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Abstract. Certain chemically substituted Ce and U compounds have low-temperature physical
properties that exhibit non-Fermi-liquid (NFL) characteristics and apparently constitute a new
class of strongly correlated f-electron materials. The NFL behaviour takes the form of weak
power law or logarithmic divergences in the temperature dependence of the physical properties
that scale with a characteristic temperatureT0, which, in some systems, can be identified
with the Kondo temperatureTK . These systems have complex temperatureT –chemical
substituent compositionx phase diagrams, which contain regions displaying the Kondo effect,
NFL behaviour, spin glass freezing, magnetic order, quadrupolar order, and, sometimes, even
superconductivity. Possible origins of the NFL behaviour include a multichannel Kondo effect
and fluctuations of an order parameter in the vicinity of a second-order phase transition at
T = 0 K. Recent experiments on the systems Y1−xUxPd3 and U1−xMxPd2Al 3 (M = Th, Y)

are reviewed. In the Y1−xUxPd3 and U1−xThxPd2Al 3 systems, the low-temperature physical
properties in the NFL regime scale with the U concentration andTK , suggesting that single-ion
effects are responsible for the NFL behaviour.

1. Introduction

A new class of strongly correlated f-electron materials whose low-temperature physical
properties display non-Fermi-liquid (NFL) behaviour has attracted a great deal of attention
during recent years [1–4]. The f-electron materials of interest are Ce and U intermetallic
compounds which, with a few possible exceptions, have been alloyed with a nonmagnetic
element. (However, there is evidence for NFL behaviour in a few unsubstituted f-electron
compounds such as UBe13 [5, 6] and Ce7Ni3 [7].) The Ce and U ions carry magnetic dipole
or electric quadrupole moments that interact with the spins and charges of the conduction
electrons, giving rise to a Kondo effect, magnetic and/or quadrupolar ordering, and NFL
behaviour at low temperature. The nonmagnetic elements, which can be substituted on
either f-element or non-f-element sublattices, serve to access the NFL regime, presumably
through changes in average electron concentration, the introduction of chemical disorder,
etc. In these materials, the NFL behaviour takes the form of weak power law or logarithmic
divergences in the temperature dependence of the physical properties at low temperatures
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T � T0, whereT0 is a characteristic scaling temperature. This suggests the existence of
a quantum critical point atT = 0 K, possible origins of which include an unconventional
moment screening process, such as a multichannel Kondo effect [8], and fluctuations of an
order parameter in the vicinity of a second-order phase transition atT = 0 K [9].

The electrical resistivityρ, specific heatC, and magnetic susceptibilityχ of many of
the f-electron systems have the following NFL temperature dependences forT � T0 [1, 2]:
ρ ∼ 1 − a(T /T0), where |a| ≈ 1 and a < 0 or > 0, C(T )/T ∼ (−1/T0) ln(T /T0),
and χ(T ) ∼ 1 − (T /T0)

1/2 or χ(T ) ∼ − ln(T /T0). In several of the f-electron systems,
including the Y1−xUxPd3 and U1−xT hxPd2Al3 systems considered herein, the characteristic
temperatureT0 can be identified with the Kondo temperatureTK . The new NFL f-electron
materials can be contrasted with ‘conventional’ heavy-fermion f-electron compounds, such
as CeAl3 and UPt3, which behave as Fermi liquids [10], in spite of the strong electron–
electron interactions that renormalize the effective mass of the electron by a factor of
∼ 102–103! (Equivalently, the effective Fermi temperatureTF is low, ∼ 1–10 K!) Here,
the temperature and frequency dependences of the physical properties scale withTF . The
quantitiesρ, C, andχ have the following familiar forms forT � TF : ρ(T ) ∼ 1−a(T /TF )2,
where |a| ≈ 1 and a > 0 or < 0, C(T )/T ∼ γ0 (where γ0 can be as large as
∼ 1 J mol−1K2!), andχ(T ) ∼ χ0 such thatχ0/γ0 ∼ 1.

As we have previously noted [2], interest in NFL behaviour in strongly
correlated electron systems has been partially driven by interest in the unconventional
superconductivity found in two classes of materials, the layered cuprates and the heavy-
fermion f-electron materials [10]. In spite of the enormous disparity in the values of the
superconducting transition temperatureTc, which are as high as∼ 133 K for the cuprate
superconductors but.2 K for the heavy-fermion f-electron materials, the superconducting
states of these materials share some striking similarities—the superconducting state appears
to be anisotropic, with an energy gap that may vanish at points or along lines on the Fermi
surface, and the superconducting electron pairing may be mediated by antiferromagnetic
spin fluctuations. An understanding of the source of the NFL behaviour in these systems
could provide important information about the electronic structure and excitations of these
systems, as well as the origin of the unconventional superconductivity.

