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Abstract. Electrical resistivity p(7'), magnetoresistance MR, magnetization(7, B) and
magnetic susceptibilityy (T, B) measurements at temperatures down to 25 mK and applied
magnetic fields up to 14 T are presented for Th-diluted 0h, Pcd,Al 3 alloys. For U-rich alloys,
antiferromagnetic order is observed &ahgvaries slowly with the Th concentration in the region

0 < x < 0.2. Fromp(T) data we calculate a value of the energy gap= 12 K in the spin-

wave spectrum. In the U-rich concentration region a coherent Kondo description applies, but for
alloys with 04 < x < 0.93 a non-Fermi-liquid (NFL) phase prevails. An approximately linear
temperature dependencendfl’) is observed at low temperatures for about a decade in temperature,
but deviation from this dependence occurs at the lowest temperatures. We show that the MR of the
NFL alloys may be described in terms of the Cogblin—Schrieffer Hamiltonian, from which values
of the single-ion characteristic Kondo temperatiitex~ 40 K are calculated. An applied magnetic
field is shown to recover Fermi-liquid dynamics in bottil') andp (7). We give a description of

the low-temperature magnetizatiofn(7, B) in terms of a two-channel Kondo model.

1. Introduction

The heavy-fermion (HF) compound UFA 53 exhibits the fascinating coexistence of magnetic
order and superconductivity as is evidenced by bulk [1], neutron diffraction [2, 3] and muon
spin-rotation [4, 5] measurements. Upon cooling, the material first ordefig at 14.5 K

in an antiferromagnetic (AF) structure with spins aligned in the basal plane of the hexagonal
PrNi;Als-type crystal structure (space grod®s/mmm) and with a magnetic wave vector

kE = 10,0, %] [6]. With a further lowering of temperature it becomes superconducting at
Tsc = 1.8 K while retaining its magnetic structure and ordered moment&8 Qg /U [1, 2].

For polycrystalline UPglAl; the magnetic susceptibility (7)) increases with decreasing
temperature before reaching a broad maximum(fi) at about 35 K. For a single crystal this
maximum is observed only for the basal-plane susceptibjlity7’) and is thought to originate
from a special crystal-field level scheme with different Van Vleck contributions due to two
low-lying singlets and the thermal populations of the excited singlet and doublet states [7].
A distinct change in slope of the(T) curve at a lower temperature indicates AF ordering at
Tn. Single crystals of UPgAI 3 exhibit large anisotropy between theaxis susceptibilityy

and the basal-plane susceptibiljty with x, ~ 4y, at 4 K[7]. The authors of reference [7]
found for the magnetic field applied within the basal plane that the magnetization curves
exhibited small changes in slope at certain values of field. These and anomag{igg)inn
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dx (T)/dT, in magnetoresistance (MR) and in magnetostriction suggested a complex magnetic
phase diagram with three different AF phases indicated for the field regigheB0< 5.5 T.
No corresponding anomalies were found with the field applied along-tirds. Neutron
diffraction studies however indicated that the intrinsic spin structure obAIRds not altered
by application of the magnetic field [3,8]. The neutron work associated the anomalies observed
by the authors of reference [7] with reorientations of AF domains such that their moments are
turned perpendicular to the applied-field directions within the basal plane [3, 8]. The specific
heat of UPgAl3 increases sharply upon cooling througjy, and may be analysed in terms
of a magnon contribution and a temperature-dependent, enhanced electronic contribution that
extrapolates belowy to y(0) = 150 mJ mot! K-2 whenT — 0 [1]. This leads to an
effective electron mass being nearly 70 times greater than that of the free-electron mass. It
is further noted that a metamagnetic transition occurs at 1.3 K for a field of 18 T applied
along thea-axis of single-crystal UP@\l 3. This transition is thought to be accompanied by
the destruction of the HF state [9] and thereby modifies the carrier density. In recent years
the solid solutions W, Th,PdbAl3 have also been intensively studied [10-14]. For these
alloys with 04 < x < 0.95 a non-Fermi-liquid (NFL) ground state has been indicated. Such
a state has also been observed in several other cerium and uranium systems [11, 12]. NFL
behaviour is characterized by a diverging electronic coefficient of the specifichisathe
limit T — 0, ofteny(T) = C(T)/T « (—1/To) In(T/Tp), as well as a strong dependence of
x ontemperature @6 — 0, €.9.x(T) o 1— (T /Tp)*?[14]. These temperature dependences
are observed at temperatures well below the characteristic scaling tempé&patireontrast
to the preceding results, Fermi-liquid (FL) theory predicts constant values for the specific
heat and susceptibility a8 — 0. The electrical resistivity of NFL materials is given by
p(T) = pg +aT" wherea < 0 ora > 0 and in many cases ~ 1 rather tham = 2
as is expected for FL behaviour. NFL behaviour is often ascribed to the existence of a
quantum critical point at zero temperature which may originate from fluctuations of an order
parameter in the vicinity of an AF [15] or spin-glass phase transition [16] or is ascribed to
the multichannel Kondo effect [17, 18]. On the other hand, in the NFL 4J(Rd, system
Cu NMR measurements [19] support the concept of Kondo disorder leading to a distribution
of Kondo temperature® (7). A theory for Kondo disorder was presented by the authors of
reference [19]. In recent studies the concepts of disorder and competition between RKKY
and Kondo effects are proposed to lead to a Griffiths phase for which a simple power-law
description forC(T)/T and x(T) is obtained [20]. Maple and co-workers [10-14] studied
C(T), x(T) andp(T) for a number of different alloys in the U, Th,PdAl3 system. They
analysed their data in terms of the above expressiorG(fby/ T andy (T) and, by associating
Tp with the single-ion Kondo temperatufg, they determined the dependence on the thorium
concentration ofk. They also indicate howy changes with Th dilution.

