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Magnetic and non-Fermi-liquid properties of U1ÀxLaxPd2Al3
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We have performed measurements of the temperature dependence of the electrical resistivity, specific heat,
and magnetic susceptibility of polycrystalline samples of U12xLaxPd2Al3. The antiferromagnetic order of the
parent compound UPd2Al3 is rapidly suppressed for small lanthanum concentrations 0<x<0.2. For samples
with lanthanum concentrations 0.25<x<0.65, magnetic relaxation and ac magnetic-susceptibility measure-
ments indicate the formation of a spin-glass state with a freezing temperature that extrapolates toT50 K near
x50.8. Non-Fermi-liquid temperature dependences in the electrical resistivityr(T) and specific heatC(T)
were observed for samples withx50.8 and 0.9. The resistivityr(T) at low temperatures can be described by
a power lawr/r0512ATn for T,10 K with n51.360.1 for the samples withx50.8 and 0.9. The electronic
specific-heat coefficientDC/T has a logarithmic temperature dependence in the temperature ranges 3 K<T
<20 K (x50.8) and 1 K<T<6 K (x50.9).

DOI: 10.1103/PhysRevB.65.024437 PACS number~s!: 75.20.Hr, 71.27.1a, 71.10.Hf, 75.50.Lk
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I. INTRODUCTION

The subject of non-Fermi-liquid~NFL! behavior in
f-electron systems has attracted an increasing amount o
tention in recent years. NFL behavior has been observed
number of Ce-, Yb-, and U-based heavy-fermion interme
lic compounds. In certain stoichiometric compounds, e
CeNi2Ge2 and YbRh2Si2, the NFL behavior appears at ze
pressure,1–3 whereas in other compounds, e.g., CeIn3 and
CePd2Si2, NFL behavior appears with the application of h
drostatic pressure.4,5 NFL behavior is also seen in a growin
class of compounds in which the magnetic ion~Ce, Yb, or U!
is diluted with a nonmagnetic rare earth or actinide, e
U12xThxPd2Al3 and Y12xUxPd3.

6 In some cases, substitu
tion at a ligand site also results in NFL behavior, as is
case with UCu52xMx (M5Pd, Pt),7,8 The NFL behavior is
manifested as power law or logarithmic divergences
physical properties at low temperatures, notably the elec
cal resistivity r(T), specific heatC(T), and magnetic
susceptibilityx(T). These properties typically show the fo
lowing temperature dependences:~i! r(T);12a(T/T0)n,
where uau;1, a,0 or .0, and n;121.5; ~ii ! C(T)/T
;(21/T0)ln(T/T0), or ;T211l; and ~iii ! x(T);1
2(T/T0)1/2, ;(21/T0)ln(T/T0), or ;T211l ~l;0.720.8!.
In several systems, the characteristic temperatureT0 can be
identified with the Kondo temperatureTK .

Several theories have been advanced to explain NFL
havior in f-electron materials. One scenario involves isola
impurities that lead to a two-channel spin-1/2 Kon
effect.9–12 Another picture assumes a cooperative effect
sociated with a second-order magnetic phase transition
has been suppressed toT50 K by chemical substitution, hy
drostatic pressure, or magnetic fields.13–16 The discovery of
several materials that have a spin-glass transition, as opp
to a magnetic phase transition, suppressed toT50 K, has
prompted the development of theories describing NFL
havior in the vicinity of a spin-glass freezing temperatu
that has been suppressed toT50 K.17,18 A distribution of
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Kondo temperatures due to atomic disorder has also b
proposed to account for NFL behavior in the alloy
compounds.19 Finally, the Griffith’s phase model assumes
combination of disorder and competition between t
Ruderman-Kittel-Kasuya-Yosida~RKKY ! and the Kondo in-
teractions in alloyed compounds.20 Despite a wealth of theo
ries, mostf-electron system that exhibit NFL behavior r
main largely unexplained. Thus, these materials continue
pose an interesting puzzle.

Recently the heavy-fermion superconductor UPd2Al3 has
been shown to exhibit NFL behavior when uranium is p
tially replaced by thorium21,22 or yttrium.23 The parent com-
pound UPd2Al3 orders antiferromagnetically~AFM! below
the Néel temperatureTN514.6 K and exhibits superconduc
tivity that coexists with magnetic order belowTc52 K.24