In this paper, we briefly review the current experimental situation for the archetypal
system Y1−xUxP d3 and the systems U1−xMxPd2Al3 (M = Th,Y). These systems exhibit
complexT –x phase diagrams in which various phenomena such as spin glass, magnetic
and/or quadrupolar order, superconductivity, the Kondo effect, and NFL behaviour are
found. In the NFL regime, in which we are primarily interested, the NFL characteristics
scale with x and TK , suggesting that the origin of the NFL behaviour is a single-ion
mechanism that is related to an unconventional Kondo effect.

2. The Y−xUxPd system

The archetypal f-electron system whose physical properties display NFL characteristics
at low temperatures is Y1−xUxPd3, the first f-electron system in which NFL behaviour
was observed [8] and the one that has been studied the most extensively. In the original
investigations on this system, that were carried out at UCSD [11], the electrical resistivity
ρ, specific heatC, and magnetizationM were measured as functions of temperatureT

and magnetic fieldH on polycrystalline Y1−xUxPd3 specimens with U concentrationsx
spanning the entire range 06 x 6 1. The low-temperature behaviour ofρ(T ), C(T ), and
χ(T ) in the range 06 x 6 0.55, where the system crystallizes in the cubic Cu3Au crystal
structure, was found to be generally consistent with the predictions of the quadrupolar
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Kondo model, given the level of understanding of the model at that time [12]. On the
other hand, Andraka and Tsvelik [13] performed similar measurements ofρ, C, and M

as functions ofT and H on a specimen of compositionx = 0.2 and arrived at a quite
different interpretation. From the scaling behaviour ofC(T , H) and χ(T , H) with H/T ,
they concluded that the NFL behaviour was due to fluctuations of an order parameter in
the vicinity of a second-order phase transition atT = 0 K. In the meantime, extensive
investigations on the Y1−xUxPd3 system have been carried out and have revealed that the
experimental situation is considerably more complex, as we briefly describe in the following.

3. The low-temperature phase diagram of the Y−xUxPd system

Shown in figure 1 is the most recent version of the low-temperatureT –x phase diagram
of the Y1−xUxPd3 system that was first reported in [1]. The Y1−xUxPd3 system is derived
from the parent compound UPd3 by substituting Y for U. UPd3, which crystallizes in the
hexagonal Ni3Ti structure, is itself quite interesting since it is one of the few metallic actinide
compounds whose properties are all consistent with localized f electrons. Sharp crystalline
electric field (CEF) levels are observed that are indicative of an f2 nonmagnetic ground state
and of tetravalent U ions [14]. The linear coefficient of the low-temperature specific heat
γ ∼ 1 mJ mol−1K−2 is typical of a normal metal [15]. Photoemission spectroscopy (PES)
and bremsstrahlung isochromat spectroscopy (BIS) measurements reveal a gap around the
Fermi levelEF with 5f peaks below and aboveEF [16]. According to a recent inelastic
neutron scattering study, UPd3 undergoes a quadrupolar transition at 6.5 K, followed by a
magnetic transition at 4.5 K [17].

Figure 1. Low-temperatureT –x phase diagram for the Y1−xUxPd3 system.

Of particular interest are the physical properties of Y1−xUxPd3 in the cubic Cu3Au
phase that extends fromx = 0 to x ≈ 0.55. MagnetizationM(T ) measurements
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on Y1−xUxPd3 samples, performed under field-cooling and zero-field-cooling conditions,
exhibit irreversible behaviour reminiscent of spin glass (SG) freezing below an irreversibility
temperatureTirr in the U concentration range 0.2 . x . 0.55. A plot of Tirr againstx
in figure 1 delineates two regions, one in the range 0.2 6 x 6 0.43 and the other in
the range 0.43 6 x 6 0.55, where the U magnetic moments undergo spin glass freezing
and antiferromagnetic (AFM) ordering, respectively. Long-range AFM ordering of the U
moments was first observed by neutron scattering experiments on a sample withx = 0.45
[18]. Spin glass freezing and antiferromagnetic ordering in the Y1−xUxPd3 system have
been established by means of a variety of measurements includingµSR [19], magnetic
relaxation [20, 21], ac magnetic susceptibility [20], nonlinear magnetic susceptibility [21],
electrical resistivity [20], and specific heat [20].

Our primary interest is in the part of theT –x phase diagram in the range 0< x . 0.2
where the physical properties of Y1−xUxPd3 display an unconventional Kondo effect with
NFL behaviour at low temperatures [11, 22]. As indicated in figure 1, the Kondo temperature
TK decreases rapidly with increasingx, which has been attributed to ‘Fermi level tuning’,
as described below.