We present a study of the magnetizatiofn(T, B), x(T, B) and p(T, B) for the
U;_,Th,Pd,Al3 system which complements the work of Mameal by giving inter alia
a more complete phase diagram through studying more alloy compositions. We also extend
the previous zero-field(T') studies of the above authors by presenting MR measurements for
fields up to 14 T and for temperatures down to 25 mK. We indicate in an extension of our
previous results [21] how the NFL behaviour ofT") is changed towards FL behaviour by
application of such large magnetic fields. Our MR isotherms measured in fieldsBup are
analysed in terms of the Betlamsatzsolution of the Cogblin—Schrieffer Hamiltonian [22,23].
The resulting values dfk are compared with those obtained by Magtel from their zero-
field measurements. Finally/(B) measurements are modelled by a two-channel Kondo
description at low temperature [17,18]. We also compa(E) with the results of Kondo-
disorder models [24] as well as with a power-law prediction of Castro Kieab[20].
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2. Experimental details

Our polycrystalline Y_, Th, PdAl 3 samples were prepared using the following metals (given
with their purities): 99.98 wt% U, 99.99 wt% Th, 99.97 wt% Pd and 99.999 wt% Al. The
stoichiometric quantities of the elements for each composition were arc melted three times, with
intermittent overturning of the ingot. The inside of the arc furnace was maintained at a slight
underpressure of a titanium-gettered, high-purity argon atmosphere. The observed weight
loss due to the melting process was in all cases less than 0.5 wt%. X-ray diffractograms
establish that all alloys had the Pgldis-type crystal structure, as well as establishing the
absence of impurity phases within the experimental accuracy. Lattice parameters have been
calculated using standard regression analyses on 13 well-resolved peaks in the powder spectrum
of each alloy. Figure 1 depicts the dependence on the Th concentration of the hexagonal lattice
parameters andc, as well as the unit-cell volume. A linear increase in all three parameters
with increase in Th contentis evident. The solid linesinfigure 1 representiterated least-squares
(LSQ) fits to the respective data sets and illustrate the validity of Vegard’s law for this system.
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Figure 1. The dependence on the Th concentration of the hexagonal lattice paramatets,
and of the crystallographic unit-cell volume for U Th, PcbAl 3.

For electrical transport studies, bars measuring typically 1 x 10 mn? were cut
from the ingots using spark erosion. The four-probe configuration was used for electrical
measurements, and electrical contact to the specimens was established using spot welding. We
used current reversal in an effort to eliminate spurious thermoelectric effects in the circuitry.
For electrical measurements performed at the University of the Witwatersrand, a YEW-type
2854 dc source was used for the sample current, and the sample voltages were monitored with a
Hewlett-Packard 3478A%‘5digit multimeter. The magnetic field was obtained with an Oxford
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Instruments superconducting magnet system and the field axis was positioned perpendicular
to the current direction. Temperatures dowrTte: 1.4 K could be reached using an Oxford
Instruments variable-temperature insert (VTI), and for measuring MR isotherms, we achieved
a temperature stability df 4+ 10 mK for the duration of such an isotherm. The VTI was used
together with an ITE3temperature controller. The sample temperatures were measured using
calibrated carbon-glass and germanium resistive sensors and, in an applied field, a capacitive
sensor. Sample temperatures downto 25 mK and in magnetic fields up to 14 T could be achieved
for electrical transport measurements at the W Trzebiatowski Institute of Low Temperature and
Structure Research of the Polish Academy of Sciences. For the magnetic susceptibility and
magnetization measurements, also performed at the W Trzebiatowski Institute, samples were
in the form of small, solid pieces of polycrystalline specimens. A Quantum Design SQUID
magnetometer with a maximum field ® T and temperatures down to 1.7 K were used for
these measurements.

3. Experimental results and discussion

3.1. Magnetization and susceptibility in the U-rich region

Measurements of the magnetization as a function of temperature and applied field were
performed for the different U , Th,Pd,Al 3 alloys. An example of such a set of measurements
for Ug.g5Thg osPdbAl 3 is given in figure 2. For the U-rich compositions, th& B) curves are
linear up to the maximum measuring fiellT used in our magnetization experiments.

