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Electrical resistivity of UBe 3 in high magnetic fields
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We have measured the temperature dependent electrical resistivity of single and polycrystal samples of
UBe;; in high magnetic fields. Two maxima in the resistivity are observed,at and Ty,. Ty, the tem-
perature of the colder maximum, increases quadratically with magnetidHieddfield dependence previously
observed under hydrostatic pressure. The high temperature maximg} &merges in fields above about 4
T and increases linearly withl, a behavior which may be due to a sharpening of the crystal field levels
associated with a depression of the Kondo effect by high magnetic f{@6463-18206)05634-2

The unusual behavior of the heavy-fermion compoundmum inp(T) is associated with the same mechanism which
UBe,3 in both its superconducting and normal states continproduces a Schottky-like maximum in the specific heat ob-
ues to attract both experimental and theoretical atterdtidbn. served at the same temperature, an association which may
fundamental understanding of the possibly unconventionahot be simplé! A nonmagnetic ground state has been pro-
superconducting state of UBgmust be built upon an under- posed by Co¥ with a quadrupolar Kondo model which is
standing of the normal state, a normal state which appeansistent with several thermodynamic measurements on
similar to that of the better understood cerium compoundsyUBe;.*® However, recent nonlinear susceptibility measure-
particularly CeCySi,. Two quantities which highlight the ments show that the low-energy excitations in this material
similarity between UBg; and CeCySi, are the specific are dipolar* a result consistent with the specific-heat results
heat and the electrical resistivity. discussed abovejnelastic neutron-scattering resutfsand

The temperature dependence of the electrical resistivitythe scenario proposed by Knetsch and co-workers.

p(T), of UBe;3 has been described as one of the most strik- The maximum afy,,, again in analogy to CeG&i», has

ing of the heavy-fermion systerisAt high temperatures the been identified as resulting from the “freezing out” of scat-
slope is negative, characteristic of the single-ion Kondatering into a crystal-field levéf The existence of crystal-
effect. As the temperature is lowered a “shoulder” nearfield states is consistent with the well-defined Schottky
10 K is followed by a broad maximum ne@if;;~2.5 K. At anomaly centered near 70%The clear signature of such
this maximum the value 0f=200 wQ) cm is close to the states is absent in photoemission experiméhisowever,
so-called unitary limit where each atom scatters resonantlycrystal-field levels are strongly broadened by the Kondo
Below Ty,; the decrease ip(T) is interrupted by the tran- effect® which clearly exists in UBg;. This broadening also
sition to superconductivity nedr,=0.9 K. The resistivity at acts to reducd’,, from the 180 K one might expect based
T, is still enormous(on the order of 10Qu{) cm), a fact on the specific-heat measurements discussed above.
which calls some of our most fundamental assumptions Doping on the uranium site rapidly suppresses the maxi-
about superconductivity in UBg into questiorf mum at Ty; and moves the maximum &fty, to higher

The similarity in the shape gf(T) for UBe;3 to that of temperature$’ effects similar to those observed under hy-
CeCuw,Si, has led to a similar interpretation of the two drostatic pressuré. Thorium is a particularly interesting
maxima (the second, aly,, associated with the shoulder dopant because of its affect on the superconducting phase
near 10 K: The maximum afl’y,; being due to the onset of diagram® An extensive study op(H,T) of pure and thori-
coherent scattering from a Kondo lattiéavhich develops at ated UBaj focusing on the low-temperature behavior has
low temperatures, although it seems clear that other mech&een made by Knetsch and co-workéts.
nisms besides the Kondo effect could be operati@her Despite the similarity in behavior between CeSiy, and
proposals for the ground state of UBeare also consistent UBe; 3 described above, the applicability of Ce{3i, theo-
with the existence of the maximum &,;: Knetsch and ries to UBe3have been called into question by Andraka and
co-workers® have proposed a model in which spin fluctua- co-workers: Measurements of the longitudinal magnetoresis-
tions coexist with a single-ion Kondo background, the maxi-tance of UBg3 to 15 K are well described by a scaling
mum atTy,; being due to a “freezing” of the spin fluctua- relation of the form T+T*)#/H with T*=-0.75 K and
tions. Another proposal associates this maximum with abouB=0.6 (Ref. 23, the scaling dimensio being somewhat
5% of the U ions being split by abbil K off a nonmagnetic similar to that expected for a magnetic two-channel Kondo
ground staté! This latter proposal assumes that this maxi-effect? while the negative value of* suggests the presence
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of ferromagnetic correlatiors. Similar measurements on 210
CeCu,Si, to 25 K show a scaling consistent with the single- I UBe
ion Kondo effect =1 andT* positive, a scaling which 13
breaks down below 5 ¥* This discrepancy suggests a fun-
damental difference between the low-temperature states of
these compounds.

