inclusions are sma11 and randomly
dispersed. The Lorentzian linewidth (exponential relaxa-
tion rate) A,z in the WW calculation is then given by
A,~ =5.065y„m,~, where m, ~ is the magnetization of the
second phase averaged over the entire sample. If a max-
irnum UPt concentration of 0.065 fo is assumed, based on
the magnetization measurements, then the WW calcula-
tion yields A.E ~0.016 ps '. A fit of the relaxation data
below 2 K to an exponential relaxation function yields
A,E-0.057 ps '. We conclude, therefore, that the con-
tribution to the observed p+ linewidth from magnetic in-
clusions is small at best. Furthermore, there are no
known magnetic phases in the U-Pt alloy system with or-
dering temperatures of 5 —6 K.

b. Indirect p+-nuclear interactions. We now consider
the consequences of a strong electron-mediated (RKKY)
indirect interaction between p+ and ' Pt nuclear mo-
ments. Such an indirect interaction has been shown to
exist, for example, between p+ and Mn moments in
AgMn alloys. The order of magnitude of the p+
linewidth o.;„d due to this indirect mechanism is

cr;„d= A„A p,P(Ez),
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where A„and Ap, are the hyperfine coupling constants
(in units of frequency) between band electrons and the p+
and ' Pt spins, respectively, and p(EF) is the density of
band states at the Fermi energy (in units of time).

A value 0-;„d=10 s ' is required to explain the ob-
served p+ linewidth in UPt3 at low temperatures. Recent

Pt NMR measurements ' in UPt3 obtain a transferred
hyperfine field Hhf(Pt) of —100 koe/pii, which yields

Ape =1 piHHf(Pt) =5. 8 X 10 s '. Here yp, is the ' Pt
nuclear gyromagnetic ratio. From our p+ Knight-shift
measurements (cf. Sec. IV B below) we obtain
A„=8.5X10 s '. The density of states in UPt3 can be
estimated from the measured specific-heat linear
coefficient y =260 m J mol ' K to be p( eF ) -4 X 10
s. The estimated value of o-;„d is therefore of order 10
s ', which is a factor of 1000 smaller than the required
value. Therefore an indirect interaction cannot be the ex-
planation for the observed enhancement.

c. Heauy fermion -magnetism Finall. y, we examine the
consequences of assumed quasistatic magnetic order in
the heavy-electron system. As noted in Sec. IIIA, p+
hyperfine fields via either dipolar or transferred (indirect
contact) mechanisms are typically in the range 1 —10
kOe/pz. Thus the observed increase of linewidth below
6 K of —1 Oe in field units implies a very small moment
per U atom, similar to (and subject to the same caveat re-
garding site symmetry as) that discussed above in the case
of (U,Th)Be». If the linewidth were due to itinerant
magnetism only a small fraction of the Fermi surface
might be involved, and such a magnetic phase transition
might not be readily visible in, for example, specific-heat,
magnetization, or resistivity measurements. To our
knowledge no anomalies have been reported in these
quantities near 6 K. But the temperature derivative
dp/dT of the resistivity shows a broad peak near 5 —6 K
in single-crystal UPt3 which shifts upwards a few de-
grees under a pressure of 4.2 kbar. Similarly, the temper-
ature dependence of the magnetoresistance shows a broad
peak in the same temperature range, which is itself a
maximum as a function of field near 200 kOe. These
measurements suggest a weak magnetic anomaly in the
same temperature region where our pSR results show an
increase in linewidth.

Preliminary reports ' of our results stimulated
searches for low-temperature magnetic order in UPt3 us-

ing neutron scattering. Recently Aeppli et al. have re-
ported the observation of very weak AF order in UPt3
over a temperature range which roughly agrees with that
for which the pSR linewidth increases. The magnetic
structure obtained from this study is the same as that
seen in (U,Th)Pt3, although the ordered moment of
—10 p~ is considerably lower than in the latter alloy.
However, attempts by other investigators to reproduce
these results have not been consistent: apparently some
samples show the effect and some do not.