Values of the susceptibility (T) measured in a fieldfdd T are indicated in figure 3
for samples of different compositions. It is assumed that antiferromagnetic ordering sets in
at temperatures determined by the inflection poiri(d)/dT? = 0) on they (T) curves
as indicated by arrows in figure 3. The &leéemperaturedy thus determined are well
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Figure 2. Magnetization isotherms for d45ThoosPbAlz at various temperatures. The
magnetization measurements were performed during increasing and decreasing field sweeps and
no hysteresis was evident from the results.
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Figure 3. The temperature dependence of the magnetic susceptibility;forTh, PdbAl 3 alloys
with x < 0.2 measured in a field of 5 T. A LSQ fit against a Curie—Weiss relation is indicated for
thex = 0.02 composition.

below the broad maxima observed ii7) at temperature$,a. These maxima have been
ascribed either to short-range spin correlations [1] or to the crystal-field effect [7]. The
concentration dependences Bf and Tmax Will be discussed later, in section 3.2. Inverse
magnetic susceptibility ~1(7) data for a representative sample are also shown in figure 3.
The x ~1(T) data are LSQ fitted for temperaturés> 70 K to a Curie-Weiss relation

3ks(T — 6p)

-1
x (1) =
NAM(Z.;.ff

1)
wherekg is Boltzmann’s constant ané, is Avogadro’s number. The dependences on the Th
concentration of the paramagnetic Curie temperaiuiaad the effective paramagnetic moment
et (permol U) are displayed in figure 4. The dependencésafidues Onx are not explicitly
given by Mapleet al except for stating [10] thates = 3.24 £ 0.06 wg/mol U throughout
the whole series and thap fluctuates betweern-50 and —23 K. Our 6p-values change
monotonically fromdp = —50 K for UPQAl3 to 6p = —28 K for thex = 0.93 compound.
Concentration-independent values.qf are observed over most of the composition range,
except for a small decreasejini for the compositions withk = 0.8 and 093.
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Figure 4. The dependence of (a) the paramagnetic Curie temperatigrend (b) the effective
paramagnetic momentes on Th concentration for the U;_, Th,PdbAl3 alloys. The solid lines
are guides to the eye.

3.2. Resistivity in the U-rich region

The p(T) curves for UPdAl3 and for U_, Th,PdbAl3 (0.05 < x < 0.2) are depicted in
figure 5. The qualitative behaviour for our UfAd3 sample is similar to results that appear

in the literature for polycrystalline [1, 25], single-crystal [26,27], and thin-film [28] L/Xd.

The values ofo(T) observed by us are comparable to, albeit somewhat smaller than, those
reported by most other groups. Figure 5 illustrates the remarkable sensitivit§Toffor

small Th doping. This is an entirely new result that emerges from our studies [21] and which
cannot be readily compared with those reported in previous work [10-14]. The latter report
only relative results fop (T), with data for different compositions normalized to the respective
room temperature values. The reason for the dramatic increag@ jrwith even a small Th
doping ofx = 0.05 is not clear at present.

The resistivity of UPgAl 3 is depicted for the antiferromagnetic region in figure 6. In the
inset to figure 6 it is shown that a relatively large drop jp/dT takes place near 15 K. A
similar drop in ¢/dT was observed by Satet al [29] and they furthermore showed that it
occurs at the temperature where the AF order parameter disappears as observed with neutron
diffraction. Therefore the mid-point of this anomaly ip AT is taken as indicative dfy. It
is noted thatfy indicated in this way occurs at a slightly lower temperature than that where
the p(T) curve appears to show a kink. Finally, after some precursor behaviour, our sample
becomes superconducting®&jc = 1.5 K.

The p(T) results in the AF region have been fitted to the following equation:

p(T) =po+pph(T)+bT(1+2KT) exp(— %) AT2, @)

The first term in (2) indicates the defect and impurity scattering. The phonon contribution
opn(T) has been approximated by using the temperature-dependent part of our measured
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Figure 5. The temperature dependences of the electrical resistivity for uranium-concentrated
compounds in the U, Th,PdbAl3 system (0 x < 0.2), as well as for ThPgAI 3.

resistivity for the non-magnetic homologue ThR&; (see figure 5):

, 4T [ T\* (®/T 72 dz
)~ D) = ilnean, = () || e =pazes @

The LSQ parameters obtained by fitting thei@gisen expression in (3) to the experimental
data for ThPgAl; arefdg = 225+ 2 K, k = (16880+ 20) x 108 @mK andp) =
(14.48 + 0.05) x 1078 @ m. These values dfr andx have been used to calculaign(T)

in (2). The third term in (2) is of spin-wave origin with representing an energy gap in

the antiferromagnetic spin-wave spectrum [30] and the last term gives a phenomenological
Fermi-liquid quasiparticle excitation dependence. It should be noted that (2) was earlier
used by other authors, but with the omissionogf(7'), to fit the resistivity of UPgAl; and

this resulted in values oA = 39 K [27] andA = 40 K [25]. Likewise omittingopn(T)

in our fit yields a valueA = 36 K which is in fair agreement with the previous studies.
However, includingopn(T) in (2), as is made possible by our measurementp (@) for
ThP®AI3, givesA = 12+ 4 K. The remaining parameters aig@= (35.74+0.5) x 108 Q m,

b = (1.06+0.06) x 108 QmK-tandA = (0.11+ 0.05 x 108 @ m K2, An earlier
inelastic neutron scattering experiment by Peteeteh[31] gave no evidence for a gap in the
magnon spectrum to within an instrumental resolution of 4 K. Recent neutron scattering studies
confirm the existence of a strongly damped spin wave [32] as earlier observed by Petatsen
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Figure 6. The temperature dependence of the electrical resistivity obRdt low temperatures.
The solid line illustrates a LSQ fit of (2) to the data in the antiferromagnetic region. The inset
indicates howly was determined from a plot ofod7")/dT versusT .

and furthermore indicate a spin-excitation gafiy associated with the superconducting phase
which increases continuously fromEg = 0 to 4 K with decreasing temperature frdfgc

downto 04 K[33]. Inview ofthe considerably smaller gap found in our analysis as comparedto
previous results and the complicated neutron inelastic response observed, it seems worthwhile
continuing such neutron studies, searchimgr alia for a gap in the spin-wave response in

the antiferromagnetic region abo¥ec.