Chemical substitution with thorium or yttrium in place o
uranium results in a suppression of the magnetic order
the superconductivity, but the nature of this suppression
the resulting phase diagrams are remarkably different
U12xThxPd2Al3 and U12xYxPd2Al3. Substituting thorium
onto the uranium site causes a very gradual suppres
of TN and Tc , while the features in the magnetic suscep
bility and specific heat associated with AFM order a
the superconducting transition are suppressed rapidly w
increasing thorium concentration. Both AFM and sup
conductivity vanish in a crossover region betweenx50.2
and 0.4 and NFL behavior is observed for concentrations
the range 0.6<x<0.99. In contrast, substituting with yttrium
sharply suppresses bothTN and Tc . Superconductivity is
suppressed below the low temperature limit of the exp
ments atx50.02 and long-range magnetic order vanish
nearx50.3 and is replaced by a region of spin-glass beh
ior betweenx50.3 and 0.7.25,28The spin-glass freezing tem
peratureTSG extrapolates toT50 K at x50.7, and NFL be-
havior is observed for 0.7<x<0.8.23 A recent study has
suggested that the NFL behavior seen in U12xThxPd2Al3 can
be associated with a single-ion effect, whereas the NFL
havior in the U12xYxPd2Al3 compound results from quantum
©2001 The American Physical Society37-1
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ZAPF, DICKEY, FREEMAN, SIRVENT, AND MAPLE PHYSICAL REVIEW B65 024437
critical effects near aT50 K quantum critical point.29 The
striking difference in behavior between the U12xYxPd2Al3
and U12xThxPd2Al3 systems raises the question of what a
pect of the substituent element drives the NFL behavior
the lattice expansion due to the larger size of the thori
atom important, or is the valence of the substituent elem
significant? Thorium is tetravalent, whereas yttrium is triv
lent in these compounds. In this paper, we investigate a t
system, U12xLaxPd2Al3, in which trivalent lanthanum ha
been substituted for uranium. Comparison of the behavio
this system with that of U12xYxPd2Al3 and U12xThxPd2Al3
could shed some light on the role of the substituent specie
driving the NFL behavior. Preliminary studies of th
U12xLaxPd2Al3 system show25,30 the suppression of the Ne´el
temperature for increasing lanthanum concentrationx. In this
paper, we expand on these studies. Based on measurem
of electronic specific heat, magnetic susceptibility, and e
trical resistivity, we present the phase diagram of this sys
and investigate NFL behavior therein.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of U12xLaxPd2Al3 were pre-
pared by arc-melting the constituent elements~U: 3N; La:
4N; Pd: 4N; Al: 5N! in stoichiometric amounts on a copp
hearth in an ultra-high-purity argon atmosphere. The a
melted ingots were then wrapped in tantalum foil and
nealed in an argon atmosphere for seven days at 900
X-ray-powder-diffraction measurements showed that
samples consist of a single phase with the hexago
PrNi2Al3 structure. Lattice constants were determined from
linear regression analysis of the x-ray-diffraction peaks.
comparison, lattice constants of samples of U12xYxPd2Al3
and U12xThxPd2Al3 were also determined.

The magnetizationM was measured as a function of tim
t, magnetic fieldH, and temperatureT using two commercial
superconducting quantum interference device~SQUID! mag-
netometers~Quantum Design! with maximum fields of 5.5
and 7 T. The dc magnetic susceptibilityxdc(T) was deter-
mined from the initial slope of theM (H) curves between
0 and 100 Oe. In-phase ac magnetic susceptibilityxac(T) of
the samples with 0.1<x<0.65 was measured using a com
mercial SQUID magnetometer at frequencies in the ra
1 Hz< f <1000 Hz with an amplitude of 1 Oe. For th
samples withx50.7 and 0.8,xac(T) was measured in a
3He-4He dilution refrigerator down toT5100 mK (x50.7)
andT555 mK (x50.8) in an applied field of 0.05 Oe at 1
Hz.

The electrical resistivityr(T) was measured using a sta
dard four-wire technique at temperatures in the range 1
<T<300 K in a 4He cryostat with an applied ac current
1 mA at 16 Hz. Gold pads were deposited on the samp
with a sputtering system~Hummer 6.2! and gold wires were
attached with a two-part silver epoxy~Epotek H20E!. Mea-
surements ofr(T) at low temperatures were performed in
3He-4He dilution refrigerator at temperatures down to 60 m
using a linear research LR-700 bridge with an applied
current of 100mA at 12 Hz. The specific heat was measur
using a semiadiabatic technique in a3He cryostat for 0.5 K
02443
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III. RESULTS

The hexagonal lattice constantsa andc determined from
x-ray diffraction measurements are displayed in Fig. 1. T
results show that substitution of lanthanum or thorium e
pands the lattice of the parent compound UPd2Al3, whereas
substitution of yttrium does not affect the lattice constants
within experimental error. The lines shown in Fig. 1 are li
ear fits of the lattice constants as a function of substitu
concentrationx.

The inverse dc magnetic susceptibility (xdc
21) is plotted as

a function of temperatureT for 0 K,T<300 K in Fig. 2~a!
for the samples with 0.15<x<0.8. Thexdc

21(T) data of all
of the samples show significant curvature in the measu
temperature range, and thus cannot be fit by a Cu
Weiss law. However, if a constant offsetx0 is subtracted
from each data set, a Curie-Weiss law of the formxdc(T)
2x05Nmeff

2 /3kB(T2uCW) can be fit to the magnetic
susceptibility data of the samples with 0.2<x<0.8. The
constantx0 is chosen such that@x(T)2x0#21 is linear inT
for 50 K<T<300 K. The values ofx0 , which range from
2.431024 cm3/mol to 6.531024 cm3/mol, are large com-
pared to the Pauli susceptibilityxP;4.631025 cm3/mol.
This value ofxP is an upper limit that is estimated from th
relation xP /g(p2kB

2/3mB
2);1, where a value ofg5C/T

5150 mJ/mol K for the compound UPd2Al3 is used.24 Thus,
it is likely that the curvature inxdc

