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Crossover from non-Fermi-liquid to Fermi-liquid behavior in the magnetoresistivity
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We have measured the temperatlir@and magnetic fieldd dependence of the electrical resistivjyof
UgoThgBeysin the ranges 0.08 K T<10 K and 0 kOe<H=280 kOe. In zero applied magnetic field below
0.7 K, the resistivity displays a linear temperature dependence, characteristic of non-Fermi-liquid behavior,
down to 0.23 K, where it then saturates Bs consistent with Fermi-liquid behavior, down to 0.08 K, the
lowest temperature attained in the experiment. Magnetic fields up to 40 kOe have practically no effect on the
electrical resistivity above 1 K, but dramatically influence the low temperat(if¢ behavior below 0.7 K. At
temperatures below 0.7 K, an anomalously large positive magnetoresistivity is accompanied by a rapid expan-
sion of the temperature region where Fermi-liquid behavior is obse[&1.63-182807)06542-9

I. INTRODUCTION and magnetic susceptibilftyof U, sTh, ;Be; 5 for tempera-
tures 0.8 KT<6 K and 1.7 K=T=10 K, respectively,

A growing class off-electron materials with anomalous display temperature dependences which are consistent with
physical properties at low temperatures has attracted consithe NFL power laws described above, and which are also
erable interest during the last several years. These materigisedicted for the QKE.Moreover, nonlinear susceptibilfy
are Ce and U intermetallics which, with a few exceptions,and Hall effect measuremehtsalso support the possibility
have been doped with a nonmagnetic element. Most promief a quadrupolar Kondo ground state at least above 1.5 K in
nent among these anomalous properties are a linearly satU, gTh, 1Bes3. In the QKE model, the temperature depen-
rating electrical resistivityp(T)~1—a(T/Ty), a logarithmi-  dence of the electrical resistivity is givEn by
cally diverging electronic specific heat coefficient, p(T)~1—a(T/T,)*? a result that is at odds with the linear
y=C(M)/T~(—1Ty)In(T/bTy), where C(T) is the elec- temperature dependence observed in virtually all of the
tronic specific heat, and a square-root divergence in the mag-electron systems found to exhibit NFL behavior. Recently,
netic susceptibility,y(T)~1—c(T/T)*2 for temperatures a T2 dependence gf(T) was observed for U, gThg 1Bes
T<T,, whereT is a characteristic temperature that can of-in the temperature range 0.45<K'<6 K. However, since
ten be identified as a Kondo temperattfe. the measurements did not extend below 0.45 K, it was not

These anomalous properties are commonly referred tdetermined how low in temperature tfié’> dependence of
as non-Fermi-liquid(NFL) properties since they do not p(T) persists. If, in fact, the QKE is responsible for the NFL
conform  to  Fermi-liquid (FL) theory where behavior of UgThyBe;s, we might expect the resistivity
p(T)~1—-a(T/Tg)? and C(T)/T~x(T)~ const for to deviate from thel'’2 dependence at low enough tempera-
T<Tg, whereTg is the effective Fermi temperature. The tures, since the QKE model suggests that at some finite tem-
NFL properties observed are generally associated with aerature, the non-Fermi-liquid character of the QKE ground
guantum critical point alT =0 K, produced, for example, by state may be suppressed by a cooperative Jahn-T@lgr
an unconventional moment screening process, such as a matansition? In addition, the application of a magnetic field
tichannel Kondo effect? or by fluctuations of an order pa- should result in a restoration of FL behavior below a char-
rameter in the vicinity of a second-order phase transtion. acteristic temperatur@=T* with a concomitant change in
While none of these models has been able to predict all athe temperature dependence of the electrical resistivity from
the physical properties observed, recent work has suggestdd’? to T2.%* The applicability of the QKE as well as other
that Uy gThq Bes3, derived from the heavy fermion super- models in describing the physical properties @fUh, 1Be;3
conductor UBg5 by substituting uranium with nonmagnetic can be explored further by studying the electrical resistivity
thorium, displays low temperature physical properties thaat even lower temperatures.
are consistent with a two-channel, spin-1/2, electric quadru- In the present work, we report a detailed study of the
polar Kondo effec{QKE).® In particular, the specific héat electrical resistivity of U gTho Be;s down to millikelvin
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FIG. 1. Electrical resistivityp of U oThg Be;; vs temperature FIG. 2. Electrical resistivityp of UggThg1Bejz VS square root