4. The Kondo effect and Fermi level tuning of the Kondo temperature

Electrical resistivityρ(T ) measurements on the Y1−xUxPd3 system in the Cu3Au phase
(0 6 x 6 0.55) reveal the occurrence of a Kondo effect. Shown in figure 2(a) areρ–T data
for Y1−xUxPd3 specimens with various values ofx ranging from 0 to 0.5; the increase of
ρ with decreasingT indicates the occurrence of the Kondo effect. Plots of1ρ(T )/1ρ(0)

against logT for Y1−xUxPd3 samples withx = 0.02, 0.05, 0.1, and 0.2 are shown in
figure 2(b). Here, 1ρ(T ) is the contribution toρ(T ) associated with the scattering of
electrons by the U ions, obtained by subtracting fromρ(T ) a phonon contribution estimated
from ρ(T ) of YPd3. We identify the Kondo temperatureTK with the temperature at which
1ρ(T ) starts to deviate from a logT dependence which is consistent with the criterion
1ρ(TK)/1ρ(0) ≡ 0.8 which we use to defineTK . The values ofTK obtained from this
criterion are plotted againstx in the inset of figure 2(b).

Magnetic susceptibility measurements on the Y1−xUxPd3 system are also consistent with
the occurrence of a Kondo effect. Displayed in figure 3(a) are plots of(χ − χ0)

−1 against
T for Y1−xUxPd3 between∼2 K and 300 K, whereχ0 was determined by fitting theχ(T )

data to the sum of a constantχ0 and a Curie–Weiss law. Below∼100 K, the(χ − χ0)
−1

againstT data fall below the linear fits to the higher-T data and approach a finite value
asT → 0, indicative of a nonmagnetic ground state. The values of the effective moment
µeff and the Curie–Weiss temperatureθp extracted from the Curie–Weiss fits in figure 3(a)
are plotted againstx in figure 3(b). The effective momentµeff ≈ 3.1µB is smaller than
the free ion value of 3.58µB /U ion for tetravalent U, and the Curie–Weiss temperatureθp

is negative. A reduced value ofµeff and a negativeθp are both characteristic of systems
which exhibit a Kondo effect where−θp = cTK with c ≈ 3–4. The decrease of|θp| with
x is consistent with the decrease ofTK inferred from the1ρ(T )/1ρ(0) data shown in
figure 2(b).

The decrease of the Kondo temperatureTK with increasingx, indicated in figure 1,
has been attributed to ‘Fermi level tuning’, a phenomenon in which the U4+ 5f binding
energyε5f = EF − E5f , whereEF is the Fermi energy andE5f is the energy of the U4+

5f state, increases continuously by∼ 1 eV asx increases from zero to one [1, 22]. The
increase ofε5f with x was discovered in photoemission studies of Y1−xUxPd3 [23] and
can be understood in terms of the increase ofEF with x as tetravalent U is substituted for
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Figure 2. (a) Electrical resistivityρ against temperatureT of Y1−xUxPd3 for various values of
x in the range 06 x 6 0.5. (b) U contribution to the electrical resistivity,1ρ, of Y1−xUxPd3

(x = 0.02, 0.05, 0.1, 0.2), normalized to the extrapolated zero-temperature value1ρ(0), against
logT . Inset: Kondo temperatureTK , whereTK is defined as1ρ(TK)/1ρ(0) ≡ 0.8 (indicated
by the horizontal line in the figure).
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Figure 3. (a) Inverse of the U contribution to the magnetic susceptibility (χ − χ0)
−1 againstT

for Y1−xUxPd3 for various values ofx in the range 06 x 6 1. The lines are fits to a Curie–
Weiss law for 100 K6 T 6 300 K. (b) Magnitude of the Curie–Weiss temperature−θp and
effective magnetic momentµeff againstx for Y1−xUxPd3, determined from the Curie–Weiss
fits in (a).

trivalent Y . The nearly linear increase ofε5f with x should cause a rapid decrease inTK

since

TK ∼ TF exp[−1/N(EF )|J |] ∼ TF exp[−ε5f /〈V 2
kf 〉N(EF )] (1)
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whereTF is the Fermi temperature,N(EF ) is the density of states atEF , J ∼ −〈V 2
kf 〉/ε5f is

the exchange interaction parameter, andVkf is the hybridization matrix element. Assuming
thatε5f increases linearly withx (i.e. ε5f ∼ ε0 +ε1x) and that〈V 2

kf 〉 remains approximately
constant, it follows that

TK ∼ (TK)0 exp(−αx) (2)

where(TK)0 is the value ofTK for x → 0 andα = ε1/〈V 2
kf 〉N(EF ) [24].

5. Single-ion scaling of the low-temperature physical properties

Striking NFL characteristics are found inρ(T ), C(T ), and χ(T ) of Y1−xUxPd3 at low
temperaturesT � TK , which scale withTK . Here,TK has been inferred from the high-
temperature (T > TK ) behaviour ofρ(T ) andχ(T ) [1, 11, 22] and decreases rapidly with
increasingx, as noted above. Over relatively wide ranges ofx (∼ 0.05–0.2) andT (at
least two decades), the U 5f electron contributions to these properties,1ρ(T ), 1C(T ), and
1χ(T ), in the limit T � TK , can be described by the following expressions:

1ρ(T )/1ρ(0) = 1 − a(T /TK) (3)

1C(T )/T = (−bR/TK) ln[b′(T /TK)] (4)

