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Interplay between magnetism and non-Fermi-liquid behavior in Sg¢_,U,Pd;
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Low-temperature electrical resistivigy(T) and specific hea€(T) measurements on ScU,Pd; for 0.2
<x=0.35 are reported, demonstrating non-Fermi-liquid temperature dependence. For temperatures 0.05 K
<T=<2.5 K, the resistivity followsp(T)=p(0)[1—a(T/Tk)"], with n decreasing froon=1.3 atx=0.2 to
n=0.5 atx=0.35. The electronic specific heAtC(T) follows AC(T)/T=—(bR/Tk)In(b'T/Tk) above the
spin-glass freezing temperature, with valuesTpfthat decrease with increasixgin accord with the Fermi-
level tuning phenomenon previously observed in this system. Applied magnetic fields produce an increase in
the resistivity of samples witk<<0.3 at the lowest temperatures.
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A decade has passed since experimenis the strongly
correlatedf-electron system ¥ ,U,Pd; inspired worldwide

PACS nuni®er75.20.Hr, 71.27a, 71.10.Hf

vestigated by several groups by means of neutron-scattering
experiments® According to Lea, Leask, and Wolf, the

interest in materials that appear to deviate from the “stan** ninefold degeneratd=4 Hund’s rule multiplet is split
dard model” of condensed-matter physics appropriate at verh the presence of a cubic crystalline electric fi6REP into
low temperatures, Landau's Fermi-liquiefL) theory. The T, andT; triplets, al'; singlet, and d 5 doublet. Initially,
observation of weak power-law and logarithmic divergenceshe ground state of ygU,,Pds was determined to be a non-
in the temperature dependence of the magnetic susceptibili%agneticrs, with mégnéticl“s andT, excited states at 5
the specific heat divided by temperature, and the electricaly 16 mev, respectively. The inelastic neutron-scattering
resistivity at low temperatures in the, Y,U,Pd; system mo-  qora  exhibited a small quasielastic line width2
tivated a search for further examples of this so-called NON_0 1 meV that is significantly smaller than thiesT
Fermi-liquid (NFL) behavior. The proliferation of new sys- ~4.meV value expected for a magnetic Kondo efFeéIn}f
tems that exhibit NFL behavior attests to the widespread . P gne e '
other experimefit corroborated the identification of the

occurrence of deviations from FL theory. . . :
y ground state a¥';, but suggested slightly different excited

In the initial work of Seamaet al.,* the NFL behavior of : -
Y, ,U,Pd; was attributed to a two-channel quadrupolarStates: These results were interpreted as further evidence for
— XX

Kondo effect(QKE). The observation of a logarithmic diver- & QKE in Y; ,UPd;. In contrast, polarized inelastic

gence in the electronic specific heat divided by temperaturé€utron-scattering measurgmé“?nindicated a different ar-
rangement with a magnetiEs as the ground state fax
D

=0.45 and possibly fox=0.2, which would preclude the
and a nearly linear electrical resistivity existence of a QKE.
Considerable debate about the origin of NFL behavior has
p(T)=p(0)[1—-a(T/T)"], (2)  raised the question of whether the physical properties of the
polycrystalline samples are intrinsic electronic properties or
with n~1 were in agreement with the rough predictions ofextrinsic properties associated with metallurgical inhomoge-
the QKE model, which identifie3x with the Kondo tem- neity. The Y,_,U,Pd; system has been shoWwr?to possess
perature. Exact conformal field theory calculatibriater inhomogeneities in the U concentration on micron length
showed thaip(T) should diverge as Eq2) with n=0.5in  scales. A recent investigation found uranium in StJ,Pd,
the two-channel QKE model. Thi§T divergence is ex- to be much more homogeneously distributed than in
pected to be observable below OQ5 while in the range Y, _,U,Pd and demonstrated that the low-temperature
0.05Tx<T=<Tg, p(T) should be approximately linear in physical properties of these two systems are quite similar
temperaturé:® In contrast,p(T) in a single-channel, spih-  despite significant differences in their metallutdyThe
Kondo effect should saturate a€ for T<Ty, consistent Sc¢_,U,Pd; system has nearly the sarilevs x phase dia-
with FL theory. Subsequent studies of ;YU,Pd; gram as that of Y_,U,Pd; (see Ref. 18 with a slightly
demonstratetthatp(T) is nearly linear fox=0.1, 0.15, and higher value ofTy for a given value ofk. 14
0.2 for T>0.1 K (T/Tx~0.07%, 0.1%, and 0.2%, respec- In this paper, we present measurements of the electrical
tively). Because of the lack of agreement with the resistivityresistivity and specific heat of $c,U,Pd; for concentra-
prediction, it is possible that the QKE model is not the ap-tions 0.2<x=<0.35, motivated by the substantially cleaner
propriate description of Y_,U,Pd;. However, the resistivity metallurgy of this system. Our results show NFL behavior
was found to scale witlx and Ty, which suggests that the characterized by a logarithmic divergenced(T)/T and an
origin of NFL behavior in this system is a single-ion mecha-electrical resistivity that varies as E@®) with n=0.5 for x
nism, such as a multichannel Kondo effect. =0.3 and 0.35. In conjunction with the results of Ref. 14,
One requirement for the QKE model is a nonmagneticthese results represent an instance in which the temperature
ground state. The ground state of YU,Pd; has been in- dependences gi(T), x(T), andC(T)/T of a material are