The emergence of the warmer maximumTat, in high
fields is apparent in the isothermal magnetoresistance data of
Brison et al>® However, it is not clear from this isothermal
data at what temperature and/or magnetic field the maximum
emerges or to what extefiif any) it is affected by further
increases in field. Since this maximum is thought to be asso-
ciated with potential underlying mechanisms of the heavy-
fermion state itsel{crystal fields and the Kondo effgave 150
decided to quantitatively characterize it. Since we are un-
aware of any quantitative characterization of the colder

H1 [100]

190

170

p (u0—cm)

maximum afT,,; at ambient pressure we incorporate a study | 0T .
of it also. 130 . T (K)

In this paper we report data taken on three samples of 1 10 100
pure UBej3, two polycrystals and one single crystal. The T (K)

polycrystalline samples were prepared by arc-melting appro-
priate quantities of the constituent elements in an argon arc
furnace as described elsewhere, these samples exhibit supers
conducting onset temperatures of 0.97 K and 0.94 K fo
polycrystal sample Nos. (Ref. 21) and 2(Ref. 19, respec-
tively. The single-crystal sample was grown from pre-arc-
melted UBg; embedded in Al flux as described elsewhére,

this sample has a superconducting onset temperature of 0. le). This agreement confirms the results of Andraka and

K and was oriented with iteL00] axis parallel to the external Stewar®® as well as the quality of these two samples. This

field. Both isothermal and isofield resistivity measurementsagreement also shows that magnetoresistance measurements

were made on the single crystal and on polycrystal sampl . . . .
no. 1 from 2 to 50 K and from 0 to 11 T. A less extensive set8n older single crystalgof which ours is representatie

. agree with measurements on newer, higher-quality samples.
of measurements, focusing on the temperature dependence

in the vicinity of the maxima were made on bolvervstal is scaling does not directly impact our discussion of
P y polycrystal maxima in the resistivity since the magnetoresistance, de-

sample no. 2 and on a polycrystal sample of \JTh,Be 3 ' N e
with x=0.03 (Ref. 19 for comparison purposes. g]n:)gmjs [p(H.T)=p(0.1))/p(0.T), does not exhibit

The temperature was measured using a carbon glass resiS- 5 ,r measurements 9f(T) for the single-crystal sample

:2; Wn'ért]o:g;sgﬂggfsv(ggr;r; dg_lz_ill_'liaé';n'fol:l?higorfrggﬂ?arfor at several fixed fields are shown in Fig. 1 whérés plotted
res?stor in fields below 12 T fc'>r tem ;ratures rfbove 4.2 KOn a logarithmic scale. The low-temperature and high-
P " “temperature maxima dt,; and Ty, respectively, both in-

Temperatures below 4.2 K were checked against the VaPoase withH and coexist over a narrow range of magnetic

pressure of*He. Measurements of the electrical resistivityﬁ

FIG. 1. The resistivity of a single crystal of UBgin several
gnetic fields shown. The crystal is oriented with the field parallel
o [100]. The temperature is plotted on a logarithmic axes. The inset
shows the datatal T plotted on a linear temperature scale.

| and transverse measurements of the resistivity is negli-

were made using a standard four-lead phase-sensitive tec glds_ne§14 T asshown_ in the Inset .Of Fig. 1. !n order to
nigue with the wires attached to the sample with silver paint ua_mt_ltgnvely c haracterize the position _and Wld.th of each
s : . resistivity maximum we choose a Gaussian function for con-
The excitation current density was approximately 0'5venience'
Alcm? at 229 Hz and was perpendicular to the magnetic ’
field, the noise was always less than about 15 nV. A geomet-
ric factor for converting the measured electrical resistance to
electrical resistivity was calculated assuming the value of the
resistivity to be 10740 cm at 300 K* Polycrystal sample
no. 2 was measured to temperatures of al®uK and in  whereTy, is the temperature at whigh(T) is a maximum,
fields up to 18 T at the National High Magnetic Field Labo- AT characterizes the width of the maximum, aAdis a
ratory Pulse Facility at Los Alamos National Laboratory constant. We Taylor expand the Gaussian aligudiscard-
where resistance measurements were made with a Linear Rieg terms of ordef® and higher. The resultant power series
search LR-700 bridge and a Cernox thermometer was usdd fit to the data in the vicinity of each maximu¢a range of
without correction for magnetoresistance. approximately 0.6 K centered ohy, and a range of about
The transverse magnetoresistance of our single crystal.0 K centered orTy;,) using a standard linear regression
and polycrystal sample no. 1 exhibits the scaling in the lon+outine which yields value&nd errorsfor T, andAT. For
gitudinal magnetoresistance mentioned above for a very higthe narrow range of magnetic fields where both maxima exist
purity, very long-time annealed single crystal of UBda  in p(T) the data used in determininf,,; and T, do not
result which suggests that the distinction between longitudioverlap(see the inset of Fig.)1