1χ(T )/1χ(0) = 1 − c(T /TK)1/2. (5)

The constantsay, b, b′, andc which appear in (3)–(5) were determined fromρ(T ), C(T ),
and χ(T ) data for a Y1−xUxPd3 sample withx = 0.2, as follows. Equation (4) has the
same form as the two-channel spin-1

2 Kondo formula in whichb and b′ have the values
0.25 and 2.4, respectively [20]. Analysis of theC(T )/T data for a sample withx = 0.2
using (4) with these values ofb andb′ yieldedTK = 42 K. This value ofTK is close to the
value ofTK inferred from the electrical resistivity at higher temperatures according to the
criterion 1ρ(TK)/1ρ(0) ≡ 0.8 (TK is the temperature where1ρ(T ) starts to deviate from
a logT dependence). The valuesa = 0.23 andc = 0.36 in (3) and (5) were determined
from the1ρ(T ) and1χ(T ) data for the specimen withx = 0.2 by settingTK in (3) and
(5) equal to 42 K. However, we would like to emphasize that our use of the two-channel
spin-1

2 Kondo model values forb and b′ in (4) is only phenomenological and not meant
to imply that the model can account for all of the NFL characteristics of the Y1−xUxPd3

system. In summary, the constantsa = 0.23, b = 0.25, b′ = 2.4, andc = 0.36 in (3)–(5)
yield values ofTK from the low-temperature behaviour of1ρ(T ), 1C(T ), and 1χ(T )

that are consistent with the value ofTK from the high-temperature behaviour of1ρ(T ) for
x = 0.2. These values ofa, b, b′, andc are used in the following to extract values ofTK

from the low-temperature behaviour of1ρ(T ), 1C(T ), and1χ(T ) for all other valuesof
x.

Shown in figures 4(a)–(c) are1ρ(T ), 1C(T ), and 1χ(T ) data respectively for an
Y1−xUxPd3 specimen withx = 0.2. The1ρ(T ) data for this specimen can be fitted by the
relation

1ρ(T )/1ρ(0) = 1 − a(T /TK)n (6)

where 1ρ(0), n, and TK are adjustable fitting parameters. The best fit yields the value
n = 1.1± 0.1. The1C(T )/T data are described well by (4) in the range 0.3 K< T 6 10
K, but deviate from it below 0.3 K as shown in figure 4(b). Within the context of a two-
channel spin-12 Kondo model, this upturn in1C(T )/T could be due to a lifting of the
degeneracy of a U4+ doublet groundstate by an exchange field or the CEF due to changes
in local symmetry, which could remove the residual(R/2) ln 2 entropy. The1χ(T ) data
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Figure 4. The U contribution to the electrical resistivity,1ρ, specific heat,1C, and
magnetic susceptibility,1χ , of Y0.8U0.2Pd3, plotted as (a) log[1− 1ρ(T )/1ρ(0)] against
logT , (b)1C(T )/T against logT , and (c)1χ againstT 1/2.
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can be fitted between 0.6 and 40 K by (5), after theM(H, T ) data have been corrected by
removing a nonlinear contribution that scales withH/(T − θ) and was assumed to be due
to magnetic impurities [1].

Previous measurements ofρ(T ) for Y1−xUxPd3 over the range 0.02 6 x 6 0.2 down
to ∼1.2 K are consistent with (6) withn = 1.0 ± 0.1. Currently, we are in the process of
extending our measurements ofρ(T ), C(T ), andχ(T ) for the Y1−xUxPd3 system to lower
values ofx andT . The purpose of these experiments is to determine the range ofx andT

over which (3)–(5) provide an adequate description of the data.
Shown in figure 5(a)–(c) are1ρ(T ) data for Y1−xUxPd3 specimens withx = 0.2,

0.15, and 0.1, respectively. The1ρ(T ) data forx = 0.2 are the same as those shown in
figure 4(a), while theρ(T ) data forx = 0.1 and 0.15 are new measurements down to∼100
mK. The best overall fits of these data to (6) witha = 0.23 yield values ofTK = 142
K and n = 1.4 for x = 0.10 andTK = 95 K and n = 1.1 for x = 0.15. These data
indicate that the values ofTK extracted from the low-temperature1ρ(T ) data decrease
with increasingx and generally track theTK values determined from the high-temperature
1ρ(T ) data. This strongly suggests that the NFL behaviour at low temperature is associated
with the Kondo effect that is evident in the high-temperature1ρ(T ) and1χ(T ) data. The
value of n increases from∼ 1 for x = 0.20 and 0.15 to∼ 1.4 for x = 0.1, although
this exponent is very sensitive to the low-temperature measurements, which are subject to
greater uncertainty due to the small measuring currents that are required to reduce Joule
heating at the contacts between the electrical leads and the samples. Further experiments
are needed to determine how the exponentn varies at lower concentration and whether it
increases to two, indicating a crossover to a Fermi liquid for lowx. According to a recent
study of the transport, thermal, and magnetic properties of the Y1−xUxPd3 system by Aoki
et al [26], this system behaves as a Fermi liquid belowx ≈ 0.1. The present investigation
indicates that the crossover, if it exists at all, is belowx = 0.1.