We now discuss zero-field relaxation-rate measure-
ments in U

&
Th„Pt3, x =0.01 and 0.05. Zero-field

asymmetries, relaxation rates, and frequencies for
x =0.05 are shown in Fig. 11 for temperatures between
3.4 and 10 K. Below 6.5 —7 K two frequency components
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FIG. 11. Temperature dependence of (a). asymmetry, {b)

linewidths o.G, and {c)zero-field frequencies in UQ 95Thp pspt3.

spontaneously appear in the zero-field relaxation spectra.
This is clear evidence for a strong and relatively homo-
geneous internal field at some p+ sites for T~6.5 K,
which is consistent with earlier transport and thermo-
dynamic evidence" for a magnetic phase transition at this
temperature. The zero-field precession is accompanied
by a decrease in the overall asymmetry from -0.25 to
-0.05, together with an increase in the Gaussian
linewidth of each component, as the temperature is de-
creased.

We interpret these results as follows. The appearance
of more than one precession frequency is evidence for
more than one p+ lattice site. The fact that the full
asymmetry observed above 7 K is not maintained in the
precessing components below 6.5 K indicates either that
a majority of the stopped muons are depolarized in a time
short compared to the spectrometer "dead" time of -25
ns, or that very-high-frequency components (~ 100 MHz)
are present which are not resolved in our experiments. In
either case more than two p+ sites are implied. The posi-
tions of these sites can only be determined by experiments
on single crystals and from data of greater statistical ac-
curacy than is readily available in our apparatus. Never-
theless the present data show clear evidence for the onset
of static magnetic order.

The higher of the two observed frequencies (-8 MHz
at T =4 K) increases monotonically with decreasing tem-
perature, which mirrors the growth of the order parame-
ter or local magnetic field. A frequency of 8 MHz corre-
sponds to a local field of about 600 Oe which, assuming
dipolar coupling (-1 kOe/pii), implies an upper limit of
about 0.6 pz/U atom to the AF sublattice magnetization.
In the absence of a p+ site determination this can only be
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B. Knight shift in UPt3

Muon Knight-shift and susceptibility measurements
were carried out in UPt3 over the temperature range
2 —150 K. The results are shown in Fig. 13, where it can
be seen that K„'"~"is proportional to the bulk susceptibil-
ity g over the entire temperature range. Comparison
with Fig. 7 reveals that X„'"~"is 1 to 2 orders of magni-
tude smaller in UPt3 than in (U,Th)Be», although the
powder-averaged susceptibility is only about a factor of 2
smaller. We also find that E„'"P" is dominated by the
Lorentz and demagnetization terms calculated from Eqs.
(6) and (7), which give a contribution of 0.068 mol emu
to the observed slope 0.086+0.014 mol emu ' (Fig. 13).
These data yield a value 100+80 Oe/p~ for the hyperfine
field, which is an order of magnitude smaller than in
UBe, 3 ~ Such a reduction could possibly be due to the ex-
istence of unresolved signals from multiple p+ stopping
sites with transferred hyperfine couplings of opposite
sign.

V. SUMMARY AND CONCLUSIONS

This paper has presented a study of microscopic as-
pects of magnetism and superconductivity in the heavy-
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FIG. 12. Temperature dependence of the zero-field Kubo-
Toyabe linewidth cr KT () and the transverse-field ( 100 Oe)
Cxaussian linewidth o G i$) in Up 99Thp p]Pt3.

considered an estimate although it agrees well with the
neutron diffraction result. We also note that for the 8-
MHz line the linewidth o.6 is of the same order as the
precession frequency, which indicates that there is a
broad distribution of p+ local fields. Since the neutron-
diffraction data reveal a commensurate FM spin struc-
ture, this field distribution may be due to defect-induced
perturbations of the p+ sites.

We also obtained pSR data for U
&

Th Pt3 x =0.01 .
As can be seen from Fig. 12, no evidence for a magnetic
phase transition is found from the transverse-field
linewidths. Indeed, the data for x =0.01 are consistent
with those for undoped UPt3 (Fig. 10) over the tempera-
ture range 4—22 K, although there are not enough data
to determine the presence of weak magnetic order below-5 K in this sample.
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FIG. 13. Dependence of the experimental p+ Knight shift
K„'" ", not corrected for Lorentz and demagnetizing fields, on
bulk susceptibility g in the normal state of UPt3. Temperature
is an implicit variable. Solid line: best linear fit, slope is
0.086+0.014 mol emu

fermion alloy systems (U,Th)Be&3 and (U,Th)Pt3 using the
pSR technique.

