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Magnetic and non-Fermi-liquid properties of U;_,La,Pd,Al;
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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 {La,Pd,Al;. The antiferromagnetic order of the
parent compound UBAlI; is rapidly suppressed for small lanthanum concentratioag€0.2. For samples
with lanthanum concentrations 02%=<0.65, magnetic relaxation and ac magnetic-susceptibility measure-
ments indicate the formation of a spin-glass state with a freezing temperature that extrapdlatésKmear
x=0.8. Non-Fermi-liquid temperature dependences in the electrical resistig/lity and specific hea€(T)
were observed for samples wik+ 0.8 and 0.9. The resistivity(T) at low temperatures can be described by
a power lawp/py=1—AT" for T<10 K with n=1.3=0.1 for the samples witk=0.8 and 0.9. The electronic
specific-heat coefficienAC/T has a logarithmic temperature dependence in the temperature range3 3 K
<20K (x=0.8) and 1 KT<6 K (x=0.9).
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[. INTRODUCTION Kondo temperatures due to atomic disorder has also been
proposed to account for NFL behavior in the alloyed
The subject of non-Fermi-liquid(NFL) behavior in compounds? Finally, the Griffith's phase model assumes a
f-electron systems has attracted an increasing amount of atombination of disorder and competition between the
tention in recent years. NFL behavior has been observed in Ruderman-Kittel-Kasuya-Yosid@&KKY') and the Kondo in-
number of Ce-, Yb-, and U-based heavy-fermion intermetalteractions in alloyed compound$Despite a wealth of theo-
lic compounds. In certain stoichiometric compounds, e.g.ries, mostf-electron system that exhibit NFL behavior re-
CeNiL,Ge, and YbRBSI,, the NFL behavior appears at zero main largely unexplained. Thus, these materials continues to
pressuré; 3 whereas in other compounds, e.g., Geémd  pose an interesting puzzle.
CePdSi,, NFL behavior appears with the application of hy-  Recently the heavy-fermion superconductor Witd has
drostatic pressure® NFL behavior is also seen in a growing been shown to exhibit NFL behavior when uranium is par-
class of compounds in which the magnetic i@e, Yb, or U tially replaced by thoriurft? or yttrium?3 The parent com-
is diluted with a nonmagnetic rare earth or actinide, e.g.pound UPdAl; orders antiferromagneticallyAFM) below
U;_,Th,PdAI; and Y;_,U,Pd.® In some cases, substitu- the Neel temperaturd y=14.6 K and exhibits superconduc-
tion at a ligand site also results in NFL behavior, as is thetivity that coexists with magnetic order beloW,=2 K.?*
case with UCy_,M, (M=Pd, Pt)/® The NFL behavior is Chemical substitution with thorium or yttrium in place of
manifested as power law or logarithmic divergences ofuranium results in a suppression of the magnetic order and
physical properties at low temperatures, notably the electrithe superconductivity, but the nature of this suppression and
cal resistivity p(T), specific heatC(T), and magnetic the resulting phase diagrams are remarkably different in
susceptibilityy(T). These properties typically show the fol- U,_,Th,PdAl; and U,_,Y,PdAl;. Substituting thorium
lowing temperature dependencdsr p(T)~1—a(T/Ty)",  onto the uranium site causes a very gradual suppression
where |a]~1, a<0 or >0, andn~1-1.5; (i) C(T)/T  of Ty andT., while the features in the magnetic suscepti-
~(—1MTy)IN(T/Ty), or ~T 1™ and (i) x(T)~1 bility and specific heat associated with AFM order and
—(TIT) Y2 ~(—1Ty)In(T/Ty), or ~T~1** (\~0.7-0.8).  the superconducting transition are suppressed rapidly with
In several systems, the characteristic temperafgrean be increasing thorium concentration. Both AFM and super-
identified with the Kondo temperatug . conductivity vanish in a crossover region between0.2
Several theories have been advanced to explain NFL beand 0.4 and NFL behavior is observed for concentrations in
havior inf-electron materials. One scenario involves isolatedhe range 0.6x=<0.99. In contrast, substituting with yttrium
impurities that lead to a two-channel spin-1/2 Kondosharply suppresses boffy and T.. Superconductivity is
effect®'2 Another picture assumes a cooperative effect assuppressed below the low temperature limit of the experi-
sociated with a second-order magnetic phase transition thatents atx=0.02 and long-range magnetic order vanishes
has been suppressedTe-0 K by chemical substitution, hy- nearx=0.3 and is replaced by a region of spin-glass behav-
drostatic pressure, or magnetic fiefds'® The discovery of ior betweerx=0.3 and 0.7>?®The spin-glass freezing tem-
several materials that have a spin-glass transition, as oppospédratureT 5 extrapolates td =0 K at x=0.7, and NFL be-
to a magnetic phase transition, suppressed4d0 K, has havior is observed for 0Zx<0.8% A recent study has
prompted the development of theories describing NFL besuggested that the NFL behavior seen in Urh,Pd,Al; can
havior in the vicinity of a spin-glass freezing temperaturebe associated with a single-ion effect, whereas the NFL be-
that has been suppressed Te-0 K.2"*8 A distribution of  havior in the 4_,Y,PdAl ; compound results from quantum
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critical effects near & =0 K quantum critical poinf® The U MPdAl
striking difference in behavior between thg UY,PdAl; 5.50 | Tk 2
and U, _,Th,PdAl; systems raises the question of what as-