Displayed in figures 6(a)–(c) are1ρ(T ), 1C(T ), and1χ(T ) data respectively for a
Y1−xUxPd3 specimen withx = 0.1. The1ρ(T ) data in figure 6(a) are the same as those
shown in figure 5(c). The1C(T )/T data can be described by (4), but deviate from the
logT behaviour below∼ 0.3 K in a manner similar to that for the1C(T )/T data for
the x = 0.2 sample in figure 4(b). Using the values forb and b′ from the two-channel
spin-1

2 Kondo model, the fit yields a valueTK = 224 K, again consistent with the general
decrease ofTK with increasingx reflected in the high-temperature1ρ(T ) and1χ(T ) data.
Similarly, 1χ(T ) shown in figure 5(c), after correcting for a small saturable contribution to
M(H, T ), is consistent with (5), although the1χ(T ) data show some tendency to saturate
below ∼ 5 K. Using the valuec = 0.36, determined from thex = 0.2 data as described
above, the fit yields a value ofTK = 208 K, again consistent with the Fermi level tuning
picture.

The T –x phase diagram for the Y1−xUxPd3 system is shown again in figure 7 with a
logarithmic temperature scale, with the values ofTK determined from the high-temperature
1ρ(T ) and 1χ(T ) data, which we denote asTK—ρHT and θp/3 (using the result
θp = −cTK , wherec ≈ 3–4), and the low-temperature values ofTK extracted from the
1ρ(T ), 1C(T ), and1χ(T ) data, which we denote asTK—ρLT , TK—C/T , andTK—χLT .
Given the uncertainties in estimating values ofTK , theTK–x data in figure 7 are consistent
with a scaling of the low-temperature NFL characteristics with the Kondo temperatureTK ,
inferred from high-temperature properties. The plot ofTK–x in figure 7 is also consistent
with a linear decrease of lnTK with increasingx, or, anexponentialdecrease ofTK with
increasingx, as expected from Fermi level tuning. Thus, on the basis of these experiments,
the NFL characteristics in the low-temperature physical properties of the system appear to
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Figure 5. The U contribution to the electrical resistivity,1ρ, of Y1−xUxPd3 ((a) x = 0.2; (b)
0.15; and (c) 0.1), plotted as log[1− 1ρ(T )/1ρ(0)] against logT .
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Figure 6. The U contribution to the electrical resistivity,1ρ, specific heat,1C, and magnetic
susceptibility,1χ , of Y0.9U0.1Pd3, plotted as (a) log[1− 1ρ(T )/1ρ(0)] against logT , (b)
1C(T )/T against logT , and (c)1χ againstT 1/2.
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Figure 7. The low-temperatureT –x phase diagram for the Y1−xUxPd3 system, plotted on
a logarithmic temperature scale. Kondo temperaturesTK estimated from the high-temperature
electrical resistivity and magnetic susceptibility(ρHT , −θp/3) and the low-temperature electrical
resistivity, specific heat , and magnetic susceptibility (ρLT , C/T , χLT ) (see the text) are indicated
in the figure.

scale with U concentrationx and TK , suggesting that the origin of the NFL behaviour in
this system is a single-ion mechanism, such as a multichannel Kondo effect.

6. The crystalline electric field ground state of U4+ in the Y−xUxPd system

A prerequisite for developing a microscopic model for the NFL behaviour in the low-
temperature physical properties of Y1−xUxPd3 is knowledge of the groundstate and low-
lying excited states of U4+ in the cubic CEF. The most powerful method of establishing
the energy level scheme of localized f states of rare earth or actinide ions in the CEF is
inelastic neutron scattering. In a cubic CEF, the ninefold-degenerateJ = 4 Hund rule
multiplet of U4+ is split into04 and05 triplets, a01 singlet, and a03 nonmagnetic doublet
that carries an electric quadrupole moment. If03 were the groundstate, then the NFL
characteristics in the physical properties at low temperature could be associated with a
quadrupolar Kondo effect [12], the electric analogue of the magnetic two-channel spin-1