Values forTy in the different Y_, Th,PdbAl3 alloys withx < 0.1 were determined in
accordance with the criteria given by Satbal [29]. The values thus obtained f@k as a
function of Th content are compared in figure 7(a) witfrvalues deduced from oyy(T)
data. Fair agreement is observed between the two sets of data. Our results also confirm the
report by Mapleet al of a very gradual decrease 1y with initial Th doping and the rapid
disappearance of anomaliesdiT’) and x (T') for compounds withx > 0.2. Values 0fTyax
deduced fromy (T') for alloys withx < 0.1 are depicted in figure 7(b) and are observed to
decrease more rapidly withthan is the case fdfy(x). It would be of interest to determine
how the magnetic order vanishes with increasingsing neutron diffraction measurements.

3.3. Resistivity and magnetoresistance in the non-Fermi-liquid region

Figure 8 illustrates the temperature dependencep @) below room temperature for
compositions with @ < x < 1. The measureg(7T) data have been normalized by
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data takenn 5 T and the triangles tp(7') data takenin 2 T.

plotting o (T)/p(T = 295 K) in order to negate differences in the disorder and static defect
contributions. No cooperative effects, such as magnetic ordering which is innatertectBe?
compositions, can be detecteddnT’) for the concentration range depicted in figure 8. For
alloys withx = 0.8 and 093, a minimum inp(T') is evident below room temperature due to
the superposition of electron—phonon scattering which increases with temperature, and Kondo-
type electron spin-flip scattering processes which decrease as they are driven off-resonance
towards higher temperatures. InpAThgsPdhAlz and W 3Thy7PdbAls, o(T) is dominated
over a wide range of temperatures by a single-ion Kondo mechanigffi) measurements
for these two alloys have been extended to 600 K (not shown). Although the temperature
coefficient of resistivity (TCR) becomes positive above room temperature for these alloys,
there is still a change in the TCR at the highest measured temperatures, indicating that electron
scattering by the U ions is still present at 600 K. In the inset to figure 8 the measgred 4 K)
are plotted as a function of Th concentration for thex 0.2 alloys. A large enhancement
occurs neax = 0.5 in accordance with the Nordheim rule [34].

The temperature dependences of the resistivity in zero field, and in magnetic fields up
to 14 T applied perpendicular to the current direction in the sample, are shown in figure 9
for three U_,Th,PdAl3 alloys, namely forx = 0.4, 0.6 and 0.7. The data in figure 9
include measurements for decreasing and for increasing temperatures. No thermal hysteresis
or remanence due to the magnetic field could be detected. For a magnetic impurity system, the
single-ion Kondo theory predicts that conduction electron scattering increases with lowering
temperature, but saturation behaviour is expected towargs 0 with formation of the singlet
ground state of the magnetic ions. As shown in figure 9, such saturation behaviour in the zero-
field measurements @f(T') is observed for the = 0.4 alloy and to a lesser extent the= 0.7
alloy. However, in the case of the= 0.6 alloy, the zero-field resistivity is not observed to
level off in measurements down o= 1.5 K. Very little curvature is observed below 20 K in
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Figure 8. The temperature variation of the normalized electrical resistwi®)/o (T = 295 K)
for uranium-dilute Y_,Th,PdAl3 compounds. The inset plots the dependence on the Th
concentration op (T = 4 K).

this case, and a power-law fit of
p(T) = p(T =0)+AT" 4)

with n = 0.96+ 0.01 andA < 0 accurately describes the data between 2 and 15 K. A large
negative MR is evident for all of the alloys depicted in figure 9 resulting for the highest applied
fields in the observation of a positive TCR at low temperatures. Two effects may contribute to
adecrease ip forincreasing fields at a given temperature: (a) the magnetic field could have an
increasing alignment effect on the 5f moments, resulting in a decrease of the spin-disorder part
of the total resistivity and hence elastic scattering, and (b) a freezing out of spin-flip scattering
which decreases the inelastic scattering. It seems as if the latter mechanism is dominant in the
present case since the large negative MR occurs only at low temperdtue30 K.

In figure 10 a double-log plot is used to indicate the temperature regime over which a
power-law fit according to (4) of the data is adhered to forithe 0.6 sample inB = 0 and
forthex = 0.4, 0.5, 0.6 and 07 samples irB = 14 T. A plot of £{o(T, B) — p(0, B)} versus
T" is given withn obtained by a LSQ fit of each set of data. Thesign refers to thes = 0
data (negative TCR) and the + sign to the various sets of datB fer14 T (positive TCR).