21 is due to other effects
than the Pauli susceptibility, such as a Van-Vleck contrib
tion to the magnetic susceptibility, or crystal-field splitting
the U-ion 5f levels. The values ofx0 , uCW, andmeff deter-

FIG. 1. Hexagonal lattice parametersa ~upper figure! and c
~lower figure! as a function of substituent concentrationx for the
U12xLaxPd2Al3, U12xThxPd2Al3, and U12xYxPd2Al3 systems. The
straight lines are linear fits to the data.
7-2
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MAGNETIC AND NON-FERMI-LIQUID PROPERTIES OF . . . PHYSICAL REVIEW B 65 024437
mined from the Curie-Weiss fits are listed in Table I. T
Curie-Weiss temperaturesuCW range from21 to 288 K and
the effective momentsmeff range from 3.8mB /U for the
UPd2Al3 end member to 2.2mB /U for U12xLaxPd2Al3 with
x50.9. The effective moments for the samples contain
lanthanum are reduced from the free uranium ion momen
3.56mB . The scatter in the values ofmeff anduCW could be
an artifact due to crystalline electric fields, as well as the f
that the measurements were performed on polycrys
whereas measurements of the magnetic susceptibility
single crystals reveal a strong anisotropy between the m
netization along thec axis and in thea-b plane.26

In Fig. 2~b! the inverse magnetic susceptibilityxdc
21 is

shown for temperatures in the range 0 K,T<15 K. Thexdc
21

vs T curves of all of the compounds exhibit a broad chan
in slope between 5 and 8 K. The arrows identify the locat
of features inxdc that roughly correspond to peaks seen
xac(T) ~see Fig. 12!.

Measurements of ac magnetic susceptibilityxac(T) were
made as a function ofT for samples with 0.1<x<0.8. The
xac(T) curves for the samples with 0.1<x<0.2 show an
abrupt change in slope, as seen in Fig. 3~a!, which is typical
of an antiferromagnetic phase transition. The Ne´el tempera-
ture TN decreases from 14.6 K for the host compou
UPd2Al3 to 2.7 K for the sample withx50.2. The com-
pounds with 0.25<x<0.35 show a sharp peak inxac(T). For
clarity, these peaks have been plotted on a logarithmic s

FIG. 2. ~a! Inverse dc magnetic susceptibilityxdc
21 of various

U12xLaxPd2Al3 compounds as a function of temperatureT, mea-
sured in an applied field of 1 kOe. The lines are guides to the
~b! Expanded view of the data belowT515 K in which the arrows
indicate magnetic-ordering temperatures.
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in Fig. 3~b!. The temperature of the maximum inxac, Tpeak,
increases linearly with lanthanum concentration, as show
the top inset. The bottom inset of Fig. 3~b! shows the mag-
nitude of xac at the peak temperature as a function ofx,
which also increases with the lanthanum concentration.

Figure 4 showsxac(T) data for samples with 0.4<x
<0.7. The samples with 0.4<x<0.6 have a double-pea
feature inxac(T), whereas the samples withx50.65 and 0.7
~inset! have only one peak in the measured temperat
range. For the sample withx50.8, xac(T) measured at tem
peratures down toT550 mK showed no peaks or other fe
tures. There is no correlation between eitherTpeak or the
magnitude ofxac(T) at Tpeak with lanthanum concentration
for the samples with 0.4<x<0.7. The temperatures of thes
peaks inxac(T) are indicated in the phase diagram in Fig. 1

Disorder due to the presence of magnetic uranium
nonmagnetic lanthanum on the same lattice site could l
to the formation of a magnetic spin-glass state at l
temperatures. In order to distinguish between spin-gl
freezing and long-range order, we measured the relaxa
of the dc magnetizationM as a function of timet. The
samples were cooled in zero field toT52 K, a magnetic
field of 10 Oe was applied, and the magnetization was m
sured as a function of time for 90 min. In Fig. 5, the ma
netizationM is plotted as a function of timet on a logarith-
mic scale for 0<t<90 min. The magnetization of the
samples in the range 0.25<x<0.65 increases with a loga
rithmic time dependence, which is typical for spin or clus
glasses, in which multiple relaxation time constants
present.31 The samples withx50.15 and 0.2 show no relax
ation over the course of 90 min.

We investigated the spin-glass behavior further by me

e.

TABLE I. Curie-Weiss parametersmeff , uCW , and x0 , and
magnetic transition temperaturesTN and TSG for samples of
U12xLaxPd2Al3 with 0<x<0.9. The temperature-independe
magnetic susceptibilityx0 was chosen to linearize@x(T)2x0#21

for 50<T<300 K. The Curie-Weiss temperatureuCW and effec-
tive moment per uranium atommeff were determined from fits of
x(T)2x05NAmeff

2 /3k(T2uCW) to the xdc(T) data. the Ne´el tem-
peraturesTN and spin-glass freezing temperaturesTSG were deter-
mined from peaks in the ac magnetic susceptibility.

x meff (mB) uCW ~K! 1024x0 ~cm3/mol! TN ~K! TSG ~K!