2
Kondo effect. According to the quadrupolar Kondo model, the electrical resistivity1ρ(T )

should vary as1ρ(T )/1ρ(0) = 1 − a(T /TK)1/2 [27], a result that is clearly at variance
with the experimentally observed linearT dependence described by (3). On the other hand,
the quadrupolar Kondo model predicts that the specific heat1C(T ) [25] and the magnetic
susceptibility1χ(T ) [28] have the same forms as (4) and (5), respectively, both of which are
consistent with experiment [1, 2, 22]. In (5),1χ(0) is the van Vleck susceptibility between
the 03 groundstate and the first excited CEF state. The value of1χ(0) obtained by fitting
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(5) to 1χ(T ) for x = 0.2 is comparable to the calculated van Vleck susceptibility between
the 03 groundstate and the05 first excited CEF state at 7 meV inferred from inelastic
neutron scattering measurements on Y0.8U0.2Pd3 by Mook et al [29]. The conclusion that
the groundstate is the03 nonmagnetic doublet was based on the small quasielastic line width
1/2 . 0.1 meV which is significantly smaller than thekBTK ∼4 meV value expected for a
Kondo effect of magnetic origin. When the NFL behaviour of Y1−xUxPd3 was first reported
[11], the T 1/2 variation of 1ρ had not yet been established theoretically and arguments
were advanced that1ρ should have a linearT dependence. Thus, it appeared that the NFL
behaviour of Y1−xUxPd3 could be explained in terms of a quadrupolar Kondo effect.

Recently, Daiet al [18] performed polarized inelastic neutron scattering (INS) as well
as elastic neutron scattering measurements on samples withx = 0.2 and 0.45. The polarized
INS measurements indicated that the groundstate of U4+ in Y0.55U0.45Pd3, and, possibly, also
Y0.8U0.2Pd3, is the05 triplet with an excited state03 nonmagnetic doublet at 5 meV and a04

triplet at 39 meV. The quasielastic line width1/2 was estimated to be less than 1 meV, still
smaller than the valuekBTK ∼ 4 meV expected for a magnetic Kondo effect. A magnetic
05 triplet groundstate would exclude the possibility of a quadrupolar Kondo effect, unless
the 05 is split at low temperatures due, for example, to a local change in crystal symmetry
from cubic to tetragonal or hexagonal [30], or there is a crossover from a05 groundstate
at x = 0.45 to a03 groundstate atx = 0.2. It is interesting to note that a crossover or
transition in electronic structure nearx = 0.2 has been inferred by McCartenet al [31]
from thermoelectric power measurements on Y1−xUxPd3. Elastic scattering measurements
on the sample withx = 0.45 revealed the occurrence of long-range AFM order with a Néel
temperatureTN = 21 K and an ordered momentµ = 0.7µB/U. The AFM structure is
the same as that of the compound UPd4, which also has the cubic Cu3Au crystal structure,
and involves a doubling of the chemical unit cell in two directions. The magnetization
M(T ) was found to be reversible and to vary as [M(T )/M(0)]2 = (1− T/TN)0.7. Neutron
scattering measurements on the sample withx = 0.2 did not indicate any magnetic order
above 0.2 K. However, critical fluctuations associated with AFM ordering with the same
wave vector as thex = 0.45 sample were observed on cooling from 77 to 0.2 K.

A metallurgical study of selected Y1−xUxPd3 samples in the range 06 x 6 0.2 by
means of electron probe microanalysis by Süllow et al [32] revealed local variations of the
composition parameterx of up to 30% of the nominal concentration on a scale of 10µm
for arc-melted and unannealed samples, such as those used in the present investigation.
We have also observed U concentration fluctuations, although they appear to be smaller
than those reported in [32], and changes in microstructure asx is varied in the Y1−xUxPd3

system in our ongoing investigation which will be reported on at a later date.
Thus, the situation in the Y1−xUxPd3 system seems to be considerably more complex

than originally envisaged, and no single model appears to be able to account for all of
its varied and unusual properties. While an unconventional Kondo effect would seem to
provide a natural explanation for the scaling of the NFL characteristics withTK , we cannot
rule out the possibility that the NFL behaviour is associated with the spin glass phase that
forms in the interval 0.2 . x . 0.43. However, the persistence of the NFL behaviour
over a relatively large range ofx values. 0.2 would seem to be difficult to accommodate
in a spin glass scenario. Although the mechanisms responsible for the NFL behaviour
in the Y1−xUxPd3 system have not yet been definitively established, the extraordinary
properties of this system stimulated the search for other f-electron systems that exhibit
NFL behaviour at low temperatures and the investigation of their physical properties, as
well as the development of various theoretical models.
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7. Recent experiments on the U−xMxPdAl (M = Th, Y) system

Another interesting example of NFL behaviour in a strongly correlated f-electron system is
found in U1−xThxPd2Al 3 in the concentration range 0.4 . x < 1 where an unconventional
Kondo effect is observed [1]. The parent compound UPd2Al 3 is a heavy-fermion AFM
superconductor withTN = 14.6 K andTc ≈ 2 K that crystallizes in the hexagonal PrNi2Al 3

structure [33]. The ordered moment of UPd2Al 3 is relatively large (0.85µB), and the AFM
structure of UPd2Al 3 consists of alternating ferromagnetic sheets, with the moments lying
in the hexagonal basal plane [34]. The temperature dependence of the upper critical field
is consistent with singlet superconductivity, and the AFM transition appears to involve the
opening of a 30 meV gap over part of the Fermi surface [35], similar to that observed in
URu2Si2 [36].

Figure 8. The low temperatureT –x phase diagram for the U1−xT hxPd2Al3 system. The line
on the right-hand side of the figure represents the estimated value of the Kondo temperatureTK

inferred from theρ(T ), C(T ), andχ(T ) data. (After [1].)

