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Positive-muon (p ) spin-relaxation experiments have been carried out in a pressed-powder sample
of the low-carrier-density heavy-electron system YbBiPt. Spatially inhomogeneous and disordered
static Yb magnetism is observed below -0.5 K, with a strongly reduced Yb moment of -O. ling over
-50% of the sample volume at T=0.06 K. Substantial p+ spin-lattice relaxation, rarely observed in

heavy-electron systems, suggests anomalously slow Yb spin fluctuations. Our data are reminiscent of
p+ behavior in spin glasses, and raise the question of whether the large low-temperature specific heat
in YbBiPt is due in part to low-lying magnetic excitations.

The RBiPt (R =rare earth) series of ternary interme-
tallic compounds exhibits a rather unique evolution from
insulating to weak metallic behavior with increasing rare-
earth atomic number. ' Among these materials YbBiPt is
of particular interest. Measurements of the specific heat
cp is Aux-grown single crystals of this compound yield an
enormous Sommerfeld coefficient T=c~/T=8 Jmol
K below -0.4 K, suggestive of an extremely massive
itinerant-electron state. A low characteristic temperature
is indicated by an entropy release of Rln2 between zero
and l K. A cusp in the ac susceptibility at 0.4 K indicates
some sort of low-temperature magnetic phase which
seems to coexist with the heavy-electron state. The
specific heat of crushed powders of YbBiPt (Ref. 3) is

nearly the same as in unstrained material above 0.5 K, but
below this temperature the cp/T ratio is reduced by ap-
proximately 50% and there is no clear evidence for a mag-
netic phase transition.

These results indicate that YbBiPt is situated on the
boundary between magnetic and heavy-electron behavior
with respect to the Yb spin degrees of freedom. Questions
are raised concerning (1) the stability of the Yb moment,
(2) the nature of a heavy-electron state which can evolve
from a low-carrier-density metal at high temperatures,
and (3) the competition between Kondo singlet formation
and Rudermann-Kittel-Kasuya- Yosida interactions.

This paper presents the results of positive-muon spin ro-
tation (p+SR) experiments which bear on the above
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questions. Like other magnetic resonance techniques,
p+SR provides a microscopic probe of local static and dy-
namic magnetic behavior in solids. I n the time-
diAerential p+SR method used in these studies spin-
polarized positive muons (p+) are implanted into the
sample, and the subsequent precession and relaxation of
the p+ polarization is monitored. In high transverse ap-
plied field H& (applied field Ho perpendicular to the p+
polarization p„) the relaxation rate is usually determined
by the inhomogeneous distribution of static local fields at
p+ sites. In high longitudinal field H~~ (Hollp„) the relax-
ation is due to thermal fluctuations of the local fields
(spin-lattice relaxation), ' and in zero applied field both
dynamic and static relaxation components can be ob-
served. ' Zero to high field crossover occurs when lHol is

of the order of the static local field distribution width
h, HI. One complication associated with the technique is
the fact that the number and location of muon stopping
sites may not be known.

Polycrystals of YbBiPt were prepared by the flux-

growth technique. They were crushed, mixed with a
small amount of GE 7031 varnish, and pressed to form a
pellet with -80/o of the theoretical density. The @+SR
experiments were carried out at the Low Temperature Fa-
cility of the Paul Scherrer Institute, Villigen, Switzerland,
over the temperature range 0.06-300 K.

Figure 1 shows the observed time-diA'erential relaxation
function Gzt. (t) in zero applied field for T=0.06 K.
There is no sign of a well-defined precession frequency or
frequencies, indicating that static YB magnetism, if
present, is either spatially disordered or incommensurate.
The two-component structure evident in Fig. 1 is observed
for T +20 K. Good fits were obtained to a sum of fast
and slow components of the form GzF(t) =Afgf(r)
+A, exp( A, , r), where Af —and A, are the amplitudes of
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the fast and slow components, respectively, and A, , is the
exponential rate of the slow component. The form gy(t)
of the fast component was observed to change abruptly
from Gaussian [gf =exp( —opt )] below 0.5 K (cf. Fig.
l) to exponential [gf =exp( Xf—t)] above this tempera-
ture. The relaxation rates and the component amplitudes

Af and 8, were varied for best fit, with the total ampli-
tude Af +A, held at a value obtained from weak
transverse-field calibration runs.

The temperature dependence of Af and A, is given in

Fig. 2. With increasing temperature Af decreases mono-
tonically (with a corresponding increase of A, ). By -0.5
K half the weight of the fast component has been
transferred to the slow component. This is near the tem-
perature at which the Gaussian to exponential crossover
occurs, and where c„/T of the crushed sample shows a
maximum. Above 30 K Af =0.