We note that ar=15% drop in the zero-field (T") was observed for the = 0.6 sample below
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Figure 9. The effect of various magnetic field strengths (perpendicular to the direction of the
current) on the temperature dependence of the electrical resisgigity for three alloys in the

system Y_,Th,PdbAl;. Data points represented with open symbols were measured at the
University of the Witwatersrand and those with filled symbols at the W Trzebiatowski Institute.

This convention will also be followed in figures 10, 11 and 14 where resistivity data measured in
both laboratories are depicted.

500 mK (not shown in figure 10). This drop p(T) is ascribed to the superconductivity of

a small amount of a spurious phase in the sample. The small circle symbols superimposed
onto the zero-field data in figure 10 represent data measured in afiig¢l@ avhich proved

to sufficiently erase the small anomaly #iB = 0) found in this alloy. We have observed

a similar effect (but at a higher temperature of 4 K) ipR&,Sn and have shown that it was
caused by a small amount of Sn that precipitated on the grain boundaries of the material [35].
Values ofp (0, B), A andn obtained from the LSQ fits are given in table 1 together with the
range of validity of the power-law description (4). It is observed that the data for t16.6

alloy in B = 0 deviate from the indicate@®°¢-dependence below 2 K. Similar and larger
deviations occurred for thB = 0 results for the other alloys and this will be discussed below
(figure 14). The results for the various alloys in an applied fiel@ ¢ 14 T indicate a clear
tendency of recovery of FL behaviour. However, it is noted from the observed valugs of

especially for ther = 0.6 alloy, that the 14 T field is still not large enough to completely
establish the FL state.
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electrical resistivity as a function @f" for various NFL U_, Th,PdAl3 alloys. The solid lines

are LSQ fits to the respective data sets (see table 1 for the fit parameters and ranges) and the dashed
lines are guides to the eye. Thesign refers to results faB = 0 T and the + sign for data taken
inB=14T.

Table 1. The LSQ fit parameters for the compounds_ UTh,P&Al3, x = 0.4, 0.5, 0.6 and 0.7,
describing the electrical resistivity (see figure 10) according to (4) for zero applied field and for

14 T.
Th concentration Field (0, B) A Range of fit
x ©) (108 QmK) 108 QmK™) n (K)
0.6 0 4097+ 0.7 —2.00+0.05 096+ 0.01 2<T <20
0.6 14 3265+ 0.7 105+ 0.05 140+ 0.05 078< T <10
0.4 14 3268+ 0.1 0.18+ 0.02 190+ 0.05 076 < T <£6.0
0.5 14 5730+ 0.4 0.58+ 0.02 182+ 0.08 10<T7T<39
0.7 14 1542+ 0.3 0.095+ 0.009 185+ 0.05 076 < T <38

The deviations from a power-law fit of the various curvesBin= 14 T in figure 10 at
the lowest temperatures are of the order of the experimental measuring and extrapolation
uncertainties. At higher temperatures20 K) the curves deviate because a peak in the
resistivity develops. This is illustrated for the krhgsPdbAl 3 alloy in figure 11 where the
maxima inp (T, B) for B = 7.7,10.9 and 14 T are indicated by arrows. This illustrates how
the application of the magnetic field induces Kondo-lattice behaviour in our system. The shift
of the maximum inp (T, B) to higher temperatures for larger applied fields is in agreement
with theoretical expectations [36] and previous experimental studies [37].

Isothermal MR measurements taken in fields a@BtT havebeen performed for the
samples with @1 < x < 1 and as an example the results fog4ThosPdAl3 are given
in figure 12. For the analyses of our MR data described below, we approximate the U
contribution [p(T, B)/p(T, 0)]s to the total measured MR for each isotherm by subtracting
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Figure 11. The effect of various magnetic field strengths (perpendicular to the direction of the
current) on the temperature dependence of the electrical resigtifityfor Up 4Thp sPhAl3. The
arrows indicate the positions of observed maxima(i, B).

the MR measured for ThBAIl 3 at the corresponding temperature. From the perspective of
the single-ion Kondo interpretation for certain properties of the,Wh,Pd,Al; system, the

MR data were fitted to the calculations of MR obtained for the Betheatzsolution of the
Cogblin—Schrieffer Hamiltonian in the integer-valence limit [22,23]. The resistivity in a field
is given by

p(B) = p(B = 0) co %M.(B). (5)

Both the magnetization and the MR can be expressed in terms of the occupation numbers
of the f levels. Forj = % in the integer-valence limit it follows that

p(B=0 1 . TNt 2 o
RIS sir? [2]_ . J ;sm (Tny) (6)

with

2j
an =n; =1
=0

The magnetic field dependence of the resistivity was found by calculating the impurity
magnetizatiod, over the various field ranges given by Andeeal [38]. Justification for using
j= % for the ground state of URA 3 is based on specific heat [11], neutron scattering [2] and
Hall-effect [39] results. We assume that= % will also be appropriate for the Th-substituted
derivatives of UPgAl 5.