AC(T)/T=—(bRIT)In(b’ T/Ty),
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FIG. 2. Uranium-ion contribution to the specific hee€(T)/T
vs temperaturd on a semilogarithmic scale for §c,U,Pd; with
0.25<x=<0.35.

The uranium-ion contribution to the specific heat of
Sc_4U,Pd; for T<25 K is shown in Fig. 2 plotted on a
logarithmic temperature scale for 02%=<0.35. The data
for Sg, Uy sPd; are from a previous experiméftand are
shown for comparison. The value AfC(T) was calculated

00 05 1.0 15 20 25 by subtracting an estimated value of the phonon contribution
T (K) BT? from the measured value 6(T). Values ofg for each
compound were determined by scaling the literature Value

FIG. 1. Normalized electrical resistivity(T)/p(2.5 K) of  of g for ScPd by the molecular weight of each compound.
Sc - xUxPd; for 0.2<x=0.35 vs temperaturé. HereTo=Ty. The  The upturns inAC(T)/T for T>10 K are most likely due to
resistivity forx=0.3 and 0.35 is plotted v§T in the inset. either an incorrect subtraction of the phonon contribution or

! : Schottky anomaly associated with CEF energy levels. For
all consistent with the QKE and suggest that the QKE ma)fi . oo
be responsible for NFL behavior in S¢U,Pd;. Sq.7Up0dPd, the data are described well by a logarithmic