0 3.77a 252a 24.0a 14.6
0.10 3.2 228 2.7 9.2
0.15 2.5 281 3.6 4.3
0.20 2.2 227 3.2 2.8
0.25 2.6 213 6.5 3.0
0.30 3.1 21 3.5 3.4
0.35 2.7 213 6.5 3.8
0.40 2.7 28 4.8 4.9
0.50 2.6 28 4.0 4.9
0.60 2.5 215 4.0 3.6
0.65 2.6 24 2.8 2.1
0.70 2.2 219 3.6 1.4
0.80 2.7 230 2.4
0.90 2.2 288 10

aH55 kOe.
7-3



-
,
fre
a

ith

de.
f
n-

p

i-

-

ZAPF, DICKEY, FREEMAN, SIRVENT, AND MAPLE PHYSICAL REVIEW B65 024437
of ac magnetic-susceptibilityxac(T) measurements at differ
ent frequencies. For the samples withx50.2, 0.35, and 0.6
xac(T) was measured in applied ac magnetic fields at
quencies of 1 Hz, 100 Hz, and 1000 Hz. These data
plotted in Fig. 6. The temperature of the peak inxac(T),

FIG. 3. ~a! ac magnetic susceptibilityxac at 100 Hz as a function
of temperatureT for the compounds with 0.1<x<0.2. The data
have been scaled to fit on one plot.~b! ac magnetic susceptibility
xac at 100 Hz as a function of temperatureT for the compounds
with 0.25<x<0.35.xac is plotted on a log scale for clarity. The to
inset shows the temperatures of the peaksTpeak in xac as a function
of lanthanum concentrationx. The bottom inset shows the magn
tude of xac at Tpeak as a function ofx. The lines in the insets are
linear fits to the data.

FIG. 4. ac magnetic susceptibilityxac in units of emu/mol U at
100 Hz as a function of temperatureT for the compounds with
0.4<x<0.65. The inset showsxac(T)/xac(0) at 16 Hz for the
sample withx50.7
02443
-
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Tpeak shows no frequency dependence for the sample w
x50.2. By contrast,Tpeak for the sample withx50.35 in-
creases slightly with frequency at a rate of 0.05 K/deca
xac(T) of the sample withx50.6 shows two peaks, both o
which shift slightly with frequency. Therefore, we can co
clude that the samples withx50.35 and 0.6 exhibit spin-

FIG. 5. dc magnetizationM (t)2M (0) as a function of timet in
minutes for samples with 0.1<x<0.65 atT52 K on a logarithmic
scale.

FIG. 6. ac magnetic susceptibilityxac as a function of tempera
ture T at frequencies of 1 Hz~top curve!, 100 Hz ~middle curve!,
and 1 kHz~bottom curve! for the sample withx50.2 ~a!, x50.35
~b! andx50.6 ~c!. The arrows indicate the peak value ofxac at each
frequency.
7-4
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MAGNETIC AND NON-FERMI-LIQUID PROPERTIES OF . . . PHYSICAL REVIEW B 65 024437
glass freezing, whereas the sample withx50.2, which shows
no frequency dependence ofTpeak, exhibits long-range mag
netic order.

Figure 7 shows the electrical resistivityr(T) for samples
in the range 0.35<x<1.0. The superconducting transition
filamentary aluminum atTc51.2 K has been suppressed wi
an applied magnetic field of 300 Oe. The resistivities of
compoundsx50.8 and 0.9 are metallic in nature (dr/dT
.0) at high temperatures but show an increase with decr
ing temperature, indicative of a Kondo effect at low tempe
tures. For the compounds with 0.35<x<0.7, the Kondo
scattering is so strong thatdr/dT,0 up to T5300 K. The
samples withx,0.7 show broad peaks in ther(T) data at
low temperatures, displayed for the sample withx50.6 in
the inset. The temperature at which these peaks occu
slightly higher than the temperature of the peaks inxac(T),
as can be seen in the phase diagram in Fig. 12. Broad p
in the electrical resistivity have been observed in other s
glasses, such as U12xYxPd2Al3 and Y12xUxPd3, although
not necessarily near the spin-glass freezing temperature27,28

The Kondo temperatureTK can be determined from
the high-temperaturer(T) data for the samples with
x50.8 and 0.9. The resistivity can be written
r(T)5rK(T)1rL(T)1rc , whererK(T) is a Kondo scatter-
ing term,rL(T) is the lattice contribution to the resistivity
and rc is a temperature-independent term due to poten
scattering. The Kondo termrK(T) decreases with the loga
rithm of T for T.TK until it saturates at high temperature
whereas the lattice termrL(T) typically increases linearly
with T for temperatures on the order of 300 K. For t
samples withx50.8 and 0.9, the resistivityr(T) of the pure
LaPd2Al3 sample has been subtracted in order to rem
lattice contributions. Since LaPd2Al3 contains no magnetic
ions, its resistivity is dominated by lattice contributions, a
since the lattice constants of the samples withx50.8, 0.9,
and 1.0 are very similar, it is reasonable to assume that
all have similar lattice contributions tor(T). Due to the
porosity of the samples, and uncertainties in the geometr
factors, the exact resistivities are difficult to determin
Therefore, to accurately substract the lattice contribut
from the measured resistivities, we scaled the slopes of

FIG. 7. Electrical resistivityr(T) normalized to its to value a
T5300 K as a function of temperatureT. The curves, in descendin
order, are for the samples withx50.4, 0.35, 0.6, 0.7, 0.8, 0.9, an
1.0. The inset showsr(T) at low temperatures for the sample wi
x50.6.
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high-temperature linear regions ofr(T) to the slope ofr(T)
of LaPd2Al3. The constant termrc was chosen such tha
rK(T) saturates to zero at high temperatures, as is expe
for Kondo scattering far aboveTK .

