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Non-Fermi-liquid behavior and magnetic order in the U12xYxPd2Al3 system

E. J. Freeman, M. C. de Andrade, R. P. Dickey, N. R. Dilley, and M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences,

University of California, San Diego, La Jolla, California 92093-0319
~Received 7 July 1998!

Measurements of the low-temperature electrical resistivityr, specific heatC, and magnetic susceptibilityx
of the U12xYxPd2Al3 system reveal non-Fermi-liquid behavior forx>0.7. Forx50.8, the low-temperature
physical properties can be expressed asr(T)5r(0)@12a(T/T0)#, C(T)/T52(R/bT0)ln(T/b8T0) or T211l

~l50.82!, andx(T)5x(0)@12c(T/T0)1/2# where2a, b, b8, andc are positive constants andT0'30 K. In
addition, we observed concentrationx-dependent features in the specific heat and magnetic susceptibility that
appears to be due to magnetic order and extrapolate linearly toT50 K at x'0.7. @S0163-1829~98!06147-5#
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I. INTRODUCTION

The breakdown of the Fermi liquid~FL! paradigm in a
certain class of strongly correlatedf-electron materials ha
attracted considerable interest1–3 during the past severa
years. The materials which exhibit non-Fermi-liquid~NFL!
behavior are typically Ce- or U-based intermetallic co
pounds which are diluted by substituting a nonmagnetic
ment on either the rare earth/actinide or ligand sites.1 In these
materials, the NFL regime can be suppressed4–7 or
induced4,6–8 through the application of hydrostatic pressu
or applied magnetic fields. A variety of theoretical routes
the NFL regime have been proposed which are based
chemical disorder,9,10 single or multichannel Kondo effect
of magnetic or electric origin,9–12 ordering of magnetic di-
pole or electric quadrupole moments,13–17 or an interplay of
these phenomena.18

Several years ago, NFL behavior was observed1,19 in the
U12xThxPd2Al3 system, where an increase in the tetraval
thorium concentrationx suppresses the antiferromagnetic o
der found in the parent compound, UPd2Al3, revealing NFL
behavior at thorium concentrationsx>0.4. The substitution
of Th reduces the Ne´el temperature only slightly before th
feature inC(T) associated with antiferromagnetic order d
appears. In contrast, studies of the U12xYxPd2Al3 system in
the range 0<x<0.5 revealed that the substitution of trivale
Y for U suppresses the Ne´el temperature of UPd2Al3 much
more rapidly than substitutions of tetravalent Th for U.20 In
this paper, we report measurements of the temperatureT de-
pendence of the electrical resistivityr, specific heatC, and
magnetic susceptibilityx of the U12xYxPd2Al3 system in the
concentration range 0<x<0.8, within which single phase
pseudoternary compounds could be prepared. The prim
objective of this work was to determine whether NFL beha
ior occurs in the U12xYxPd2Al3 system at concentrationsx
above the critical concentration at which the magnetic ord
ing temperature vanishes, and to characterize theT depen-
dences ofr, C, andx in the NFL regime.
PRB 580163-1829/98/58~24!/16027~5!/$15.00
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II. EXPERIMENTAL DETAILS

The polycrystalline U12xYxPd2Al3 samples were prepare
by arc melting the constituent elements on a copper heart
an argon atmosphere and then annealing in argon for 7 d
at 900 °C. X-ray powder diffraction measurements indica
that the samples consist of a single phase with the hexag
PrNi2Al3 structure. The specific heatC(T) was measured
from 0.5 K to 20 K in a3He calorimeter using a semiadia
batic heat pulse technique. MagnetizationM as a function of
T and magnetic fieldH was measured from 1.8 to 300 K
using a Quantum Design SQUID magnetometer in magn
fields up to 1 T and from 0.4 to 2 K using a3He Faraday
magnetometer in magnetic fields up to 5 T. The magne
susceptibilityx(T) was obtained from the linear part of th
M versusH isotherms at low fieldsmH/kBT!1, wherem is
the magnetic moment andkB is Boltzmann’s constant. This
procedure was especially important at low temperatu
where theM versusH curves display negative curvature. Th
electrical resistivityr(T) was measured by means of a sta
dard four-wire ac technique~16 Hz! in the range 0.02<T
<2.5 K using a 3He-4He dilution refrigerator and in the
range 1.7<T<300 K in a 4He cryostat.

