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We report zero-, longitudinal-, and transverse-field positive muon spin relax@i®R) measurements in
single crystals of the heavy-fermion superconductor |JB&.=0.83(2) K]. Our zero-field measurements
provide an upper limit for any quasistatic magnetic moments in this system below 100 K ofu@.001
consistent with previous measurements on polycrystals. From the transverse-field measurements we find a
lower bound for the London penetration depth= 1210 nm. This value implies a lower limit for the effective
mass consistent with the low-temperature specific heat.

Uranium based heavy-fermion superconductors ¢UPt cesses in the local magnetic field until the muon ded#ys
UBe;3, URWSi, UPdAI;, and UNRAI3) have attracted muon lifetime is 2.2us). The temporal evolution of the
widespread interest because of the strong possibility that thewuon spin is monitored through its decay positron, which is
superconducting order parameter in these materials is uncoemitted preferentially along the muon spin direction. By col-
ventional, i.e., of lower symmetry than the underlying lattice.lecting several million positrons, one can reconstruct the
Equally intriguing is the possibility that the superconductiv-time dependence of the muon spin depolarization function
ity is induced by magnetic interactions between the elecwhich, in turn, reflects the spatial and temporal distribution
trons, rather than by the conventional electron-phonorof the magnetic fields at the muon gie
mechanisnt:? With one exception, all of the uranium-based The measurements were performed at the MuSR spec-
heavy-fermion superconductors are found to order antiferrotrometer of the ISIS pulsed muon beam facifitySpectra
magnetically with their Nel temperature larger than their were recorded using aHe-*He dilution refrigerator in the
superconducting temperature. The exception is {dJBe temperature range 0.05-4.2 K and a helium cryostat for tem-
which has a cubic crystal structure, a superconducting tenmperatures between 1.7 K and 100 K. The data taken with the
peratureT,=0.85 K, and displays a huge linear coefficienttwo cryostats therefore overlapped in temperature. The
of the specific heaf y=C/T=1000 mJ/(mole K)].? No  sample for this experiment consisted of 1—2-mm-thick
magnetic phase transition has been detected in 4JBie-  UBe; 3 crystals glued on a silver-backing plate and put to-
spite sensitive muon spin relaxatoi and neutron- gether to form a disk of~32 mm diam. Thg100] crystal
scattering experimenfsHowever, the experimental situation direction was perpendicular to the sample plane. In order to
has improved significantly since the earligsSR measure- ensure that the sample was properly thermalized in the dilu-
ments designed to detect quasistatic magnetic correlations tion cryostat, we determined the valueTqf using zero-field-
UBey3. With the advent of the ISIS pulsed muon beam fa-cooled transverse-field measureméfitswe found T,
cility (Rutherford Appleton Laboratory, U.K.one can, in  =0.83 (2) K, consistent with expectation.
principle, detect magnetic signals much smaller than possible We first describe the measurements done with the
at continuous muon sources. A recent example is presentédngitudinal-field geometry from 0.05 K to 100 K. Here the
in Ref. 7, where static magnetic moments as small agZ axis is the direction of the external field and the direction
~10 *ug were detected in the superconductor CeRu of the initial muon beam polarization. The positrons were

In this paper we present zero- and longitudinal-figlR  detected parallel or antiparallel to tedirection. In Fig. 1
measurements designed to search for possible magnetic sigge present two spectra recorded at 0.4 K, one in zero field
nals of electronic origin in UBg. In addition, we describe and a second in a field of 30 mT. The data are well described
measurements to investigate the superconducting flux-linby the sum of two functions:
lattice by the transverse-fieldSR method.A priori two

sources of magnetic signals are possible: a low-temperature P2(t)=asPz s(t) +apgexp(— Apgt), 1)
magnetic phase transition or a superconducting phase pos-
sessing spihor orbital moments. whereP; ((t) describes the relaxation due to the sample and