T below 4 K. The inset shows an enlarged view of the data forof temperatureT*? between 0.08 K and 4 K in applied magnetic
T<1 K. fields of 0, 1, 20, and 60 kOe from bottom to top.

temperatures and under applied magnetic fields up to 6Qyrements of the magnetoresistance for temperatures above
kOe. Our measurements show that non-Fermi-liquid behav; 7 K 13

ior persists down tol~0.23 K in zero field. An applied At jow temperaturesT<0.7 K, a very different behavior
magnetic field dramatically affects the low temperature parjy the magnetoresistivity of klsTho ;Beys is found. This is
of p(T) by rapidly expanding the temperature interval wherejjystrated in Fig. 3, in which the magnetoresistivity
FL behavior occurs. The temperattré where the crossover Ap(H)/p(0), whereAp(H)=p(H) — p(0), of Uy gTh ,Bey3

from NFL to FL behavior takes place is field dependent, andg plotted vsT between 0.08 K and 2 K for selected applied

for temperatured <T*, a positive magnetoresistance is ob- fie|ds petween 1 kOe and 60 kOe. The magnetoresistivity,
served. The field dependence of the crossover could be usghiie small for T>1 K, shows anomalously large positive

to distinguish between alternative theoretical models for nong, 51 es asr—0 with Ap(60 kOe)p(0)~0.16 atT=0.1 K.

Fermi-liquid behavior, but at present, none of the models 14 gxamine the mechanism thought to be responsible for
predict the dependence seen in our measurements. such a dramatic transformation of the magnetoresistivity of
UogThg Beq3, we plot the electrical resistivity as a function
Il. EXPERIMENTAL DETAILS of temperature squared in Fig. 4. The zero field electrical
] . ] resistivity is nonlinear in this coordinate down to approxi-
Details of the polycrystalline sample preparation and demately 0.23 K. Application of a magnetic field leads to the
termination of the Th content were described elsewftre. rapid expansion of the temperature interval where the resis-
The electrical resistivity measurements were carried out in @vity is linear againsfT2. For clarity, only data correspond-

transverse geometry using two cryostats: an SkHe-*He  ing to two different applied fields are shown in Fig. 4. The
dilution refrigerator equipped with magnetic fields

H=<60 kOe in the temperature interval 0.08<K <4 K, and

0.20

a Quantum Design PPMS, using the P400 resistivity optior
(a 7.5 Hz square wayeavith magnetic fielddH <80 kOe for . UooTho.1Beqs
the interval 1.9 K<T<10 K. A Linear Research LR 700 0.15 < o 1kOe
low-dissipation four-wire ac resistance bridge operating at ¢ ., . 20 KOe
frequency of 16 Hz was used for the low temperature@010 _%w:-..,.
(T<2 K) measurements. & i%zy;. v 40kOe

= g*vwﬂ..“ e 60kOe

S a v M

lll. RESULTS 5008 _%&%VV&VV % e
vy ®e_* o
The electrical resistivityp of Uy oThg Be;; for 0.08 K 0.00 L %ﬁégfvvw IR R

<T=<4 K is plotted vsT in Fig. 1 and vs\T in Fig. 2. O8aT s & ppsd gL e Y
Above approximately 0.7 Kp(T) may be described by the
following behavior:p~ py+ BT with B~38 uQ) cm K12 -0'050 0 0'5 1'0 1'5 20
and po~20 ) cm. The values of both parameteBs,and ' ' T iK) ' '

po, are in good agreement with those reported eatfi@e-
tween~0.23 K and~0.7 K, thep(T) data in zero field are
consistent with a linear temperature dependence. The mag- FIG. 3. MagnetoresistivityAp(H)/p(0) of UgygThy Be;s Vs

netoresistivity of U gThy 1Be 3 was measured above 1.9 K temperaturél down to 0.08 K in applied magnetic fields of 1, 20,
and is in good agreement with previous isothermal dc mea40, and 60 kOe.
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is displayed by a large number of otHeelectron systems?