III. RESULTS

Displayed in Fig. 1~a! are specific heat divided by tem
perature,C/T, versusT data on a logarithmicT scale be-
tween 0.5 and 20 K for U12xYxPd2Al3 samples withx
50.4, 0.5, 0.6, 0.7, and 0.8. Forx50.7 and 0.8, theC(T)/T
data are consistent with a logarithmic temperature dep
dence below;4 K, which is characteristic of many othe
NFL systems.1 For the samples withx50.4, 0.5, and 0.6,
there is a kink in theC/T versusT curve at temperatures o
3, 2.2, and 1.2 K, respectively. For higher concentratio
(x50.7, 0.8), there is no indication of the kink inC/T ver-
susT above 0.5 K, the low temperature limit of theC(T)
measurements. Shown in Fig. 1~b! are x versusT data for
U12xYxPd2Al3 samples withx50.1, 0.2, 0.4, and 0.5 mea
16 027 ©1998 The American Physical Society



l
g-
e

th

he
r-
m

es
e
in

F
th

ted

wer

chi

htly

e-

n

-
era-
-

te

a-
y

sus-

s
ture

16 028 PRB 58FREEMAN, de ANDRADE, DICKEY, DILLEY, AND MAPLE
sured in a field of 20 G wherex[M /H. These data revea
maxima in x(T), apparently associated with antiferroma
netic order, at temperatures of 12, 6, 2.5, and 2 K, resp
tively, which are close to the temperatures of the kinks in
C/T versusT data. The Ne´el temperaturesTN inferred from
the C(T) andx(T) data in Figs. 1~a! and 1~b! are indicated
in the temperatureT versus concentrationx phase diagram
for U12xYxPd2Al3 displayed in Fig. 2. It appears that as t
concentrationx of the Y substituent is increased, the antife
romagnetic transition that occurs at 14 K in the parent co
pound, UPd2Al3, systematically shifts to lower temperatur
and vanishes nearx50.7. This scenario is consistent with th
depression of the Ne´el temperature previously observed
the U12xYxPd2Al3 system forx<0.5.20,21 Neutron diffrac-
tion studies of the magnetic structure as a function ofx are
planned for a future investigation.

In order to characterize the physical properties in the N
regime, we undertook a more extensive study of

FIG. 1. ~a! Specific heat divided by temperatureC/T vs T on a
logarithmicT scale of U12xYxPd2Al3 for severalx values between
0.4 and 0.8. Arrows indicate the position of the kinks associa
with the onset of magnetic order.~b! Magnetic susceptibilityx vs T
of U12xYxPd2Al3 for severalx values between 0.1 and 0.5 me
sured at 20 G. The data forx50.1 and 0.2 have been multiplied b
1000.
c-
e

-

L
e

U0.2Y0.8Pd2Al3 sample. Shown in Fig. 3 is a plot ofC/T
versus log10 T for this sample where the data have been fit
to power-law~dashed line! and logarithmic~solid line! tem-
perature dependences between 0.6 and 5 K. Both the po
law C(T)/T}T211l and logarithmicC(T)/T}2 ln T be-
haviors describe the data quite well. Using the reduced
square,xn

2, to test the quality of the fits, we findxn
251.08 for

the power-law fit andxn
251.15 for the logarithmic fit. Al-

though the power law seems to describe the data slig
better according to the values ofxn

2, it is not possible to
clearly establish which functional form provides the best d
scription of the data.

The NFL behavior of the sample withx50.8 was further
characterized byr(T) andx(T) measurements. Displayed i
Fig. 4 arer versusT data for U0.2Y0.8Pd2Al3 between 100
mK and 300 K. With decreasing temperature,r(T) decreases
nearly linearly withT from 300 K down to;100 K, below
which the slope,dr/dT, increases dramatically as the tem
perature is lowered. Shown in the inset are data for temp
tures below 15 K with a linear fit of the resistivity repre

d

FIG. 2. TemperatureT vs yttrium concentrationx phase diagram
indicating antiferromagnetically ordered~AFM! and non-Fermi-
liquid ~NFL! regimes based on measurements of the magnetic
ceptibility and specific heat. The superconductivity~SC! data are
from Geibelet al. ~Ref. 21!.