In Fig. 8, rK(T)/rK(0) is plotted as a function tempera
ture on a log scale for the samples withx50.8 and 0.9. As is
expected for Kondo scattering,rK(T) increases logarithmi-
cally with decreasing temperature for 20 K<T<100 K. The
Kondo temperature was approximated to be the tempera
at whichrK(T) reaches 80% of its maximum value, which
roughly the temperature at whichrK(T) deviates from loga-
rithmic behavior. This procedure yields Kondo temperatu
of TK515 and 17 K for the samples withx50.8 and 0.9,
respectively.

The low-temperature resistivity data for the samples w
x50.8 and 0.9 can be described by a power law of the fo
rK(T)/r0512ATn, wherer0 , A, andn are adjustable fit-
ting parameters. We looked for a fit that describes the dat
the lowest temperatures, and extends over the largest
sible temperature range. Figure 9 shows therK(T) data and
the power-law fits~solid lines! for the samples withx50.8
and x50.9. Shown in the insets to Fig. 9, are plots
12rK(T)/r0 as a function ofT on a log-log scale. In these
plots, the power-law fits are straight lines. For the sam
with x50.9, we found that a power law withn51.360.1,
A55.3 mK1/1.3, and r0548mV cm fits well for 65 mK<T
<9 K. Ther(T) data for the sample withx50.8 has a small
peak atT50.5 K, and a slight upturn at the lowest temper
tures. It is possible that the peak is associated with a s
glass transition at lower temperatures; therefore, it has b
excluded from the power-law fit. AboveT50.8 K, therK(T)
data can be fit by a power law withn51.360.1,
A565 mK1/1.3, and r0572mV cm up to T510 K. The
power-law fits are insensitive to the details of the subtract
of the phonon contributions, since those are much sma
than the electronic contributions atT,10 K. The power law
with n51.3 for the x50.8 and 0.9 samples is clearly a
variance with Landau’s Fermi-liquid theory, which predicts
power lawT dependence with an52 exponent.

Figure 10 shows the specific heat divided by temperat
DC(T)/T5C(x,T)/T2C(1,T)/T plotted as a functionT on
a log scale for the samples withx50.8 and 0.9. The specific

FIG. 8. Kondo contribution to the electrical resistivityrK(T),
normalized to its extrapolated value atT50 K, as a function of
temperatureT on a log scale forx50.8 and 0.9. The Kondo tem
peratureTK is taken as the point whererK(T) reaches 80% of its
maximum value.
7-5



e

c
p
n
he

ra
m

b
l.
Th
a
a

w

y
ng

o
tu

,

r
ed
olid
s of

w
f

.

on-

ZAPF, DICKEY, FREEMAN, SIRVENT, AND MAPLE PHYSICAL REVIEW B65 024437
heat of LaPd2Al3, C(1,T) has been subtracted from th
specific heat of the other samplesC(x,T) to remove the
phonon contributions. Since LaPd2Al3 displays a super-
conducting transition atT;0.8 K, its normal-state specifi
heat was extrapolated to the lowest temperatures for the
pose of subtracting it from the data of other samples. I
Fermi liquid, DC(T)/T approaches a constant value at t
lowest temperatures, whereas for the samples withx50.8
and 0.9,DC(T)/T clearly increases at the lowest tempe
tures. The solid lines in Fig. 10 are fits of the for
DC(T)/T52B ln(T/T0) to the data. For the sample withx
50.8, the fit yieldsB522.7 mJ/mol K2 and T054.1 K for
temperatures in the range 3 K<T<20 K. For the sample
with x50.9, the fit yieldsB56.1 mJ/mol K2 andT054.5 K
for temperatures in the range 1 K<T<6 K. TheDC(T) data
have also been fitted by a power law, which is predicted
several NFL models, including the Griffith’s phase mode20

The power-law fits are shown as dashed lines in Fig. 10.
data for the sample withx50.8 cannot be described by
power law over any significant temperature range. The d
for the sample withx50.9 are consistent with a power la
for temperatures in the range 1<T<6 K. We have also at-
tempted to fit the data with the formDC(T)/T5g0
1B8T1/2, which is predicted for NFL systems in the vicinit
of a quantum critical point at which a spin-glass freezi
temperature has been suppressed toT50 K.16,18 These fits
are shown as dotted lines in Fig. 10, and do not describe
data for either sample over any appreciable tempera
range.