The uSR technique utilizé§*?polarized spin-1/2 muons the second term accounts for the muons stopped in the
implanted interstitially into a sample. The muon spin pre-sample holder, cryostat walls and windows. Measurements in
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FIG. 1. Typical zero- and longitudinal-field spectra recorded on FIG. 2. Temperature dependence of the Kubo-Toyabe damping
Crystals of UB@g at 0.4 K. The initial muon beam polarization is rateAZ and the exponentia| dampmg ratg measured on Crysta|s
parallel to the[100] crystal axis. The lines are the results of fits gf UBey;. The initial muon beam polarization is parallel to the
explained in the main text. [100] crystalline axis. The dashed straight line indicates the average

A value. SinceA, is temperature independent, we infer an upper

zero field with only the silver plate and no sample show thalimit for any quasistatic magnetic correlations of 0.p@1in
a good estimate of,4 for the experiments with the dilution UBe;;. In addition, below the superconducting transitiff
refrigerator in zero field is 0.033 MHz, for the size of the =0.83(2) K, as determined in this experiméntve do not detect
sample used. For the helium cryostat test measurements hagmy magnetic field due to the Cooper pairs. The quenching of the
determined that we can takg,y=0. The zero-field spectra zero-field damping by a small applied Iongitudjnal field confirms
were fitted Withas and abg as free parameterS, which were that the field distribution is quasistatic, and is due to ﬁ‘m?
found to be constant in temperature, but with different valuegluclear moments.
for the dilution and helium cryostats. In zero fieR} (t)
was taken to be the Kubo-Toyabe functiSnyhile in longi-  transverse-field measuremefitto be at the(0,1/4,1/4 site
tudinal field an exponential exp(\;t) was used. In zero field (24d in Wyckoff notation, space groupm3c), i.e., halfway
the depolarization due to the sample can therefore be ddetween two uranium ions. The computationof ,/y,, is
scribed by: performed in a two-step process. First, taking into account

the nuclear dipolar fields and neglecting the electric-field

2 - A3t? gradients(EFG) acting on the®Be nuclei we computé
+3(1-Az )eXP<—T), =0.277 MHz!" Secondly, the effect of the large EFG

2) present in UBg; (Ref. 3 is accounted for by decreasidg ,

by =10%28 Therefore, the computed and experimental val-
where the Kubo-Toyabe damping rate = yﬂ\/<BZ>ZF de- ues are in agreement. If there were an extra static-field dis-
scribes the width of the distribution of local fields, is the  tribution of electronic origin characterized by a width
local-field fluctuation rate as seen by the mugn, is the Az ./vy,, we would have\3=AZ +AZ .. From the uncer-
muon gyromagnetic ratioy,=851.6 Mrad s'T~'), and  tainty in A, (6=0.008 MHz) we deduce an upper bound on
(B?)z¢ the second moment of the field distribution at theA, .: A, <0.09 MHz!® Therefore, any change in the in-
muon site in zero field. An obvious origin from this field ternal quasistatic magnetic field induced by magnetism or
distribution stems from the magnetic moments of ffBe  superconductivity has to be smaller thad; /v,
nuclei. We find thatv,, is small[~0.155) MHz] and tem- =0.11 mT at the muon site over the whole temperature
perature independent within the uncertainties, for the temrange investigate(D.05—-100 K. We note that our measured
perature range investigated. Therefore,tfab wus the depo- A value is consistent with results obtained previously in
larization is given, with a good accuracy, by the static Kubo-polycrystalline sample$.With a model similar to the one
Toyabe function. The fact that the depolarization due to theused for estimating\; ,/y,, we can compute the field dis-
sample in zero field is well described by the strong collisiontribution width Az ./, at the muon site originating from
Kubo-Toyabe function with a smalb, value is a strong spatially disordered quasistatic electronic uranium moments.
indication that the spins of the muons are depolarized by &Ve find that uranium moments of 18ug would produce a
quasistatic field distributiof?=? This interpretation was field width of 0.11 mT. Therefore, we conclude that if the
confirmed by longitudinal-field measuremertfSg. 1) that  uranium ions carry a magnetic moment, it is very small:
showed negligible depolarization, as expected. wu=103ug.