In undoped UBe&3 the p+ Gaussian transverse relaxa-
tion rate 0.6 is roughly independent of temperature below
—150 K, but exhibits motional narrowing at higher tem-
peratures due to thermally activated p+ diffusion. The
observed value of a G is consistent with relaxation by cou-
pling to Be nuclear dipole moments for several candidate
p interstitial sites. The zero-field relaxation rate o.~T in
UBe&3 is also independent of temperature below -3 K
and nearly equal to o.6 . This near equality is expected, at
least qualitatively, if nonsecular terms in the dipolar in-
teraction between p+ and Be nuclear moments are aver-
aged by Be precession in preexisting crystalline EFG's.

In U, Th Be», x =0.033, a significant increase of
o.~T is observed below the temperature T,2

-0.4 K at
which a second phase transition occurs in the supercon-
ducting state. This jump is firm evidence that weak static
magnetism is associated with the phase transition at T,2.
The increase in local field at p

+ sites, - 1 .5 Oe, corre-
sponds to an effective moment of 10 —10 pa/U atom
It is still an open question whether or not this is the same
general kind of weak magnetic order as has been ob-
served in the normal state of UPt3 and other heavy-
fermion systems, ' ' or if, alternatively, it is associated
with a nonunitary superconducting state. The former
possibility might be related to an inherent instability
against formation of a spin-density wave, as discussed by
Machida and Kato. Consequences of nonunitary states
have been treated by Sigrist and Rice, although they
consider only a nonzero Cooper-pair spin polarization
density for odd-parity (triplet) pairing. The observed
large reduction of the p+ Knight shift in undoped UBe&3
(cf. Sec. III B and below) appears to be evidence against
triplet pairing, at least for x =0, and a change of pair
symmetry from singlet to triplet with Th doping does not
appear to be likely. Nonunitary superconducting states
also occur for singlet (d-wave-like) pairing, however. In
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this case the spin polarization vanishes, but orbital
currents might cause the observed increase in p+
linewidth. This possibility requires further theoretical
work.

The p+ Knight shift K„ in the normal states
U, Th Be», x =0 and 0.033, varies linearly with the
bulk susceptibility, and yields an f-spin transferred p+
hyperfine field of —1.99+0.12 kOe/ps. In the supercon-
ducting states of these materials a large reduction of the
magnitude of K is observed for x =0. For x =0.033 no

p
reduction of K„ is observed, and an intermediate reduc-
tion is found for x =0.01. This behavior suggests (1)
spin-singlet pairing in undoped UBei3 and (2) a conven-
tional increase of the superconducting spin susceptibility
in (U,Th)Be» by spin-orbit scattering from Th impurities
(as well as some residual spin-orbit scattering in nominal-

ly pure UBe»). Assuming conventional theory the mean
free path I, , for spin-orbit scattering can be estimated,
and is of the same order of magnitude relative to the
transport mean free path /„(I, , /1„=5—10) as in con-
ventional superconductors.

In undoped UPt3 small increases of o.
G and o.KT below

-6 K are again evidence for the onset of weak static
magnetism similar to that found in (U,Th)Be, 3. Recent
spin-polarized neutron scattering studies have

confirmed this: a commensurate AF structure with a
sublattice magnetization of —10 pz/U atom was
found, in rough agreement with the pSR results. For
x =0.05 large zero-field p+ precession frequencies below
6.5 K indicate an AF structure with a considerably larger
moment: -0.6 pz/U atom. This result confirms earlier
determinations of magnetic order in this system from
bulk measurements and neutron scattering. The p+
Knight shift in the normal state of UPt3 was found to be
much smaller than in UBe&3, nearly all the observed shift
could be accounted for by demagnetization fields rather
than microscopic contributions.
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