pect of the substituent element drives the NFL behavior. Is

the lattice expansion due to the larger size of the thorium 5.45 |
atom important, or is the valence of the substituent element <
significant? Thorium is tetravalent, whereas yttrium is triva- ®
lent in these compounds. In this paper, we investigate a third 5.40 | .
system, Y_,La,PdAl; in which trivalent lanthanum has i

been substituted for uranium. Comparison of the behavior of
this system with that of U_,Y,Pd,Al; and U, _,ThPdAl; T ) R
could shed some light on the role of the substituent species in ' ' ' '
driving the NFL behavior. Preliminary studies of the
U;_,La,PdAl; system shodw*°the suppression of the Nk
temperature for increasing lanthanum concentratidn this

paper, we expand on these studies. Based on measurements
of electronic specific heat, magnetic susceptibility, and elec-
trical resistivity, we present the phase diagram of this system 420 |
and investigate NFL behavior therein.
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422 |
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Il. EXPERIMENTAL DETAILS

The polycrystalline samples of,U,LaPdAl; were pre- 418 02 o4 o8 o8 ’
pared by arc-melting the constituent elemefis 3N; La: ’ Tox ’
4N; Pd: 4N; Al: 5N in stoichiometric amounts on a copper FG. 1 H | latti f d
hearth in an ultra-high-purity argon atmosphere. The arczI r'f' .r 9 exagofn;: t_at::cef palr)arFtete:f(upr;])ermlrgl:_r&riarnthc
melted ingots were then wrapped in tantalum foil and an- ower Tigure as a function of substituent concentratieorior the

. o M1 yLaPdAl;, Uy ThPdAI; and U _,Y,PdAl; systems. The
nealed in an argon atmosphere for seven days at 900 éjt XK . i
. . raight lines are linear fits to the data.

X-ray-powder-diffraction measurements showed that al’
samples consist of a single phase with the hexagonakT<120K.
PrNi,Al ; structure. Lattice constants were determined from a

linear regression analysis of the x-ray-diffraction peaks. For Ill. RESULTS
comparison, lattice constants of Samp'es QLW xPaAl3 The hexagonal lattice constardsand ¢ determined from
and U, _xThPdAl5 were also determined. x-ray diffraction measurements are displayed in Fig. 1. The

The magnetizatioM was measured as a function of time yegyits show that substitution of lanthanum or thorium ex-
t, magnetic fieldH, and temperatur@ using two commercial pands the lattice of the parent compound WRg, whereas
superconducting quantum interference devBQUID) mag-  supstitution of yttrium does not affect the lattice constants to
netometergQuantum Designwith maximum fields of 5.5  within experimental error. The lines shown in Fig. 1 are lin-
and 7 T. The dc magnetic susceptibilipg(T) was deter- ear fits of the lattice constants as a function of substituent
mined from the initial slope of thé1(H) curves between concentratiorx.
0 and 100 Oe. In-phase ac magnetic susceptibilityT) of The inverse dc magnetic susceptibility{') is plotted as
the samples with 02x=<0.65 was measured using a com- a function of temperatur@ for 0 K<T<300K in Fig. 4a)
mercial SQUID magnetometer at frequencies in the rangéor the samples with 0.55x=<0.8. The g (T) data of all
1 Hz=f<1000Hz with an amplitude of 1 Oe. For the of the samples show significant curvature in the measured
samples withx=0.7 and 0.8,y,{T) was measured in a temperature range, and thus cannot be fit by a Curie-
%He-*He dilution refrigerator down td'=100mK (x=0.7)  Weiss law. However, if a constant offsgy is subtracted
andT=55mK (x=0.8) in an applied field of 0.05 Oe at 12 from each data set, a Curie-Weiss law of the foyg(T)
Hz. —xo=NuZ3ks(T—6cy) can be fit to the magnetic-
The electrical resistivity(T) was measured using a stan- susceptibility data of the samples with &2<0.8. The
dard four-wire technique at temperatures in the range 1.2 Kconstanty, is chosen such théty(T) — xo] " is linear inT
<T=<300K in a*He cryostat with an applied ac current of for 50 K<T<300K. The values ofy,, which range from
1 mA at 16 Hz. Gold pads were deposited on the sample3-4x 10 *cm’mol to 6.5<10~*cm’/mol, are_éarge com-
with a sputtering systertHummer 6.2 and gold wires were Pared to the Pauli susceptibilityp~4.6x 10 cm’/mol.
attached with a two-part silver epoxgpotek H20E. Mea- This value ofyp is an upper limit that is estimated from the