New polgcrystalline samples were prepared as describelgmperature dependence, indicated in the figure by the solid
previously.l Powder-x-ray diffraction measurements con- line, between 10 K. and 0.6 K, the Iowes_t temperature of the
firmed that the samples had the cubics8u structure with ~Measurement. As is increased, the region over which the
no trace of impurity phases. Electrical resistivity measurelogarithmic temperature dependence describes the data be-
ments were made in a transverse geometry usidg-*He  comes smaller, presumably due to the onset of spin-glass
dilution refrigerators at UCSD and at the NHMFL-LANL (SG) freezing that occurs at increasingly higher tempera-
and a Linear Research LR 700 four-wire ac resistance bridg@ires. The slopes of the logarithmic regions increase due to a
operating at 12 Hz. Specific heat measurements werdecrease in the Kondo temperatiig. The Ty values cal-
performed using a UCSD-built semiadiabatic heat-pulseculated from the fits decrease nearly exponentially with in-
calorimeter. creasingx from Tx=91 K for x=0.25 to Tx=20 K for x
Normalized electrical resistivity data for SgU,Pd; with =0.35 and are in good agreement with valuesTgffrom
0.2<x=0.35 for temperatures below 2.5 K are displayed inpreviousp(T) measurement$above 1.2 K. The arrows, la-
Fig. 1. The resistivities of all of the samples increase withbeled Tsg, identify features in theAC(T)/T data that we
decreasing temperature on this scale, consistent with the battribute to the onset of SG freezing. In,34J, 3Pd, the
havior of samples wittx=0.2 and 0.3 measured earfiéat  feature in the data associated with SG freezing occurs at
temperatures above 1.2 K. The solid lines are fits of . Tge~3 K, close to the irreversibility temperaturd,
to the data and the values ofextracted from these fits are ~2.6 K determined by dc magnetic susceptibility
listed below each concentration. The value of the exponent measurement$ The data for S€s74J0 32 deviate from
decreases from=1.3 for the sample withx=0.2 ton  the fit at temperatures slightly abovie,s, possibly due to
=0.4 forx=0.3. It is interesting to note that this power law the onset of magnetic fluctuations. A similar deviation occurs
is apparent only below~1 K. Previous resistivity for Sg U, P20 and comparable behavior is also observed in
measurement$ above 1.2 K could be described quite well v, U Pd.
by Eq.(2) with a value ofn~1. The inset shows the resis-  Applied magnetic fields cause an increase in the electrical
tivity for samples withx=0.3 and 0.35 plotted v§T as well  resistivity at low temperatures as shown in Fig. 3 for
as straight lines representing @ temperature dependence S¢, 74U »4Pc. In the main figure, the resistivity is displayed
that describe the data quite well over the entire temperaturor magnetic fields up to 50 kOe and at temperatures below
range of the measurements. 2.5 K. The solid lines are fits of Eq2) to the data for
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— Y onstrated that the predictions of the QKE model for the spe-
&.ﬁs cific heat[Eq. (1)] and the magnetic susceptibility are in
good agreement with the behavior observed in YJ,Pd;
and Sg_,U,Pd;. 131" 8Values of Ty determined from low-
a1al ] temperature fits to the specific heat, electrical resistivity, and
00 05 10 15 20 24 magnetic susceptibility of ¥ ,U,Pd; are also in good

315

315.0t20
314f

5 n=14 agreement with the values @f found from electrical resis-

%314'5' 18 S¢5.75U0.25Pd3 tivity and magnetic susceptibility measurements at tempera-

o 10l : tures above 4 K.This agreement, together with the fact that
< Hif__i___{{- the low-temperature properties were found to scale wjth