FIG. 9. ResistivityrK as a function of temperatureT for the
sample withx50.8 ~a! andx50.9 ~b!. The lines are fits of a powe
law rK(T)/r0512ATn to therK(T) data, wherer0 , A andn are
fitting parameters. The inset shows 12rK(T)/r0 vs T on a log-log
scale, in which the power-law fitting function is a straight line.
02443
ur-
a

-

y

e

ta

ur
re

The LaPd2Al3 compound shows features inr(T) and
C(T) indicative of superconductivity. As shown in Fig. 11
r(T) drops sharply to zero betweenT50.9 K and
T50.8 K, andC(T)/T shows a jump atT50.8 K. We calcu-

FIG. 10. Specific heatDC divided by temperatureT vs T on a
log scale for the samples withx50.8 ~a! and x50.9 ~b!. The
specific heat of the LaPd2Al3 end member has been subtract
from each data set to remove the phonon contribution. The s
circles represent the data, and the solid straight lines are fit
DC(T)/T52B ln(T/T0) to theDC(T)/T data, whereB andT0 are
adjustable parameters. The dashed lines are fits of a power-laT
dependenceDC(T)/T}Tm, and the dotted lines are fits o
DC(T)/T5g01B8T1/2 to theDC(T)/T data.

FIG. 11. Resistivityr ~circles! and specific heatC divided by
temperatureT ~triangles! as a function ofT for LaPd2Al3. The
jumps in r(T) and C(T)/T indicate a superconducting transition
The midpoint of this transition inr(T) occurs atTc50.85 K. The
superconducting transition determined from an equal entropy c
struction ofC(T)/T occurs atTc50.74 K.
7-6
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latedDC/gTc50.8, which suggests that the superconduc
ity in this compound is a bulk phenomenon. A value for t
bulk Tc of 0.74 K was derived from an equal entropy co
struction of theC(T) data.

The phase diagram of the U12xLaxPd2Al3 system is
shown in Fig. 12. The temperatures of the kinks inxdc(T),
the peaks inxac(T), and the peaks inr(T) are plotted as a
function of x. The samples with 0<x<0.2 exhibit long-
range magnetic order whereas the samples with 0.25<x
<0.65 form a spin glass at low temperatures. The sam
that exhibit spin-glass behavior with 0.25<x<0.35 show a
scaling ofTSG and xac with x. Although peaks inr(T) are
not usually associated with spin-glass freezing, we have
cluded them in the phase diagram since they trackTSG as
determined from thexac(T) data.

IV. DISCUSSION

A. Magnetic behavior

The presence of magnetic relaxation and frequen
dependent peaks inxac(T) for the samples with 0.25<x
<0.65 indicates that these samples exhibit spin-glass fr
ing at low temperatures. It is not unexpected that a spin g
would form in this system since the presence of magn
uranium and nonmagnetic lanthanum on the same lattice
produces disorder. Spin-glass behavior has also been se
the U12xYxPd2Al3 system for 0.3<x<0.6.28 The xac(T)
data for the samples withx50.4, 0.5, and 0.6 have a double
peak feature that could be due to the presence of two slig
different concentrations of lanthanum. This kind of impur
would result in a slight broadening of the x-ray-diffractio
peaks, and would be extremely difficult to detect.

The samples withx,0.2 show no indications of spin
glass behavior, therefore, it is reasonable to assume tha

FIG. 12. The Ne´el temperatureTN , spin-glass freezing tempera
ture TSG, superconducting transition temperatureTC , and Kondo
temperatureTK plotted as a function of lanthanum concentrationx
for the U12xLaxPd2Al3 system.TN and TSG are determined from
kinks in the dc susceptibilityxdc ~circles!, peaks in the ac suscep
tibility xac ~triangles! and kinks in the resistivityr(T) ~squares!.
The superconducting transitions are determined from the 50% p
of the resistivity transitions.TK is the Kondo temperature dete
mined from high-temperature resistivity data for the samples w
x50.8 and 0.9. NFL temperature dependences of the resistivity
specific heat are observed at low temperatures for the samples
x50.8 and 0.9.
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peaks inxac(T) and kinks inxdc(T) are due to the onset o
antiferromagnetic ordering. The Ne´el temperature is sup
pressed fromTN514.6 K for the parent compound UPd2Al3
to TN52.6 K for the sample withx50.2.

Fits of the dc magnetization to a Curie-Weiss law for t
samples with 0.1<x<0.8 result in values ofmeff , which are
suppressed from the free uranium ion moment of 3.56mB .
Based on x-ray photoemission spectroscopy~XPS! measure-
ments on UPd2Al3, Fujimori et al. have suggested that th
uranium ion exhibits intermediate valence between the1
and 41 states, which could account for the low value
meff .

33 Since there is significant Kondo scattering in this sy
tem, it is also likely that Kondo screening of the the uraniu
5 f moments by conduction electrons is suppressingmeff .
The highest effective moments were found for samples
hibiting spin-glass behavior, the significance of which is u
clear.

Our data generally agree with the results of Sakonet al.
for the same system.30 Sakon et al. observed pronounced
Kondo scattering inr(T) manifested asdr/dT,0 for the
samples withx50.5 and 0.75. Based on anomalies inx(T),
Sakonet al. obtained Ne´el temperatures of 9 and 3 K for th
samples withx50.1 and 0.25, respectively. This is in acco
dance with our data, although we attribute the transition
the x50.25 sample to spin-glass freezing, rather than lo
range order. For the sample withx50.5, Sakonet al. found
hysteresis in the magnetization that they attributed to fe
magnetism. They also saw a broad bump inC(T) around
T55 K. Our results from magnetic relaxation and frequen
dependence ofxac(T) indicate that the transition atT;5 K
is a spin-glass freezing transition rather than a transition
ferromagnetic order.