The temperature dependence of the fast-component
Gaussian relaxation rate of below 0.5 K is given in Fig.
3(a). Measurement of the fast-component exponential re-
laxation rate Xf above 0.5 K was only possible below -0.7
K, due to the small values of Af for higher temperatures
(Fig. 2); in this limited temperature range kf=3 ps
The slow-component exponential relaxation rate X, , is

given in Fig. 3(b). Assuming that the relaxation is in the
motionally narrowed limit, the observed decrease in k,
with increasing temperature up to —l K [Fig. 3(b)] indi-
cates that the p+ local-field fiuctuation rate increases
with temperature over this range. The rapid decrease of
A, , above 100 K probably signals the onset of p+ diff'usion.

Measurements in a longitudinal field H~~=5 kOe be-
tween 0. 1 and 1.06 K revealed substantial p+ spin-lattice
relaxation. An example for T=0.06 K is given in Fig. 4.
Observable spin-lattice relaxation is rare in heavy-
electron and related systems, and indicates low-frequency
fluctuations of an appreciable Yb moment. The exponen-
tial form G~~(t) =Atexp( —

X, ~~t) gave good fits to the data.
The amplitude A~~ was reduced to -0.4(Af+A, )zr (cf.
Fig. 4), independent of temperature, and the relaxation
rate k~~ varied only slightly, from 0.75(5) ps ' at 0. 1 K to
1.0(l) ps ' at l.06 K.

Interpretation of these data depends on knowledge of
the number of p+ stopping sites, so we begin by consider-
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FIG. 1. Zero-field time-diA'erential p+SR histogram in Yb-
BiPt, T=0.060 K. (a) Time range 0-8 ps. The two-component
structure is easily recognizable. (b) Time range 0-10 ps, show-

ing early part of the relaxation function. The Gaussian nature
of the fast component is evident.
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FIG. 2. Temperature dependence of zero-field p+SR fast-
and slow-component amplitudes in YbBipt. ~: fast-component
amplitude Af. O: slow-component amplitude A, . Relative
values of Af and A, are measures of the volume fractions of
"frozen-spin" and "paramagnetic" domains, respectively.
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FIG. 3. Temperature dependence of zero-field fast- and
slow-component p+SR relaxation rates in YbBiPt. (a) Fast-
component Gaussian relaxation rate of =oxT below 0.5 K. (b)
Slow-component exponential relaxation rate A, , The fast-
component exponential relaxation rate Af =3 ps ' between 0.5
and 0.7 K is not shown.

ing this question. p+SR was carried out in a transverse
field H&=2.9 kOe at temperatures above 2.5 K. These
measurements, which will be reported elsewhere in more
detail, yielded a single signal with asymmetric broadening
typical of an anisotropic Knight shift powder pattern.
There is therefore only one p+ site, and this site has lower
than tetrahedral symmetry. Comparing these data with
simulated p+ powder spectra, we tentatively identify the
muon site as an off-center position shifted 0.4 A from the
(2, 2, 2 ) point toward a nearest-neighbor Bi in the fcc
MgAgAs (half-Heusler) structure.

The existence of two p+SR signal components in zero
field then suggests the existence of two different magnetic
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FIG. 4. Time diAerential p+SR histogram in YbaiPt, longi-
tudinal field Hll =5 kOe, temperature 0.06 K. Note the reduced
amplitude compared to the zero-field histograms of Fig. I.

environments or domains. The size of these domains is

unknown, except that they must be somewhat larger than
a few unit cell volumes. The fast Gaussian component
below 0.5 K must originate from "frozen-spin" domains
characterized by a static or quasistatic field component
distribution with zero mean and rms width hHI.

=barfly„,

where y„ is the p+ gyromagnetic ratio. This result rules
out a nonmagnetic ground state for -50% of our sample.
A Gaussian distribution is expected for a regular lattice of
randomly oriented moments, ' but not for an incommens-
urate periodic spin arrangement.

For random moment orientations the zero-field p+SR
signal should be given by the static Kubo-Toyabe (KT)
function GttT(t) = —,

' + —', (I —rrxTt )exp( —
2 ottTt ).

The short-time behavior of GttT(t) is Gaussian, in agree-
ment with our data, with of =crxT. We do not observe the
typical KT recovery to 3 at long times, which indicates
that the recovery signal is damped by spin-lattice relaxa-
tion.

The static disordered magnetism in frozen-spin domains
indicated by the Gaussian form of the rapid component is
not likely to be due to lattice defects, given the sharp x-ray
Bragg lines in our YbBiPt samples. The observed value of
of at low temperatures corresponds to hHL =60 Oe. As-
suming dipolar coupling to a muon at the site described
above, a standard Van Vleck second-moment calculation
yields -0.1p~ for the static Yb moment. This is con-
sistent with the absence of a nuclear Schottky term in the
specific heat, which would not be observed above -50
mK for this moment value.