The results of LSQ fits to (6) are given as solid lines in figure 12. Relatively good fits of the
experimental data points are evident at higher temperature, but the fits become progressively
worse for the lowest temperatures. Our treatment of the MR data assumes that the total effect of
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Figure 12. The isothermal magnetic field dependences of the 5f-derived normalized elec-
trical resistivity {p(T, B)/p(T,0)}s5¢ for UgaThosPhAlz at various temperatures. The
magnetoresistance contribution of the non-magnetic JARdhomologue has been subtracted
from all of the isotherms. Measurements were performed with increasing fields and followed by
decreasing field scans. The solid lines illustrate LSQ fits of (6) to the data yielding, for each
isotherm, a characteristic fielgf* (7') which is plotted (symbols corresponding to isotherms in the
main graph) and LSQ fitted (solid line) in the inset according to (7). The fit parameters for the
various alloys are given in table 2.

Table 2. Values of the Th-concentration-dependent parameferand ux as obtained from
magnetoresistance (MR) measurements, and the power-lawsiratek LSQ fitting range pertain-
ing to zero-fieldAp(T, 0) data (see figure 14) fitted to (8) for samples in the NFL region of
Uy, Th,PdbAl3.

MR Ap(T, 0)
Th concentration Tk LK Fitting range
x (K) (u8) n (K)
0.4 41+1 074+001 095+001 12<T <62
0.5 4241 0764001 097+0.01 9< T <25
0.6 37+1 0664+0.02 097+0.01 3<T <20
0.7 35+1 069+0.01 099+0.01 1214<T <35

the field on the resistivity originates in the single-ion Kondo mechanism, and negates possible
cooperative effects such as interuranium interactions which evidently become more important
at low temperatures. In spite of this caveat, it is observed below that the LSQ fits of the

lowest-temperature isotherms also give results that conform to the single-ion expectations.
Consequently, we also include these fits in figure 12. From the LSQ fit results, one can derive
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values of the characteristic fieRf* (7). According to Batlogget al [40]

B (1) =+ 2L * g @
8 MK g

with g the Lanc factor anduk the effective moment of the Kondo ion. The result of a LSQ

fit of (7) to the B*(T') data (see the inset to figure 12) leads to valueB@k) and ug (x) as
givenin table 2. These values, together with(0) for each alloy, are plotted in figure 13. Our
MR-derived values ofik (x) are 60% larger than the values obtained fr6tT) and x (T)

by Mapleet al [11]. This presents satisfactory agreement for the paranigtérat is known

to depend somewhat on the experimental probe used for its determination. In both studies an
enhancement is observed in the valuelpftowards the uranium-dilute limit. Furthermore,

we find 1k to be approximately constant for the NFL alloys.
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Figure 13. The dependence on the thorium concentration of parameters obtained using the Bethe-
ansatzdescription of the magnetoresistance: (a) the single-ion Kondo tempefiatui®) the
Kondo-ion magnetic momenix and (c) the characteristic fielg* (0).

The 5f contribution to the measured resistivity for NFL_UTh, PdAl 3 alloys, Ap(T),
has been described [12] in terms of a scaling relation

Ap(T) . (T
ap@ © “(m) ' ®)

In (8), Ap(T) is calculated for each composition by subtracting the resistivity of JARd
pth(T), from the measure@d (7). p(T) data for the non-magnetic homologue ThRi3
(figure 5) were LSQ fitted against theiBreisen expression (3) and the valuegoéndx thus
obtained were used to subtragh(7) from the measured(T) for the various alloys in order

to obtain the 5f contribution to their resistivities. Plots of o (T)/Ap(0) versusT / Tk are

given in figure 14 for alloys witlx = 0.4, 0.5, 0.6 and 0.7. The values Bf that were used

for each compound were obtained from calculations of the field dependence of the resistivity.
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Figure 14. The Tk -scaled temperature dependence of the reduced resistivity (see the text) in a
double-loggplot. The open symbols represent data measured atthe University of the Witwatersrand
and extend down to 1.4 K. Lower-temperature data were measured in Wroctaw. The solid line
superimposed onto the = 0.6 data is a LSQ fit according to (8). The power-law indigesnd

fitting ranges for the various alloys are given in table 2.

On the other hand, in the analysis by Mapteal [12] the value of the prefactar in (8) was
adjusted in order to make theirderived values ofk agree with those obtained from their
specific heat measurements.

The representation in figure 14 expresses the evolution in the behavipy7 pbelow
Tk . The data at higher temperatures can be fitted for all alloys to the scaling relation (8). For
instance, for ther = 0.6 alloy, a LSQ fit of (8) withTx = 37.0 K (shown as a solid line in
figure 14) to the data yields= 5.114+ 0.07 andz = 0.97+ 0.01 over the temperature range
3 < T < 20K. Itis noted that this value farobtained using a correction pertainingea (7')
is, within the error, of the magnitude of the value= 0.96+ 0.01 (see table 1, figure 10) that
was obtained by ignoring the non-f-electron contribution to the electrical resistivity which is
evidently small at low temperatures. Itis evident for this alloy, and also more pronouncedly for
the other alloys, that there is a departure from the NFL description at the lowest temperatures.
This has also been observed by Mapteal [11, 12]. The results in figure 14 suggest that
it may be possible, by tuning between 0.6 and 0.7, to extend the occurrence of a linear 5f
electrical resistivity to very low temperatures. Valuesipfogether with the fitting range of
temperatures used in analysing the results of figure 14 for several NFL alloys, are given in
table 2.