The main result of our work is the characterization of the

crossover, indicated by*, from non-Fermi-liquid to Fermi-

liquid behavior at low temperatures. We find this crossover

particularly interesting because the field dependenc#&*of

can be predicted theoretically, and thus the experimental re-

sults can be used to discriminate between competing expla-

nations for the non-Fermi-liquid properties. Another infor-

mative result of our measurements is the large positive

magnetoresistance seen at low temperatures. This large mag-

netoresistance is also potentially useful in distinguishing be-

tween applicable theories and, in this case, seems to indicate

that the QKE alone is inadequate in describing the behavior

0 02 04 06 08 1 of Uy gThg {Beys for T<0.7 K.
T2 (K2) Similar behavior of the magnetoresistance has been ob-
served in the CeCGyL,Au, system. The resistivity of
CeCu; Au g 4 varies linearly withT in zero field, but clearly
FIG. 4. _Electrigal resistivit_yp 'of Ugolhg1Bez vs temperature displaysT2 behavior in applied magnetic field&Y For low

squaredr? in applied magnetic fields of 0, 1, and 60 kOe below 1 g0 4¢ “the crossover from NFL to FL behavior inferred from

K. The lines correspond to fits of the data, described in the text. The ' o .

inset shows the field dependence of the characteristic Fermi-liquiﬁ(T) measurements 'qualltatlvely agr,ees with a Corresponq-

temperatureT*, indicated by arrows and explained in the text. ~ 'NY CrOSSOver determined from specific heat measurements in
applied fields. An analysis of the specific heat measurements

inset of Fig. 4 shows the magnetic field dependence of thyielded a crossover temperature that varied roughly

upper limit of that range which may roughly be identified aslinearly with the applied field’ The magnetoresistance of

a characteristic temperatuf@ corresponding to an onset of CeCus Aug, at low temperatures is positive in all applied

the Fermi-liquid behavior. This characteristic temperaturefields, yet the magnitude of the magnetoresistance at 30 kOe

was determined from a linear least squares fit of the data. Fas larger than the magnitude at 60 kOe, which is different

each applied field, the fit was made starting with data fronthan the monotonic increase of the magnetoresistivity with

the very lowest temperatures and then extending the range ofcreasing field that we observe in thg kT hg ;Be;; system.

the fit to higher temperatures in the following manner. ToThe non-Fermi-liquid behavior in CeGuWAu, , is attributed

20 40
D H Ko

test the goodness of the fit, the reduced chi square to the presence of antiferromagnetic ordering a0 K, as
N demonstrated by the detailed study of the thermal, magnetic,

, 1 [yi—y(x)]? and transport properties of this systétin fact, the QKE is

Xv=N= 2241 o2 D) ryled outas a description of the Ceg£uyAu, system due to

: the incompatability of orthorhombic symmetry with the QKE
was calculated® In Eq. (1), N is the number of points being model® Thus, while thep(T) behavior of CeCilsAu, ; and

fit, y; is the measured value of the resistance atithdem- Uy oThy ;Bejs are similar, different underlying mechanisms
peraturey(x;) is the value of the resistance predicted fromwould appear to be responsible for the NFL behavior at low
the linear fit at theith temperature, and; is the standard temperatures in these two systems.

deviation of the measured value of the resistance aitthe We initiated this investigation to determine whether the
temperature. Next, an additional point was added to the fitow temperature magnetoresistivity ofyJrh, 1Be;3is con-
andxﬁ was recalculated. This procedure was continued untibistent with the QKE in light of the evidentéor a QKE in

the fit included the entire data set for one field. Finally, this material. The QKE model makes specific predictions for
was determined as the temperature at Whj(z,,hNas a local the temperature dependence of the resistivity and the manner
minimum. The error bars associated with the inset to Fig. 4" Which the system crosses over to FL behavior under the

reflect the uncertainty in choosing the location of the mini-application of a magnetic field. In cubic symmetry, the QKE
mum. is expected to cross over from NFL to FL behavior in one of