T—Tu\?

AT

p(T)=A exp—2
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FIG. 3. The widths of the two maxima in the resistivity of
UBe 3 (see text The open circles represent the width of the low-
temperature maximum. The solid circles represent the width of the
high-temperature maximum. The solid lines are guides to the eye.

Tuz (K)

T E— width shown in Fig. 3. Théd2 dependence we observe for
H(T) this maximum has also been found by Thompsebal. under
a hydrostatic pressure of 14.8 kfafthe value ofa; we
FIG. 2. The field dependence of the two maxima in the resistiv-determined for our polycrystalline samples is about 40%
ity of UBe,5. (a) The position of the low-temperature maximum, larger than that determined by Thompsatral* indicative of
Tum1, plotted against the square of the magnetic field. The solid lined pressure dependence to this parameter. We also note that
represents a linear regression fih) The position of the high- Thompsonet al. observe this maximum in fields above 6 T
temperature maximunT,y,,, plotted against the magnetic field. The whereas our maximum has disappeared by 5 T, perhaps there
solid line represents a linear regression fit. is a connection between a lower valueagfand the survival
of this maximum to higher fields. None of the proposals for
As shown in Fig. 2a) Ty, the temperature of the colder the origin of this maximum discussed above includes a quan-
maximum, increases quadratically witth. (This quadratic titative prediction for the field dependence ©f;, (to the
dependence oH also appears to exist, at least qualitatively, best of our knowledge
after subtracting the resistivity of a 6% thoriated sample as We now turn to the high-temperature maximumTagf,.
performed and described by Knetsch and co-work®s  In this case a magnetic field of ordé T or higher is neces-
shown in Fig. 2b) T\, the temperature of the warmer maxi- sary for the “shoulder” inp(T) to emerge as a maximum.
mum, increases linearly witH. (Data on polycrystal sample As the field increases this maximum sharpens somewhat, the
no. 2 show that this linearity continues to at least 18The  width tending towards field independence above &BoLias
field dependence of the widths of both maxima are shown irshown in Fig. 3. Such behavior suggests that the magnetic
Fig. 3 where the low- and high-temperature maxima are defield depresses a magnetic scattering mechasssich as the
noted by open circles and solid circles, respectively, the soligpin fluctuations suggested by Knetsch and co-wotRera
lines are guides to the eye. The peal gt broadens appre- scattering mechanism which obscures this maximum in low
ciably with field before vanishing near 5 T. The peak atfields. Although this maximum is rather broad the high-field
Tu2 Narrows somewhat with increasing field and tends toindependence of its width indicates that the depression of the
wards field independence above about 7 T. scattering mechanism discussed above is not responsible for
The data shown in Figs. 2 and 3 are from the singlethe field dependence dfy, itself.
crystal samplédata from both polycrystal samples behave in  If we examine the mechanisms thought to be responsible
a similar fashiol, the solid lines in Fig. 2 represent linear for the existence of this maximum it is clear that Zeeman

regression fits to the functional form splitting between the crystal-field levels should act to de-
creaseTy,, with increasing fielé® while suppression of the
Tun(H) =Tt aHZM, Kondo scattering by high fields should act to increase it. A

theory of the electrical resistivity and magnetoresistance of

wheren=1 or 2 for the low- or high-temperature maximum, cerium compounds incorporating the influence of both
respectively. The fit results fdr,, anda,, are summarized in crystal-field and Kondo effects does indeed yield maxima in
Table | for our three pure UBg samples along with the the resistivity the temperature of which increases with mag-
results of similar fits for the single maximum exhibited by netic field?” In this theory, depending upon the choice of
the thoriated samplen=2 only). parameters, two maxima can exist in the resistivity. It is in-
We first consider the low-temperature maximumTg{;.  teresting to note that the colder of the two maxima usually
This maximum is clearly destroyed by high magnetic fieldsexhibits a marked field dependence in fields comparable to
as can be seen by the data in Fig. 1 and by the diverginthose in our study while the warmer maximum shows no
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TABLE |. Fit parameters for the resistivity maxima in pure and thoriated |4Bsee text