$ provides compelling evidence that a single-ion mechanism is
3140} *% 55 To0 om0 p(TVp(0) = [1-a(T/T" responsible for the NFL physics. It is thus appealing to at-
H (kOe) ‘ . . ] tribute the\T dependence gf(T) demonstrated in Fig. 1 to
0.0 0.5 1.0 15 2.0 25 : .
T(K) the QKE model. In fact, the existence of/@ dependence in
p(T) at temperatures bel?2 K in thesample withx=0.3 is
FIG. 3. Electrical resistivitp(T) of Sg 78U vs tempera-  n excellent agreement with Cox and Mackivic’s predicfion
f[ureT in gpplled magqet!c fleIQS 0 kOgHsS.O er. The arrows  gince 5% ofTy~40 K is 2 K.
in the main panel and in |n§éxi) indicate the dlre_ctl_o_n of increasing There are a few aspects of the, SgU, Pd; system that at
magnetic field. The upper ins&) shows the resistivity vs tempera- first inati to preclude the existence of the OKE
ture for applied magnetic fields 0 kGeH=<180 kOe. The lower Irst examina |_0n seem top . Q .
inset (b) shows the magnetic fieltl dependence of the exponent effect. The existence of a Spln.-glassf state for the Samp!e with
n derived from fits of the data in the main figure and in inggt ~ X=0.35 below~4 K, coexisting with the NFL behavior,
to Eq. (2). would seem to be at odds with a single-ion model. However,
inhomogeneities inherent due to the substituted nature of this
H=0 and 50 kOe. In zero field, the resistivity varies as Eq.System could result in some U ions clustering to form a spin
(2) with n=1.4. As the field is increased, the resistivity at glass whereas others are isolated and participate in single-ion
the lowest temperature increases such that for an applidFL behavior. Second, a single-ion model such as the QKE
field of 50 kOe,n is decreased ta=0.8. The resistivity in  implies that the physical properties should have the same
larger applied fields is shown in the upper in&tfor fields ~ temperature dependence as the uranium concentration is var-
up to 180 kOe. The resistivity is found to increase at théied. In contradiction to this basic premise of a single-ion
lowest temperatures in fields up to 60 kOe with negligiblemodel, our results indicate thaincreases with decreasing
magnetoresistance abovel.5 K. ForH>60 kOe, a small This issue can be resolved by considering that the ground
negative magnetoresistance is observed over the entire terptate of the Y_,U,Pd; system varies wittx. Since the QKE
perature range of the measurement that shifts the resistivitjiodel is consistent with our results for the samples with
curves down nearly parallel to the curve for 60 kOe. The=0.3 and 0.35, it is possible that the QKE model is only
power-law fits to the resistivity data fé#>60 kOe are quite valid in a certain range of uranium concentrations. A cross-
similar as demonstrated by the solid line in the inset which igover of the uranium-ion ground state in the presence of a
a fit of Eq. (2) to the data forH=180 kOe. The exponent CEF from a nonmagnetic ground state, x3¢0.3, to a mag-
calculated from this fitn=0.7, is very close to the value that netic ground state asis decreased below=0.3 could ex-
was obtained from the fit of the data measured in the 50 kOglain why the QKE is not observed at lower U concentration.
field. The lower inset(b) shows theH dependence of the The physical properties of the samples with the nonmagnetic
exponentn derived from the fits in the main figure and in ground state would be dominated by the QKE, while the
inset(a). The value ofn decreases rapidly for applied fields properties of samples witk less than the crossover value
up to 50 kOe and then is relatively constant up to 180 kOe. Iwould reflect a magnetic ground state and could evolve to-
should be noted that the resistivity in applied magnetic fieldgvards Fermi-liquid behavior.
showed no sign of crossing over to the=2 temperature Evidence of a ground-state crossover in YU,Pd; was
dependence of a Fermi liquid. found in recent measuremetitshat imply I'; is the ground
Qualitatively similar behavior fox=0.2 and 0.275 was State in only a certain U-concentration regime. The authors
also observed in the presence of magnetic fields whevas ~ of Ref. 19 assigned thE; ground state to 54Uy 48205 and
seen to decrease with increasing field. However, the effect gibserved that the movement of a low-energy excitation in the
the magnetic field was different for the=0.3 and 0.35 neutron-scattering spectra of samples with<0x2<0.45 to-
samples for which the resistivity did not increase with fieldwards zero-energy transfer with decreasinguggests that
at low temperatures as shown in Fig. 3. Instead, a negativihe CEF parameters move toward thg-I"5 crossing point
magnetoresistance was observed for all applied fields similaen the Lea, Leask, and Wolf diagrdfrior J=4. This obser-
to what was observed in the=0.25 sample for fields above Vvation led to the proposal that ti& andI's states are de-
60 kOe. generate and coexist as the ground statecfef.2. Further-
The two-channel QKE model has several attributes thamore, the authors concluded that a single-ion mechanism
make it an attractive candidate to describe the physics ofvas the dominant cause of the magnetic properties irxthe
both Sg_,U,Pd; and Y;_,U,Pd;. Previous work has dem- =0.2 compound. Additional evidence for a crossover in the
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ground state of Y_,U,Pd; nearx=0.2 is found in ther- While it is possible that applying a magnetic field to com-
mopower dat¥ that change sign as U concentration is in-pounds withx<0.3 induces the same type of magnetism,
creased fronx=0.2 to 0.3. Assuming that $c,U,Pd; is  characterized byi~0.5, as is present in zero field in com-
similar to Y;_,U, in this respect, it is possible that a pounds withx=0.3, we have no knowledge of a model that
imil Y1 wU,Pd; in thi it i ible th ds withx=0.3 h knowled f del th
crossover in the CEF ground state forslightly below x predicts such a unique temperature dependengé&Tih. Fur-
=0.3 could be responsible for the evolution in the value ofthermore,p(T) of samples withx=0.4 actually decreases
n observed in Fig. 1. Inelastic neutron-scattering meawith decreasing temperature below eitfleg; or Ty.** This
surements of ScUyPd; would be required to test this pehavior suggests that the effect of magnetismp(h) is
hypothesis. _ _ _actually quite different from the measured=0.5 tempera-
Remarkablyn is essentially the same for the samples withyre gependence shown in Fig. 1. A more detailed investiga-
x=0.35 and 0.3, although the NFL behavior in the resistivityjon of p(T) of Y, UPd; for x>0.2 will be required
of the former occurs at temperatures well befoys, while 1, getermine if the resistivity of that system is different
nearly the same behavior occurs in the latter at temperatur@s .\ \what is observed in the present work on S, Pds
for which therg is no evidence of SG free_zmg. Itis striking toIt is currently unknown if samples of ) ,U,Pd, with 0.2
note the proximity of the U concentration whefgg ex- <x=0.3 also exhibit an exponent near=05 asx is