two ways. In the first scenario, an applied magnetic field acts
IV. DISCUSSION asa “chann_el field,” which cou_ples to the channel indices of
the conduction electrons and lifts the degeneracy of the ex-
First, we note that in the region 0.7 € T<6 K, where  change coupling through splitting of the excitd doublet?
p~TY2 the resistivity is particularly insensitive to the appli- According to CoxX’ the exchange integrals for the different
cation of a magnetic field. Both tHEY? temperature depen- conduction channels should be split by an amafdt<H,
dence and the extremely small magnetoresistance are consishereH is the magnetic field strength. Assuming weak ini-
tent with the QKE model. In contrast, the results fortial coupling and exact symmetry of the exchange integrals
T<0.7 K are not easily explained by a quadrupolar Kondocorresponding to each scattering channel, the crossover to FL
model. One important result of our measurements is the exsehavior will then occur at a temperatufe,~(AJ)%/ Ty .
istence of a regime of linear temperature dependence in thdence, we expect the crossover temperature to have a qua-
resistivity at low temperatures. This is not entirely unex-dratic field dependence’ The second manner in which FL
pected, since this type of low temperature behaviop &F) behavior could manifest itself is by the application of a
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uniaxial stress, which would be classified as a “spin field,” behaviof*~?*and an electronic polaron mod@lThe Kondo
since it couples linearly to the impurity spin. The crossoverdisorder model suggests that NFL behavior reflects a disor-
temperature under the application of a spin field is also exdered material containing microscopic regions with different
pected to follow a quadratic field dependeft@he experi- Kondo temperatures within which conventioitsingle chan-
mentally obtained dependence &f on H, shown in the nel local Fermi-liquid Kondo physics takes place. The NFL

inset of Fig. 4, is quite different from the above quadraticProperties arise from a superposition of the properties from
form. the different regions with different Kondo temperatures.

An additional complication in the QKE model arises Since the behavior can be traced to conventional Kondo
when a strong enough applied magnetic field creates hysics, we would expect that the magnetoresistance would

uniaxial stress by magnetostriction. In this case, we expect ﬁ ds;]mlla;ivto It;]att Oé ?NtypEaIrVKondloralloy; Iilt(ia\; Ir%rgen i
crossover between channel field physics at low fields, an? €gative. Instead, we observe a large positive magne

spin field physics at high fields. An estimate of the channe oresistance at low temperatures. A detailed comparison

field-spin field or ver ooint for th rent com ndof the Kondo disorder model and the properties of the
eld-sp €ld crossover po or the parent compou UggThg Be;s system needs to be carried out to determine

UBe,; was made by CoX; who equated the exchange split- \ pather this model is viable. The electronic polaron model is
ting Qf the channel states with the magne_tostr|ct|on—|nduceti/n extension of the electronic polaron theory for heavy fer-
splitting of the quadrupolar doublet to arrive at a crossoveiyjon systems which includes elastic scattering of the broad
field of ~40 kOe. It is possible that the rapid increaselof  pang electrons due to randomness inherent in the alloy. At

with H at low fields is due to a different mechanism than theinis time, no comparison has been made between the prop-
moderate increase seen for 2 k&&1<60 kOe. However, if  gries of the electronic polaron model and our results for

this is due to a channel field-spin field crossover, one would;  Th..B

i 0.9 M 15€;3.
need to supply the reasoning why the crossover would occur
at a field an order of magnitude smaller than the field postu- V. CONCLUSION
lated for the parent compound. In addition, considerably ) , ,
more data at different magnetic fields would be needed to M conclusion, we report the observation of a field-
determine if anH2 dependence is reasonable, especially afnduced transformation of the resistivity from non-Fermi-
high fields. If anH2 dependence was not recovered at highliquid to Fermi-liquid behavior in |oThoBe;s. In zero
fields, this could still be consistent with the view that the @PPlied magnetic field, the electrical resistivity shows linear
Uo.sThoBeys System is in the strongly coupled regime asbehawo'r b'etween~0.23 K and~0.7 K. Application qf a
evidenced by the positive slope of théT) curves at low magnetic field has practically no effect on the electrical re-

temperature&and hence the quadratic field dependences deiStivity above 1 K, but dramatically affects(T) below
rived may not apply. Further theoretical work needs to be?-7 K, giving rise to a large, positive magnetoresistivity and

done to determine if the quadratic field dependences of th@ "apid expansion of the temperature interval where Fermi-
“channel” and “spin” field crossovers persist in the strong liquid behavior is observed. This behavior cannot be de-

coupling limit. scribed well by any of the theoretical models proposed for

Another possible explanation for the NFL behavior ob-the non-Fermi-liquidf-electron materials at this time. The
served inf-electron materials is based on fluctuations of an'€Sults described herein will be useful in the development of

order parameter aboveTa=0 K second-order phase transi- & consistent description of an_oma_lous physical properties ob-
tion. It is interesting to note that 44Th, 1Be;s is near the Th served at low temperaturgs in this unique class of strongly
composition where the unusual superconductivity observe§Orrelatedt-electron materials.
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