FIG. 3. Specific heat divided by temperatureC/T vs T on a
logarithmic T scale of U0.2Y0.8Pd2Al3. The solid and dashed line
represent fits of the data to power-law and logarithmic tempera
dependences, respectively, over the same temperature range.
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sented by a solid line. The fit is good from the lowe
measured temperature, 0.1 K, to;7 K, which encompasse
the temperature range over which NFL behavior was
served in the specific-heat measurement. The positive s
seen here is different from many other NFL systems such
U12xThxPd2Al3 and Y12xUxPd3,

1,2 which have a resistivity
linear in temperature with a negative slope. A linear resis
ity with a positive slope has been observed in a few N
materials such as U0.9Th0.1Be13 (0.23<T<0.7 K) ~Ref. 5!
and CeCu5.9Au0.1 (0.02<T<0.5 K).22

Shown in Fig. 5 is a plot ofx21 versus T for
U0.2Y0.8Pd2Al3, where the solid line represents a Curi
Weiss law that has been fitted to the data from 300 K do
to 70 K. The fit yields a Curie-Weiss temperatu
Q5225.3 K and an effective momentmeff52.76mB/U . The
inset of Fig. 5 showsx versusT data for U0.2Y0.8Pd2Al3

FIG. 4. The electrical resistivityr vs T of U0.2Y0.8Pd2Al3. The
inset shows an enlarged view of the data forT<15 K. The solid
line is a linear fit to the low-temperature data.

FIG. 5. The inverse magnetic susceptibilityx21 vs T of
U0.2Y0.8Pd2Al3. The solid line is a fit of the high-temperatur
data to a Curie-Weiss law. The inset showsx vs T below
T516 K. The solid line is a fit of the data to the expressionx(T)
5x(0)(12cT1/2).
t

-
pe
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-

n

below 16 K, where the solid line is a fit of the data to th
expressionx(T)5x(0)(12cT1/2). The fit describes the ob
served temperature dependence from the lowest meas
temperature of 0.4 to;7 K, consistent with the temperatur
range over which NFL behavior is observed in ther(T) and
C(T) data.

IV. DISCUSSION

In many of thef-electron systems that exhibit NFL beha
ior that have been studied previously, the electrical resistiv
r(T), specific heatC(T), and magnetic susceptibilityx(T)
at low temperaturesT!T0 , whereT0 is a characteristic tem
perature, scale withT0 and have the following forms:

r~T!5r~0!@12a~T/T0!#, ~1!

C~T!/T52~R/bT0!ln~T/b8T0!, ~2!

x~T!5x~0!@12c~T/T0!1/2#, ~3!

where a can be positive or negative, anduau, b, b8, and c
are constants of the order of unity.1 For the U12xYxPd2Al3
system, the logarithmic temperature dependence ofC(T)/T
is consistent with the data forx50.7 and 0.8, while the
forms of bothr(T) andx(T) are consistent forx50.8.

In some systems, such as Y12xUxPd3, the value ofb54
was taken from the two channel spin-1

2 Kondo model2 which
yields a specific heat given by Eq.~2! ~with T0 identified
with the Kondo temperatureTK! from which T0 can be de-
termined from the slope]@C(T)/T#/] ln T; i.e.,

T052R/b$]@C~T!/T#/] ln T%. ~4!

Equation~4! yields values ofT0532 K for U0.2Y0.8Pd2Al3
and T0523 K for U0.3Y0.7Pd2Al3. If T0 could be identified
with the Kondo temperature and the valence of U was14,
the decrease inT0 with increasing uranium concentratio
would be consistent with the ‘‘Fermi level tuning’’ scenar
established for the Y12xUxPd3 system as described in Ref. 2
Using the valueT0532 K for U0.2Y0.8Pd2Al3, the fits of Eqs.
~1! and ~3! to ther(T) andx(T) data yielda520.18 and
c50.87. The values ofuau andc are of the order of unity and
similar to the values derived from the Y12xUxPd3 system,
wherea50.23 andc50.36. In the Y12xUxPd3 system, these
values ofuau, b, and c describe ther(T), C(T), and x(T)
data over an appreciable range ofx andT0 .2 No theoretical
model presently known can account for the behavior
r(T), C(T), andx(T) given by Eqs.~1!–~3!. The quadru-
polar Kondo model, which is the electric analog of the tw
channel spin-12 Kondo model, yields expressions forC(T)
andx(T) of the form represented by Eqs.~2! and~3!. How-
ever, the prediction for the electrical resistivity, which vari
as r(T);12a(T/T0)1/2, does not agree with the linearT
dependence ofr(T) reported here for the U12xYxPd2Al3
system and observed in virtually all of the other chemica
substitutedf-electron systems that display NFL behavior
low temperature.1

Some theoretical models, such as the quadrupolar Ko
model, are single ion in nature. In systems such
Y12xUxPd3 and U12xThxPd2Al3, scaling of the physical
properties with the substituent concentrationx and an effec-
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tive Kondo temperature over an appreciable range of con
trations suggests that the NFL behavior in these system
the result of a single ion mechanism. Even though our res
show a change inT0 with increasing uranium concentration
we cannot eliminate the scaling scenario at this point. As w
discussed above, the change inT0 might be related to a
‘‘Fermi level tuning’’ mechanism similar to that found in th
Y12xUxPd3 system.2 This issue can only be address
through further transport, thermal, and magnetic meas
ments, as well as photoemission experiments, on
U12xYxPd2Al3 system.