In Fig. 2 we present the temperature dependenca ,of We stress that, while our results strongly suggest that
and\z. Nz is essentially zero and ; is temperature inde- there are ngor very small quasistatic magnetic correlations
pendent with a value of 0.25@) MHz. The width of the in UBe;3, we do not exclude the possibility of short-lifetime
field distribution,A; /vy, , at the muon site arising from the magnetic fluctuations. In fact, such fluctuations have already
®Be nuclear magnetic moment can be computed if the muobeen observed on a powder sample by inelastic neutron
site is known. This site has been determined from other higlscattering®
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An alternative interpretation of the data consists of examB,, of 5 mT, 20 mT, and 35 mT. In this geometry, the
ining the case of a magnetic order, with an appreciable cordirection of the initial muon beam polarization and the pos-
relation length, of the uranium ions. In such a system, onétron detectors are denoted As perpendicular t&. All the
would generally observe a spontaneous muon precession, tkpectra are properly described by the sum of two functions:
frequency of which depends on the magnitude of the ura-
nium moments. If this frequency is small enough, the depo- Aitz
larization function has a parabolic shape within ff®R time Px(t)=as ex;{ - )COS(wst) +apgcod wpgt), (3)
window. The observed muon depolarization function would
then be the product of this parabolic function by the Kubo-yhere the first term describes the signal due to the sample
Toyabe function stemming from theBe nuclear moments. ang the second accounts for the muons stopped in the sample
With the same procedure as in the case of the spatially disspyironment. Herey; = y,,B; , whereB; is the mean value of
ordered electronic moments, the upper bound ofttheoef- e magnetic field proged by the muon in the sample (
fcient of the parabola would be 0.09 MHz to the square.—q) and the sample environmenit=tbg). We found that
corresponding to a field at the muon site of 0.15 mT. Al-, —,  Within the experimental uncertaintyy was
though the precise value of the uranium moment that wouldg ;g tcg) have the same value above and below\We mea-
yield such a field at the muon site depends on the type of thg ,aq Ax=0.256 (5) MHz, 0.236(5) MHz, and 0.220(7)
magnetic ordering, we find again that values of the ordereqiy, for Bex=5, 20, and 35 mT, respectively. Thus,
moment of~10 3ug would produce this field magnitude. decreases slightly with applied magnetic field.

We now discuss the implications of these measurements, Again, as in the zero-field case, we expect that IBe

noting first that we do not detect any signature of quasistati¢, cjear moments produce a field distribution at the muon site
magnetic correlations down to 0.05 K. Knowing the extremeyn ot results in the Gaussian signal observed in the experi-

sensitivity §?f12the zero-field uSR technique to these ments The presence of vortices produce an additional source
correlations,™ “our results suggest that UBedoes nothave o yamping of the muon depolarization. Using the method-

a magnetic phase transition, and is therefore the only urgs|ogy introduced for the analysis of the zero-field data, we
nium heavy-fermion superconductor with no magnetic phasean estimate an upper bound for the width of the field distri-
transition. This conclusion is weakened somewhat by the fagf ;iion due to the flux-line latticy , . From the data re-

. - U *°
that the uSR technique does not detect the magnetic phasgy e aB,=5 mT and 20 mTthe more precise measure-

transition & 5 K in good quality samples of UBRteven ments we find Ay ,<0.07 MHz. Using the relatich
though this transition was seen by neutron and x-ray mag- v

netic diffraction?® Therefore, there is still a possibility that A o

UBe,; has a phase transition that can not be observed by zero Xv _ 0.06092)\—2, (4)
field uSR because eithél) the sum of the quasistatic dipo- Yu

lar fields from the uranium moments at the muon site is zero TS

for the magnetic structure adopted by the compoun@pr Where®,=2.07X10" = Tm" is the quantum of flux, we de-
the uranium moments fluctuate faster thar %010 7 s.  duce thath=1240 nm. Since the ratiBe,/B., is extremely
These two possibilities have been proposed to explain théMall[the upper critical fieldB.,~9 T, (Ref. 22], we have