The abrupt crossover at 0.5 K of the fast component
from a Gaussian to an exponential form signals the loss of
a static spin component and onset of strong thermal fluc-
tuations in the p+ local field in the corresponding
domains. (We will continue to use the label "frozen-spin"
for these domains even though there is no static spin com-
ponent above 0.5 K.) In the motionally narrowed limit5

Af 2aqTr „where r,. is the correlation time of the spin
fluctuations. With oqT 5 ps ' from the low-temper-
ature data, we obtain r, . =2x10 s between 0.5 and 0.7
K.

The slow zero-field component is exponential over the
full temperature range 0.06-300 K. This indicates the ab-
sence of static Yb magnetism and motionally narrowed re-
laxation by spin fluctuations in the corresponding
"paramagnetic" domains, for which we obtain t,.= 10 " s
at low temperatures. For a system obeying ordinary spin
dynamics with a characteristic energy scale kgTp, an
order-of-magnitude estimate of r, is (kq Tu/6 ).—10 '' s if we take To—0.5 K. The observed correla-
tion times are very much longer than this in both
paramagnetic and frozen-spin domains.

The relaxation in a longitudinal field of 5 kOe also indi-
cates the presence of two components, viz. , the observed
signal and an unobserved fraction. The latter is probably
a nonrelaxing constant background due to frozen-spin
domains. Unlike the behavior in zero field, however, the
volume fraction of frozen-spin domains in 5 kOe appears
to be temperature independent between 0. 1 and 1 K. In
addition A, ii is larger than A. , in zero field, which can be un-
derstood only if r, . increases with increasing field. Thus
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the presence of an external field H-kttTo/hatt, where
TO=0.5 K as estimated above, seems to alter the micro-
scopic behavior of the sample considerably. The magne-
toresistance of YbBiPt is also found to be very sensitive to
small ( +5 kOe) magnetic fields. ~

Several conclusions can be drawn from these data.
(I) The observed two-component form of the p+ relax-

ation function suggests an inhomogeneous distribution of
Yb magnetism over two kinds of domains. Similar behav-
ior has been reported in the heavy-electron compounds
CeA13 (Ref. 10) and URuqSi2 (Ref. 11), where it is re-
garded as an intrinsic property.

(2) Disordered static magnetism, with a Yb moment
much less than the free-ion value, sets in abruptly below
0.5 K over about half of the sample. This temperature
corresponds to the maximum in the specific heat observed
in other crushed-power samples. The sharp transition
precludes the attribution of the more continuous tempera-
ture dependence of the frozen-spin volume fraction (Fig.
2) to a distribution of transition temperatures. Taken as a
whole the data suggest a percolative process, which attains
the percolation threshold at -0.5 K.

(3) The Yb moment of -O. 1 ptt deduced from our mea-
surements is 40 times smaller than the free-ion value, and
is also much smaller than Yb crystal electric field (CEF)
I 6 or I 7 doublet ground-state moments. ' Weak-moment
static magnetism has also been observed in several heavy-
electron systems with higher carrier densities.

(4) The rapid p+ spin-lattice relaxation rates yield Yb
spin correlation times which are anomalously long [r,
—10 —10 (kttTo/lt) '] in both kinds of domains.

The enormous low-temperature specific-heat y in Yb-
BiPt has been attributed to itinerant heavy-electron be-
havior. Our p+SR observation of slow spin fluctuations
and static magnetism in this compound raises the alterna-
tive possibility that a high density of low-lying magnetic
excitations yields the large y. This is the case for spin
glasses, where a large temperature-linear term is found in

the specific heat' (although never as large as in the
present case) and where p +SR experiments [e.g. , in

AgMn (Ref. I5)] have confirmed the presence of a wide
distribution of spin Auctuation rates. p SR relaxation
behavior is qualitatively similar in YbBiPt and spin
glasses.

Our observation of diA'erentiated types of magnetic
domain may also shed light on the observed reduction of
y in powdered YbBiPt. We surmise that strain introduced
by powdering creates the two types of domain (paramag-
netic and frozen spin), one of which gives little or no con-
tribution to the low-temperature y. At high temperatures
the paramagnetic domains dominate. The increase with
decreasing temperature of the relative volume fraction of
the frozen-spin domains might be due to a percolative pro-
cess; the observed static spin freezing at -0.5 K could
then signal the formation of an infinite cluster. Domains
might be induced by strain dependence of the Kondo tem-
perature, with paramagnetic and frozen-spin domains cor-
responding to regions where Kondo compensation or mag-
netic interactions, respectively, characterize the ground
state.

Further p+SR experiments using unstrained YbBiPt
are currently in progress to address these issues. The as-
sociation between the large y and static Yb magnetism
would be strengthened by observation of such magnetism
over the entire sample volume, particularly if the magne-
tism were disordered. If no static magnetism is observed
in unstrained samples the large y must be due solely to
heavy itinerant electrons. (The strain-induced domain
picture for reduction of y would of course not hold if
domain structure is also observed in unstrained high-y
samples. ) ln either case the strain sensitivity of the mag-
netic and thermal properties underscores the very delicate
balance between heavy-electron formation and magnetism
in this system.
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