trapolates toT=0 K, determined by theC(T) measure- . : ) X o
ments, and the U concentration at whiohdecreases tm increased towards the regime in which SG freezing is
' observed.

~0.5. This might indicate =0 K phase transition, but it . . . :
Several alternatives to single-ion mechanisms have been

is possible that the extrapolation d¢ is an indication of ' ) =
the U concentration where the magndficground state falls posited to explain NFL behawor n thelY_XUXPd3 System.
An early proposal considered fluctuations of an order

below the energy of the nonmagnelig asx is decreased. .
The prediction of the QKE model seems best fulfilled inParameter near a second-order-0 K phase transitiof.
Sc,_,U,Pd; at the border of X=0.3) and within k=0.35) ~ Scenarios in which disorder leads to NFL behavior
the SG regime, where excitations above a nonmagnetifave more recently been suggested. The Kondo-disorder
ground state produce magnetism that coexists with nonmodel, in which spatial fluctuations ifik of local moments
Fermi-liquid behavior, similar to the behavior suggested forlead to NFL characteristids,was shown to be an unlikely

Y, UPd; by ©SR! and neutron scattering. description of NMR measurements of oYU, Pds.%*

The NFL behavior has previously been induced with theThe Griffiths-McCoy theory of NFL behavior, which
application of magnetic fields in the CegyAg, systen??  attributes NFL properties to the formation of magnetic clus-
The behavior observed in $&Uq .48, shown in Fig. 3, ters due to system inhomogeneity and competition between
might be interpreted as the induction of NFL behavior by theKondo and Ruderman-Kittel-Kasuya-Yosida interactiths,
application of a magnetic field, although the temperature exhas been shown to be consistent w@tiT) and y(T) mea-
ponent in zero fieldn=1.4, is quite different from FL be- surements of Y—xePds-ZG However, based upon recent
havior withn=2. It seems likely that the exponent=0.6  measurements of $c,U,Pd;, in particular, the single-ion
observed forH=50 kOe reflects the same NFL behavior asgcaling of the physical properties withand theT*2 depen-

is seen in zero field for=0.3 and 0.35. If a crossover 10 a gence of the electrical resistivity at low temperatures for
magnetic ground state occurs near 0.3, then the applica- samples withx=0.3 and 0.35, we submit an argument in
tion of a magnetic field for samples wii<0.3 may cause @ fayor of a single-ion description of the SgU,Pd; and

field-induced crossover in _the CEF ground state fngntp Y, U.Pd; systems, with the QKE as the predominant cause
I';, although the mechanism for such a crossover is Nnogpf NFL pehavior.

readily apparent. For samples in which the ground state is

magnetic in this scenario, the application of a magnetic field We acknowledge illuminating discussions with Daniel
seems to induce an NFL temperature dependence that @ox, Pengcheng Dai, and Nicholas Butch, as well as techni-
similar to that observed in zero field in the samples with cal support at Los Alamos from Alex Lacerda and Jon Betts.
=0.3 and 0.35, which presumably have a nonmagnetidhe research at UCSD was supported by the National Sci-
ground state. This transformation does not occur in samplegnce Foundation under Grant No. DMR-00-72125, the U.S.
that already have a nonmagnetic ground state, and we olpepartment of Energy under Grant No. DE-FG03-86ER-
serve a small negative magnetoresistance consistent with45230, and by the UC CLC under Grant No. LA 95-0519-
nonmagnetic ground state typical of a QKE. The NFL tem-BM. Work at the National High Magnetic Field Laboratory
perature dependence observed in these materials seems tovis performed under the auspices of the National Science
quite robust in large magnetic fields as there is no evidencEoundation, the State of Florida, and the U.S. Department of
for a crossover to FL behavior. Energy.
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