It is interesting to compare the effect of lanthanum su
stitution in UPd2Al3 with the substitution of other atoms
Detailed studies of the magnetic phase diagrams have b
performed on two other systems, U12xYxPd2Al3 and
U12xThxPd2Al3.

23,28,32 The phase diagrams o
U12xLaxPd2Al3 and U12xYxPd2Al3 are remarkably similar.
Both show a region of AFM order, followed by spin-glas
freezing that is suppressed to zero temperature. By cont
the U12xThxPd2Al3 system shown very little suppression
TN with increasingx, and shows no indication of spin-glas
freezing. Since both yttrium and lanthanum are trivale
whereas thorium is tetravalent, it seems that the magn
behavior in these systems is primarily determined by
valence of the substituent element.

B. NFL behavior

The NFL temperature dependences ofr(T) and C(T)/T
for the U12xLaxPd2Al3 system in the NFL regime have th
following forms:

r~T!/r~0!512ATn, n51.3 ~1!

C~T!/T52B ln~T/T0! ~2!

int
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These forms are similar to those found in otherf-electron
systems which exhibit NFL behavior includin
U12xThxPd2Al3 with 0.6<x<0.99, and Y12xUxPd3 with
0.1<x<0.2.6,22,34 In particular, the logarithmic dependenc
of C(T)/T at low temperatures seems to be a universal f
ture of f-electron NFL systems.

The temperature dependences ofr(T) in the NFL regime
are very similar for the U12xThxPd2Al3 and U12xLaxPd2Al3
systems, but dramatically different for the U12xYxPd2Al3
system. Both U12xThxPd2Al3 and U12xLaxPd2Al3 show a
Kondo effect withdr/dT,0 at the lowest temperatures, an
power-law behavior ofr(T) with an exponentn;1.3– 1.5.
In contrast,r(T) in the U12xYxPd2Al3 system decreases lin
early with decreasing temperature in the NFL regime. Th
it seems that in these systems the valence of the substi
element is not driving the behavior ofr(T) in the NFL re-
gime. If the valence were important, we would expect t
substitution of trivalent lanthanum and yttrium would yie
similar forms for r(T), whereas substitution of tetravale
thorium would result in different behavior. One attribute th
lanthanum and thorium do have in common is similar atom
radii that are larger than the atomic radius of uranium. T
x-ray-diffraction data show that substitution of thorium
lanthanum causes the lattice of UPd2Al3 to expand, whereas
substitution of yttrium does not cause a detectable chang
the lattice parametersa or c. Perhaps the increase in th
interionic spacing in the U12xLaxPd2Al3 and U12xThxPd2Al3
systems causes single-ion effects to become more impo
in the NFL regime than in the U12xYxPd2Al3 system in
which the uranium ions are more dense.

There is no theory to date that predicts the behavior
served for bothr(T) and C(T)/T of the U12xLaxPd2Al3
system in the NFL regime. Since the NFL behavior occurs
the dilute magnetic limit, it seems reasonable that the N
behavior could result from single-impurity effects. Current
the only single-impurity model for NFL behavior is the two
channel spin-1/2 quadrupolar Kondo model. In this theo
the electronic specific heat is predicted to be

C~T!/T52bR/TK ln~T/b8TK!, ~3!

where b has been calculated to be about 0.25,R is the
ideal gas constant,TK is the Kondo temperature, an
b8;0.41.11,35 This prediction for the specific heat is con
sistent with our measurements for U12xLaxPd2Al3. However,
the prediction for the resistivity in the two-channel spin-1
Kondo effect is

r~T!/r~0!512a~T/TK!, 0.05TK,T,TK ~4!

r~T!/r~0!512a~T/TK!1/2, T,0.05TK ~5!

which is inconsistent with our results. For th
U12xLaxPd2Al3 samples withx50.8 and 0.9,r(T) follows a
power law withn51.3, and this power-law behavior exten
down to the lowest temperatures measured (0.005TK) for the
sample withx50.9.

Although the temperature dependence ofr(T) in the
U12xLaxPd2Al3 system is not consistent with the two
channel spin-half Kondo model, it is still possible that t
02443
-

s,
ent

t

t
c
e

in

nt

-

n
L
,

,

behavior in this system is driven by single-ion effects.
single-ion Kondo physics dominates the U12xLaxPd2Al3 sys-
tem, then a single energy scale, given by the Kondo temp
ture, should characterize the behavior of the physical pr
erties at all temperatures. Thus, the values ofTK that are
extracted from theC(T), x(T), and r(T) data should be
consistent with each other. It was shown in Fig. 8 that
high-temperature resistivity yieldsTK515 and 17 K for the
samples withx50.8 and 0.9, respectively. We will refer t
this Kondo temperatures asTK-rH . The Kondo temperature
can also be estimated from the slope ofC/T vs lnT using the
prediction of the quadrupolar Kondo model~3!. Using the
result35 thatb;0.25, we find thatTK-C518 K for the sample
with x50.8 andTK-C534 K for the sample withx50.9. TK
can also be estimated from the magnetic susceptibility.
the Kondo model,TK-x52uCW/d, whered is 3 or 4. Taking
d53, this yieldsTK-x510 K for x50.8 andTK-x530 K for
x50.9. The low-temperature resistivity can be expressed

r~T!/r~0!512a~T/TK!1.3, ~6!