The low-temperatureT –x phase diagram of U1−xThxPd2Al 3, based upon measurements
of ρ(T ), C(T ), and χ(T ), is shown in figure 8 [1]. As the Th concentrationx is
increased,TN and Tc decrease only slightly, but the features associated with AFM and
superconductivity are rapidly suppressed and eventually become undetectable. The line on
the right-hand side of the figure represents the estimated value of the Kondo temperature
TK , inferred fromρ(T ), C(T ), andχ(T ).

Electrical resistivityρ(T ) measurements on the U1−xThxPd2Al 3 system reveal Kondo-
like behaviour in which the contribution due to scattering from the U ions increases with
decreasing temperature. However, the Kondo-like behaviour in the range 0.4 . x . 1
appears to be unconventional in the sense that the U contribution toρ(T ) is linear between
a few kelvins and about 20 K, similar to that of the M1−xUxPd3 (M = Sc, Y) system
[1, 2, 18]. At temperatures below a few kelvins,ρ(T ) levels off, indicating a crossover
from NFL to Fermi-liquid (FL) behaviour as the temperature decreases. Within the context
of a multichannel Kondo model, this would suggest that the degeneracy of the conduction
electron channels or the localized electron spin or charge degrees of freedom has been lifted
by some residual interaction, producing an evolution towards single-channel behaviour. In
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the range 4 K6 T 6 20 K, the U contribution to the resistivity can be described by the
relation1ρ(T )/1ρ(0) = 1 − a(T /TK)n with n ≈ 1 anda = 0.1 for TK values consistent
with those inferred from the specific heat for various values ofx between 0.6 and 0.95. This
is illustrated in the log[1−1ρ(T )/1ρ(0)] against log(T /TK ) plot of figure 9(a), where the
values ofTK for a = 0.1 are listed.

Displayed in figure 10 are plots ofC/T (J(mol U)−1 K−2) against logT for the
U1−xThxPd2Al 3 system withx = 0.4, 0.6, and 0.8 down to∼ 100 mK. Analysis of the
specific heat data in terms of the two-channel spin-1

2 Kondo formula yields values ofTK

of ∼ 20 K. In contrast to the Y1−xUxPd3 system, there is no deviation ofC/T above the
logT behaviour below∼0.3 K.

For values ofx & 0.2, χ(T ) follows a Curie–Weiss law between∼ 50 and 300 K;
the effective magnetic momentµeff and Curie–Weiss temperatureθp vary somewhat with
x and have valuesµeff ≈ 2.4µB and θp ≈ −40 K in the NFL regimex & 0.4. Since,
for Kondo systems,|θp| ≈ 3 − 4TK , this suggests a valueTK ≈ 10 K, in reasonable
agreement with values ofTK obtained from the scaling of the electrical resistivity and
specific heat. At the lowest temperatures, theχ(T ) data are consistent with the relation
χ(T )/χ(0) = 1 − c(T /TK)1/2, with values ofTK for c = 1.15 that are in reasonable
agreement with those obtained fromρ(T ) and C(T ). A plot of χ(T )/χ(0) against
(T /TK)1/2 for several samples in the range 0.6 6 x 6 0.95 appears in figure 9(b).

Recently, optical investigations of the U1−xThxPd2Al 3 (0 6 x < 0.9) system were
carried out over a broad frequencyω range from 15 to 105 cm−1 by Degiorgi et al [37].
The frequency dependence of the scattering relaxation rate0(ω) at low temperatures was
observed to evolve from a FL-likeω2 behaviour forx . 0.2 to a NFL-like ω-linear
dependence for 0.4 . x . 0.9.

Shown in figure 11 are normalized U contribution to the resistivity,1ρ(T )/1ρ(293 K),
againstT data we recently obtained for the U1−xYxPd2Al 3 system withx = 0.1, 0.2, 0.6,
and 0.8. The1ρ(T )/1ρ (293 K) againstT curves for the samples withx = 0.6 and
0.8 in the NFL regime exhibit pronounced maxima and then decrease linearly withT , as
shown in the inset of figure 11. This behaviour is in sharp contrast to that observed for the
U1−xThxPd2Al 3 system and appears to be another case where the resistivity is linear inT at
low temperature, but witha < 0. Further research on the U1−xYxPd2Al 3 system is currently
in progress, and will yield an interesting comparison to the Th-substituted UPd2Al 3 system.