3.4. Magnetization and susceptibility in the non-Fermi-liquid region

Magnetization isotherms for a representative NFL sample-(0.7) are given in figure 15.

It is observed that thé/-versusB data at low temperatures display negative curvature. This
behaviour is in clear contrast with low-temperature magnetization isotherms measured for
antiferromagnetic W_, Th,PdAl 3 alloys which show lineaM-versusB curves up® 5 T as



Magnetic, Kondo and NFL behaviour of U Th,Pd,Als 9791

0-15 T T T | T T T | T T T
LoE T T S le-1 |
] —
r le-2 25 1
1 Now
— i 3 16-3 -‘G__; 6 i
| § 5&  Tk= |
= { le-4 o 1.7
= o10f = = g 0
é TP EFETPI RPN R B (PN AN 5.0 |
:'E_D 0.01 0.1 1 % v 75
= r Applied field [T] . A & 100
= A \V/
c B A O 14 1
g O
'g i A Z o e 20 |
@ 0.05 Jog .
c A 0O [ ]
)] U & m 35
O AV °
= o O
\v4 u A 50 |
8 2 i [ A
[ | A |
p1
U, sTh,Pd,AL, 1
00 | | | | | | | | |
0 2 4 6

Applied Field [T]

Figure 15. Magnetization measurements fog $I'hp 7PcbAl 3 at various sample temperatures. The
solid line is a fit of the power law (9) to tHe = 1.7 K data and gives an exponent 2.92+0.02.
The inset illustrates the low-field data in a doublestpglot.

illustrated in figure 2. Such non-linear magnetization curves seem to be a feature of not only the
Uy, Th,Pd,Al3 system [41,42], but also other NFL systems (e.g.,Y ,Pd; [11,41,45,46],
UCus_,Pd, [19,46-49], UBeg;3 [43], U1, Th,Bes3 [44] and CeCy_,Au, [50]). In the case

of U;_,Y,P& and UCy_,Pd, the curvature has been ascribed to an impurity contribution
which was subtracted from the raw data to yield the intrinsic susceptibility values [11, 45, 46].
In the following we rather consider the total measured susceptibility as intrinsic. Firstly, it is
noted that the magnetization curves in figure 15 cannot be explained in terms of the thermal
fluctuations of a free spin. It may readily be verified that a presentation dffthersusB/ T
low-temperature data from figure 15 does not yield a universal Brillouin function. One rather
deals with a strongly correlated system with moments suppressed by the Kondo interaction.
In the following we attempt to interpret the magnetization and susceptibility in terms of an
application of the multichannel Kondo model [17,18,51].

NFL behaviour is obtained for the overcompensated multichannel Kondo model with the
number of conduction electron channels- 2S,, wheres; is the impurity spin. The Bethe-
ansatzsolution for S, = % n > 28, yields a power-law relation for the field dependence of
the zero-temperature, low-field magnetization [17, 18]:

H/BB 2/
kg Tk '

Myzs = b( (©)
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The particular case of the two-channel Kondo moge! 2 and withS, = % has been argued
to be applicable to several rare-earth and actinide NFL systems. In this case a logarithmic
divergence is obtained for the field-dependent magnetization:

usB usB
M,_>g = In . 10
n=25, C(kB Te ) (kB e ) (10)

The data points shown in the main part of figure 15 have been fitted for each isotherm
against the power law (9). A value gf= 2.924 0.02 is obtained for the.¥3 K isotherm and
the corresponding fit is given as a solid line. For the 20 K isothermfh® curve is almost
linear and a value of = 2.03+ 0.01 is observed. We have also performed measurements
in the low-field regime down t& = 0.005 T and three of these isotherms are displayed as
a double-logg plot in the inset to figure 15. It is observed that upon decreaBitige slope
of a line that may be fitted say through th&3 K isotherm gradually changes until it reaches
a constant value for the field regiméd05 < B < 0.1 T. This constant slope yields a value
n = 2.01. The power-law description (9) is valid only for> 2 and therefore the observed
magnetization results suggest that the data should be fitted against (10) which describes the
n=28 = % case. Infigure 16 it is indicated that good fits of our data are obtained against
the two-channel Kondo expression for the magnetization f00®< B < 0.13 T and for
isotherms with 7 < 7 < 50 K. A value for the Kondo temperature Bf = 35 K found from
the MR analysis was used. It is noted that Magial [12] analysed their specific heat data
for this system using a theoretical description for the two—channel%ﬁﬂondo model.
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Figure 16. Magnetization isotherms plotted against the product functiemsB/ksTk)
x In(usB/kgTk) in order to test the two-channel Kondo expression in (10). The LSQ solid

lines indicate the range in magnetic field for which (10) provides a suitable description of the
experimental data points.

We also attempted to fit the results of figure 15 in terms of first- and third-order
susceptibility termsx;, x3) in the following expression [52]:

1
M=X13+§X333+---. (11)
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The resulting fit was unsatisfactory and hence a description in terms of the temperature
dependence of3 as given for the proposed quadrupolar Kondo state in the Th,Be;s
system [43, 44] cannot be given in our case.