H 23
nonobservation by zero fieldSR of the 5-K magnetic phase Neglected the effect of the vortex cores in E4). o
transition in some samples of UpPt The measured upper bound of the penetration depth is, in

Within the experimental uncertainty, has the same fact, an effective value since it is influenced by the impurities

value above and below the superconducting temperatur€ontained in the sample. The London pemitlr/gmon depth at
Thus we do not observe any magnetic moment due to 4 —OAL, can be obtained using =\ (1+&/1)" ", where¢
possible time-reversal violating order parameter in the superS the coherence length ahdhe mean free patff. we take
conducting phase. Moments due to such a phase can hage 10 nm(Ref. 22 and estimaté from the residual resistiv-
two possible origins: the undamped ring currents that prolty measured aff=0 and in high-magnetic field since the
duce an orbital field or, if the Cooper pairs have a spin, argéro-field resistivity is strongly influenced by the spin
additional field due to the spin density. The former field isfluctuations From the free-electron mod@land a value of
expected to be much smaller than the latter. Mineev has edbe residual resistivity of 134 cm, we derivel =180 nm,
timated that the field due to the spin density shoulddge1l  1-€., our UBggcrystals are in the clean limit% ). Thus we
mT if the Cooper pair is in a triplet stafeSince this theo- 9€tA =1210 nm. -
retica' Va|ue iS C|ose to the upper bound given by our mea- We now derive bounds on the lower critical field and
surements, we cannot draw a definite conclusion regardingffective mass from thei, value. We have B,
the state of the Cooper pair electrons in YRe =®, In(k)/(4m\)<0.54 mT. The effective mass* is ex-
The transverseuSR technique can be a very efficient pressed in terms of, and the superfluid density; as m*
technique to investigate the physical properties of the flux=A2uonse® (Ref. 24 [or m*=\2(4mnee?)/c? in cgs
line lattice in the superconducting state if the magnetic penunits]. Hall measurements yield an average valog
etration depth\ is small enough, i.e., if the field distribution =3.2x 10?° cm™2.252" Thus we obtairm* >16.5m,, where
due to the vortices is sufficiently largé.In an attempt to  m, is the free-electron mass. This lower bound is consistent
study this vortex-induced field distribution we recorded sixwith the effective mass derived from the low-temperature
spectra abovd . (typically & 1 K and 2 K) and six spectra Sommerfeld constant, which is* ~250m,.>
far below T, (at 0.05 K, with one measurement at 0.}. K Finally, we briefly discuss the magnitude of the
The measurements were done in an applied magnetic fieldansverse-field linewidth. We find no evidence for internal
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fields of an electronic origin in either the longitudinal or crystals of UBg; provide an upper limit for any quasistatic
transverse geometries, and find no change in linewidth witmmoments in this system below 100 K of 0.Qe4. This is in
temperatures above and beldw. Therefore, the measured agreement with previous measurements on polycrytas.
linewidthsA y must only be due to thBe nuclear moments. addition, we measured a lower bound for the London pen-
We note thatAy=A,. As mentioned in Ref. 3, this is ex- etration depth\; >1210 nm. This yields a lower bound for
plained by the effect of the large EFG. The slight decrease athe effective mase* >16.5m,, which is consistent with the
Ay when the applied field is increased reflects the competieffective mass derived from the low-temperature specific
tion between the electric quadrupolar and Zeeman energid®at.
on the °Be nuclei. In the limit of high-magnetic field, we The researchers from the Netherlands acknowledge sup-
computeAy=0.19 MHz. This is not far from the measured port from the Dutch Scientific OrganizatiofNWO). The
value at our largest fieldA y=0.220 (7) MHz. work at Los Alamos was carried out under the auspices of
In conclusion, our zero-fieldSR measurements on single the U.S. D.O.E.
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