8. Concluding remarks

The Y1−xUxPd3 system exhibits a rich variety of phenomena in the cubic Cu3Au phase
(0 < x . 0.55) which includes an unconventional Kondo effect, Fermi level tuning
of the Kondo temperature, CEF effects, NFL behaviour of the physical properties at
low temperatures for 0< x . 0.2, and spin glass and long-range AFM order in the
range 0.2 . x . 0.55. The electrical resistivity1ρ(T ), specific heat1C(T ), and
magnetic susceptibility1χ(T ) scale with TK , suggesting that they are associated with
an unconventional Kondo effect. However, neither a magnetic nor an electric (quadrupolar)
two-channel spin-12 Kondo effect can account for all of the observed NFL characteristics, at
least at the present level of understanding of these models. Chemical disorder may also play
an important role. An interesting example in which NFL behaviour is induced by substituting
a nonmagnetic element (Th or Y) into a heavy-fermion AFM superconductor (UPd2Al 3) is
provided by the U1−xMxPd2Al 3 (M = Th, Y) system. In this system,1ρ(T ), 1C(T ),
and1χ(T ) also scale withTK , suggesting that they are associated with an unconventional
Kondo effect. It is interesting to note that single-ion scaling of the specific heat and
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Figure 9. The U contribution to (a) the electrical resistivity,1ρ(T ), plotted as log[1−
1ρ(T )/1ρ(0)] against logT , and (b) the magnetic susceptibility,1χ(T ), plotted as
1χ(T )/1χ(0) against(T /TK)1/2, for various U1−xThxPd2Al 3 alloys.
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Figure 10. The low-temperature specific heat per mole U divided by temperature,C/T , against
logT for U1−xThxPd2Al 3 alloys with x = 0.4, 0.6, and 0.8 to temperatures as low as∼ 100
mK. (After [24].)

magnetic susceptibility, both of which exhibit− ln T behaviour, has been observed in dilute
Th1−xUxRu2Si2 (x 6 0.07) [38] and Th1−xUxPd2Si2 (x 6 0.07) [39] alloys. In both of
these systems,ρ(T ) decreases with decreasing temperature below∼ 4 K, although in the
Th1−xUxPd2Si2 system the decrease inρ(T ) occurs below a maximum at∼ 5 K, above
which ρ(T ) increases with decreasing temperature, as it would for a conventional Kondo
effect.

The NFL behaviour seems to be a general phenomenon, and more than ten f-electron
systems have been found in which1ρ(T ), 1C(T ), and 1χ(T ) have temperature
dependences given by (3)–(5) that scale with a characteristic temperatureT0, although
in some cases the parametera that appears in the electrical resistivity is negative. As
we observed several years ago, these systematics of NFL behaviour appear to be general
characteristics of a new class of strongly correlated f-electron materials. In several of these
systems, such as the Y1−xUxPd3 and U1−xThxPd2Al 3 systems considered here, the NFL
characteristics scale withx and TK (i.e. TK ≡ T0), suggesting that the NFL behaviour
is associated with an unconventional Kondo effect. On the other hand, in some of these
systems, such as CeCu6−xAux [4], the NFL behaviour is sharply tuned to the suppression of
an AFM transition by varyingx or applying pressure, implicating fluctuations of an order
parameter above a second-order phase transition at 0 K as theunderlying mechanism for the
NFL behaviour. Along with the Kondo disorder approach that has recently been proposed to
account for certain NFL characteristics in the UCu5−xPdx system [40, 41], there appear to be
a number of possible routes to NFL behaviour in f-electron systems. However, none of the
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Figure 11. The normalized U contribution to the electrical resistivity1ρ(T )/1ρ(293 K) of
U1−xYxPd2Al 3 alloys withx = 0.1, 0.2, 0.6, and 0.8. The low-temperature data for the samples
with x = 0.6 and 0.8 are shown in the inset.

current models seems to be capable of providing a definitive description of all of the NFL
characteristics in a single f-electron system. Clearly, much experimental and theoretical
work will be required to resolve the various issues associated with this fascinating problem.
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[21] Lòpez de la Torre M A, Rodriguez Fernandez J and McEwen K A 1986 J. Appl. Phys.79 6364
[22] Seaman C L and Maple M B 1994PhysicaB 199 & 200 396
[23] Kang J-S, Allen J W, Maple M B, Torikachvili M S, Ellis W P, Pate B B, Shen Z-X, Yeh J J and Lindau I

1989Phys. Rev.B 39 13529
[24] Maple M B, Gajewski D A, Chau R, Dai P, Mook H A, Movshovich R and Seaman C L 1996PhysicaB

223 & 224 447
[25] Tsvelik A M 1985 J. Phys. C: Solid State Phys.18 159

Sacramento P D and Schlottmann P 1989Phys. Lett.142A 245
[26] Aoki Y, Terayama K, Sato H, Maeda K and Onuki Y 1995PhysicaB 206 & 207 451
[27] Ludwig A W W and Affleck I 1991Phys. Rev. Lett.67 3160
[28] Cox D L and Makivic M 1994PhysicaB 199 & 200 391
[29] Mook H A, Seaman C L, Maple M B, L̀opez de la Torre M A, Cox D L and Makivic M 1993PhysicaB

186–188341
[30] Cox D L 1993 PhysicaB 186–188312
[31] McCarten J, Brown S E, Seaman C L and Maple M B 1994Phys. Rev.B 49 6400
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