Mapleet al [14] observed the following temperature dependence for the susceptibility in
the NFL region of the Y_, Th,PdAl3 system in the low-temperature limit:

x(T) T\"?
L7 1— — . 12
%0 g(TK> (12)

We also found that our alloys in the NFL region scale reasonably well to (12) using our MR-
derived values ofk for each alloy. In figure 17 we present our susceptibility B data for
U;_,Th,Pd,Al; (x = 0.7, 0.8) measured for different values of applied field varying from
B =5Tto0008T. Itis observed that in the limit of low fields the results indicate a power-law
behavioury (T) ~ T, for both alloys over more than a decade in temperature. Values of the
exponentsn = 0.655+ 0.005 forx = 0.7 andm = 0.580+ 0.005 forx = 0.8 are obtained.
In the low-temperature limit in sufficiently high fields the susceptibility becomes temperature
independent as is to be expected for the Fermi-liquid ground state which is obtained as the
channel degeneracy is lifted [18].

In a recent theoretical study, Castro Netal [20] proposed a model that is based upon
the proximity to a quantum critical point due to Kondo and RKKY competition. The presence
of magnetic anisotropy and alloy disorder leads to the formation of a Griffiths phase with giant
spins in magnetic clusters. Low-energy excitations result from the tunnelling of spins over
classically forbidden regions. Predictions for the temperature dependence of the specific heat,
magnetic susceptibility and other thermodynamic functions are given in terms of an exponent

% o x(T) o T*7L, (13)

Experimentally [41] it is found that th€ (T') data for UCy_,Pd,, UCwPt, U;_, Y Pd; and

U;_, Th,Pd,Al 3 agree with the prediction of (13) at low temperatures witbalues ranging

from 0.7 to 0.85. For YsTho4PdbAl3, the C(T) data giver = 0.84 while they (T) data

give A = 0.63 for the same alloy. In view of our observed power-law behaviouy @f)

for sufficiently small fields, we find, in terms of (13),= 0.345+ 0.005 forx = 0.7 and

A = 0.420+ 0.005 forx = 0.8. These are lower than the values obtained by de Andrade
et al [41], but we note the strong dependence of the low-temperature slope in figure 17 on
the field strength. De Andradet al [41] used applied fields between 0.5dah T in their
studies which has to lead to a smaller slope of }@@)/log T and thus to larger values of

A. Comparison of our different isofield curves depicted in figure 17 gives confidence that the
power-law behaviour observed for the smallest fieldof 0.008 T presents a reliable value

of m (and hence.) in the low-field limit.

A field-dependent susceptibility could also originate from a Kondo-disorder model
[19,47,53]. Inthis case there will be a finite number of uncompensated spins at low temperature
and these could impart a saturating behaviouvttB in higher magnetic fields which would
not be the case if the Kondo ions are homogeneously screened. On the basis of results from
conformal field theory [54] and the observed energy dependence of inelastic neutron scattering
data, Aronsoret al [55] were able to describe they(T) data for NFL UCy_,Pd, (x = 1,

1.5) using ay ~ T~ power law withm = % Our x (T) data for the NFL W_, Th,Pd,Al3
system forT — 0, B — 0 depicted in figure 17 indicate a more rapid temperature variation
than that found by Aronsoet al for UCus_, Pd..
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Figure 17. A comparison in a double-lag plot of the magnetic susceptibility(7) = M(B)/B

for (a) Up2ThogPbAlz and (b) W 3Thg 7PdbAl 3 using various measuring fields. The solid lines
superimposed onto the data at the lowest field values for both compounds are obtained by a power-
law fit to the 17 < T < 40 K data, with parameters as given in the text.

4. Conclusions

A study of the magnetic, Kondo and NFL behaviour of the [Th,PdAlz system, using
magnetization, resistivity and MR measurements, has been reported. The magnetic phase
diagram determined earlier by Mapét al is largely confirmed in our study. Zero-field
resistivity measurements indicate NFL behaviour at low temperature for compounds with
0.4 < x < 0.7 over more than one decade of temperature. However, at the lowest temperatures
a departure from the NFL behaviour takes place. Furthermore, application of large magnetic
fields (up to 14 T) recovers FL dynamics. Magnetoresistance measurements are described
in single-ion terms using the Bettamsatzsolution of the Cogblin—Schrieffer Hamiltonian.

This yields values of the Kondo temperatdieand a considerably reduced effective moment

uk of the Kondo ion. Non-linear magnetization-versus-field curves are observed for samples
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in the NFL region. We show that thedé¢(B) curves agree with the expectations from the
two-channel Kondo model for low fields. It is noted that the exponehat is observed in the
scaling-law expression for the resistivity takes on values sf 1 for U;_, Th,PdAl 3 alloys

in the NFL region. Such values are intermediate between the expectations [18, 56] at low
temperature for the conventional single-channel Kondo effeet ) and for the two-channel
spin—; Kondo effect f = %). Thus, whereas the magnetic response suggests the applicability
of a two-channel Kondo model, this model is not supported by the resistivity results. It would
be of interest to extend the magnetization and susceptibility studies to lower temperatures in
order to ascertain whether the scaling laws found in our work extend to such temperatures.
More detailed investigations using a variety of experimental probes and preferably single-
crystal specimens of the NFL compositions are furthermore required for a more complete
comparison with the various theoretical descriptions.
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