Toa (K) ay (KIT 2) Toz (K) ay (KIT)
Single crystal 2.520.09 0.070.01 9.5-0.6 1.25-0.07
Polycrystal no. 1 2.180.04 0.042-0.004 12.4-0.6 1.070.06
Polycrystal no. 2 2.580.03 0.0470.005 11.21.2 1.14:0.11
U,_4Th,Be;3 (x=0.03) - - 33.60.5 0.4-0.1

significant field dependence at all. To the extent that thisvith thorium concentration to a depression of the Kondo
model might be pertinent to uranium compounds in generagffect by the addition of nonmagnetic impurities. Indeed, a
and UBe; in particular(see aboveone might therefore look concentration of about 13% thorium is sufficient to increase
to differencesbetween UBg; and CeCySi, as a guide to T, to about 50 K(Ref. 19. However, the resistivity of
p035|ble origins of the field dependenceTqf, we observe UgThooBe; 3 shows an abrupt drop, presumably due to
in UBey;. _ _ _ _crystal fields, at a temperature near 6QRef. 29. It appears
~ One such difference exists between the crystal-field splitthat the influence of thorium doping on this featuire zero
ting in zero field and the temperature at which the “shoul-fie|g) is confined to concentrations below about 108e
der” appears in the resistivity. For CeG8i, the shoulder  finq it interesting that a thorium concentration of about 10%
appﬁars in the vicinity olff'1£|’>0—1?0'(Ref.f28, comp])carable also marks the upper boundary for the unusual superconduc-
to the obs.erved crysta-_ ield splitting of 140 &Ref. 16. tivity exhibited by the U _,Th,Be 3 system) It is also not
However, in UBg3; we find the shoulder near 10 Ksee ; :

' 3 ) P clear why «, for the thoriated sample is less than half that
Table |) while the crystal-field splitting is more than an order -,

: . observed for the pure samplése Table)l Additional mea-
of magnitude largef180 K (Ref. 8]. As mentioned above surements on thoriated samples and an examination of their
crystal field levels are strongly broadened by the Kondo ef3. pies o .

field dependence may be useful in determining the influence

fect, a broadening which acts to redu€g, from that ex- O -
pected based on the specific-heat measurem¥ie there- of nonmagnetic impurities on the Kondo effect and crystal-
field levels of this system.

fore propose that the field dependenceTgf, which we )
observe is due to a sharpening of the crystal-field levels re- N conclusion, we have measured the temperature-
sulting from a depression of the Kondo effect by high mmj_dependent electrical resistivity of UBgin high magnetic
netic fields. Such a sharpening may be detectable by photdields. Two maxima are observed &, and Ty, respec-
emission and/or inelastic neutron-scattering measurements lively. Ty is observed to increase quadratically wih a

high fields. Extrapolating from our measurement3gfand  field dependence observed earlier under hydrostatic pressure.
a, (see Table), Ty, doubles from its zero-field value in a Ty, increases linearly wit, a behavior which may be due
field of about 9 T. If a doubling of,, results from a halv- to a sharpening of the crystal-field levels associated with a
ing of the width of the crystal-field levels the proposed ex-depression of the Kondo effect by high magnetic fields.
periments should be feasible. Another prediction resulting

from this hypothesis s thaly, for CeCupSi, should not ﬁample no. 1. This work was patrtially supported by the Na-

significantly increase with field since the agreement betwee . )
crystal-field splittings and the temperature of the resistivity!!on@l Science Foundation under DMR-9019661 and by Oc-

shoulder suggests that its crystal-field levels are not appresidental College. Work at Los Alamos was performed under
ciably broadened to begin with. We are unaware of any datf{'€ auspices of the U.S. Department of Energy, Office of
in the literature with which to test this last prediction. Basic Energy Sciences. The National High Magnetic Field

Lastly, we comment on the influence of thorium doping Laboratory was supported by the National Science Founda-
on Ty,. It is tempting to attribute the increase iRy, tion and the State of Florida.
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