wherea is an undefined phenomenological parameter, si
lar to the analysis performed for the U12xThxPd2Al3 and the
Y12xUxPd3 systems.22,34 In the Y12xUxPd3 system,a was
determined to be 0.23 using the Kondo temperature deri
from specific-heat measurements, and in the U12xThxPd2Al3
system,a was determined to be 0.3 using the Kondo te
perature inferred from high-temperature resistivity measu
ments. If we choose the value ofa50.3 obtained for the
U12xThxPd2Al3 system, we findTK-rL516 K for the sample
with x50.8 andTK-rL518 K for the sample withx50.9.

The estimates ofTK from the various physical propertie
of the U12xLaxPd2Al3 system are in rough agreemen
ranging from 10 to 18 K for the sample withx50.8, and
17–34 K for the sample withx50.9. The Kondo tempera
tures are summarized in Table II. The values are remarka
close given thatTK is a characteristic energy scale, not
precise transition temperature. Thus, based on the analys
the Kondo temperatures from the various physical proper
of the U12xLaxPd2Al3 system, the data are consistent with
single-ion Kondo model. A further test of the single-io
model for U12xLaxPd2Al3 would be to see ifr(T), C(T)/T,
andx(T) scale withx in the NFL regime. A similar analysis
has been performed for U12xThxPd2Al3 in which it was de-
termined thatr0 scales with uranium concentration for 0
<x<0.99, and that a single energy scale dominates the
havior in the NFL regime.22

There are a number of theories that postulate that N
behavior is driven by collective effects, rather than single-

TABLE II. Kondo temperatures for samples of U12xLaxPd2Al3

with x50.8 and 0.9 determined from measurements of specific h
(TK-C), magnetic susceptibility (TK-x), electrical resistivity at high
temperatures (TK-rH), and at low temperatures (TK-rL).

x TK-C ~K! TK-x ~K! TK-rH ~K! TK-rL ~L!

0.8 18 10 15 16
0.9 34 30 17 18
7-8
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effects in the vicinity of aT50 K quantum critical point. In
1995, two groups investigated a model in which a spin-gl
freezing temperatureTSG is suppressed toT50 K giving rise
to unusual scaling behaviors in the various physi
quantities.17,18Since the NFL behavior in the U12xLaxPd2Al3
system occurs near the lanthanum concentration, where
spin-glass freezing temperature drops below the lo
temperature limit of the experiments, this model could
applicable. Sengupta and Georges predicted18 that the elec-
trical resistivity should follow the relationr(T);T3/2. This
is close to the power-law exponentn51.3, which we found
for the samples withx50.8 and 0.9. However, they als
predict that the specific heat divided by temperatureC(T)/T
should follow aT1/2 temperature dependence, which is i
consistent with our results.

The alloyed nature of the U12xLaxPd2Al3 compounds and
the presence of spin-glass freezing in a portion of the ph
diagram suggests that disorder could be a significant facto
determining the NFL behavior. There are two NFL models
date that incorporate the effects of disorder: the Kondo
order model19 and the Griffith’s phase model.20 The Kondo
disorder model predicts a logarithmic dependence
C(T)/T, which describes our results for the samples
U12xLaxPd2Al3 with x50.8 and 0.9. However, the resistivit
was shown to follow a linear dependence, which is incon
tent with our results. The Griffith’s phase model predicts
power-law dependence in the specific heat, which is con
tent with the data for the sample withx50.9, but not the
sample withx50.8. No prediction for the resistivity ha
emerged from the Griffith’s phase model, so we cannot d
a definite conclusion as to whether this model describes
NFL behavior in the U12xLaxPd2Al3 system.
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V. SUMMARY

We have performed measurements of the specific h
electrical resistivity, and magnetic susceptibility as a funct
of temperature for polycrystalline samples
U12xLaxPd2Al3. The Néel temperatureTN is sharply sup-
pressed with increasing lanthanum concentration, dropp
from TN514.6 K at x50 to TN52.6 K at x50.2. For lan-
thanum concentrations in the region 0.25<x<0.65, spin-
glass freezing is observed inxac andxdc with freezing tem-
peraturesTSG betweenT52 and 5 K. The samples with
0.25<x<0.35 exhibit a linear dependence of the spin-gla
freezing temperature and the peak value ofxac(T) with x.
The spin-glass freezing temperature extrapolates toT50 K
nearx50.8. The samples withx50.8 and 0.9 exhibit NFL
behavior in the electrical resistivity and specific heat. T
resistivity at low temperatures can be described by a pow
law temperature dependence with an exponentn51.360.1
for T,10 K. The specific heat is consistent with the relati

C/T52B ln~T/T0! ~7!

for the samples withx50.8 and 0.9. This behavior persis
for temperatures in the range 3<T<20 K for the sample
with x50.8, and 1<T<6 K for the sample withx50.9.
There is no theoretical model to date that predicts the te
perature dependences of bothC(T) and r(T) in the NFL
regime.
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