An interesting aspect of the NFL behavior in th
U12xYxPd2Al3 system is that it occurs above the concent
tion x at which magnetic order seems to vanish. This is of
the case for systems which exhibit NFL behavior, includi
the UCu52xPdx ~Refs. 23 and 24! and CeCu62xAux ~Ref. 25!
systems, which have Ne´el temperatures that steadily decrea
towardsT50 K with increasing substituent concentration.
is tempting to associate this observation with the presenc
a quantum critical point atT50 K which gives rise to NFL
behavior.13–18Further experiments at lower temperatures a
on samples with concentrationsx in the neighborhood of the
concentration where the Ne´el temperature extrapolates toT
50 K ~x'0.7 in the case of the U12xYxPd2Al3 system! are
required in order to determine if the quantum critical po
can provide a consistent explanation of NFL behavior
these systems. The proximity of the NFL regime to magne
ordering in the U12xYxPd2Al3 system suggests that the NF
behavior may be associated with fluctuations of an order
rameter near a second-order phase transition.13–17 However,
a quantum critical point can also originate from an unco
ventional moment screening process such as the multic
nel Kondo effect.11,12,26

Recently, an alternative model describing the NFL pro
erties of rare-earth and actinide materials has b
proposed.18 This theory attributes the NFL behavior to
Griffiths’ phase that is associated with magnetic clusters
sulting from the interplay between the Ruderman-Kitt
Kasuya-Yosida~RKKY ! interaction and the Kondo effect i
the presence of magnetic anisotropy and disorder inhere
alloyed materials. The model predicts that the electro
specific-heat coefficient and the magnetic susceptibility
verge asC(T)/T}x(T)}T211l with l,1. This theory has
had some success in describing the behavior ofC(T) and
x(T) in other systems which exhibit NFL behavior.27 Earlier
in this paper, we analyzed the specific-heat data of thx
50.8 sample in terms of both a power law and a logarithm
temperature dependence and found that they described
data equally well. The power-law fit to the specific-heat d
yieldsl50.82, which is similar to the values found for oth
NFL systems.27 However, the magnetization data could n
be fitted with a power law as predicted by the Griffith
D
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phase model over any appreciable temperature range.
prevented us from deriving a value forl from thex(T) data.
As was mentioned above, a power law which included
constant saturating term,x(T)5x(0)@12c(T/T0)1/2#, did
provide an excellent fit of the data. It should also be no
that because of the polycrystalline nature of the samples,
magnetization data for thex50.8 sample represent an ave
age of the magnetization of crystallites with hexagonal str
tures which are oriented in different directions. Measu
ments on single-crystal specimens are needed to cla
whether both specific-heat and magnetization measurem
give consistent values ofl for this system. No prediction for
the temperature dependence of the electrical resistivity
yet emerged from the Griffiths’ phase model.

V. SUMMARY

Measurements ofr(T), C(T), and x(T) on the
U12xYxPd2Al3 system indicate that it belongs to an eve
growing class of compounds that exhibit NFL behavior.
particular, the physical properties of U0.2Y0.8Pd2Al3 exhibit
the characteristic temperature dependences seen in m
other NFL systems: an electrical resistivityr(T) that is lin-
ear in temperature, a power-law or logarithmic divergence
the temperature dependence of the electronic specific-
coefficient,C(T)/T, and a magnetic susceptibilityx(T) that
varies as 12c(T/T0)1/2. Comparison of the data with bot
the multichannel Kondo model and the Griffiths’ pha
model finds that both can describe some of our results,
neither can successfully account for all of the data presen
A clear trend in the data is the suppression of the Ne´el tem-
peratureTN with increasing yttrium concentrationx with TN
falling below the low-temperature limit of our experime
~;0.5 K! for x'0.7, the Y concentration where we begin
observe non-Fermi-liquid behavior. These observations s
gest the existence of a quantum critical point atT50 K
which might be related to the onset of NFL behavior in th
system. The existence of such a quantum critical point
its implications for the physics of NFL materials needs to
investigated further by performing additional experiments
lower temperatures and at neighboring substituent concen
tions x.
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