i 21,2 2 _
surements op(T) at low temperatures were performed in a 'élation xp/¥(7°kg/3ug)~1, where a value 0;3’4— CIT
3He-*He dilution refrigerator at temperatures down to 60 mK ~ 150 mJ/molK for the compound UBAl; is used.” Thus,

using a linear research LR-700 bridge with an applied adt is likely that the curvature inyy! is due to other effects

current of 1004A at 12 Hz. The specific heat was measuredthan the Pauli susceptibility, such as a Van-Vieck contribu-
using a semiadiabatic technique irflde cryostat for 0.5 K tion to'the magnetic susceptibility, or crystal-field splitting of
the U-ion 5 levels. The values ofg, Ocw, and peq deter-
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TABLE I. Curie-Weiss parameters.es, 6cw, and xg, and

U, LaPdAl a) magnetic transition temperatureéby and Tgg for samples of
400 | ——x=0.15 U,_,La,PdAl; with 0<x=<0.9. The temperature-independent
-— :;:8% magnetic susceptibility, was chosen to linearizey(T)— xo] *
g g6 L —e—x=05 for 50=<T<300K. The Curie-Weiss temperatug,, and effec-
= :;:8-5 tive moment per uranium atom. were determined from fits of
g ' X(T)— xo=Naud3Kk(T— 6cw) to the x4(T) data. the Nel tem-
T200 ¢ peraturesT, and spin-glass freezing temperatufieg; were deter-
= mined from peaks in the ac magnetic susceptibility.
100 +
"""" X et () Bow (K) 107y (cm¥mol) Ty (K) Tsg (K)
o\ 0 3.7F  -5A —4.0 14.6
- 0.10 3.2 -28 2.7 9.2
0.15 2.5 -81 3.6 4.3
0.20 2.2 =27 3.2 2.8
60 025 26 -13 6.5 3.0
65 0.30 3.1 -1 3.5 3.4
% 0.35 2.7 —-13 6.5 3.8
540 040 27 -8 4.8 4.9
= 050 26 -8 4.0 4.9
o | 060 25 -15 4.0 3.6
065 2.6 -4 2.8 2.1
0.70 2.2 -19 3.6 1.4
0 0.80 2.7 -30 2.4
090 2.2 —88 10

FIG. 2. (a) Inverse dc magnetic susceptibilibygcl of various  2H=5 kOe.
U, ,La,PdAl; compounds as a function of temperatdremea-
sured in an applied field of 1 kOe. The lines are guides to the eydN Fig. 3(b). The temperature of the maximum ., Tpeak
(b) Expanded view of the data belot= 15 K in which the arrows  increases linearly with lanthanum concentration, as shown in
indicate magnetic-ordering temperatures. the top inset. The bottom inset of Fig(b3 shows the mag-
nitude of y,. at the peak temperature as a functionxof
mined from the Curie-Weiss fits are listed in Table |. Thewhich also increases with the lanthanum concentration.
Curie-Weiss temperaturek.y range from—1 to —88 K and Figure 4 showsy,{T) data for samples with 0x
the effective rnornenta}beff range from B&B/U for the <0.7. The samples with 0s2x<0.6 have a double—peak
UPdAl; end member to 2,25 /U for U, La,PdAl; with  feature iny,{T), whereas the samples wit+0.65 and 0.7
x=0.9. The effective moments for the samples containinginsed have only one peak in the measured temperature
lanthanum are reduced from the free uranium ion moment of@nge. For the sample with=0.8, ,{T) measured at tem-
3.56ug. The scatter in the values @f; and Oy, could be  Peratures down td =50 mK showed no peaks or other fea-
an artifact due to crystalline electric fields, as well as the facfUres: There is no correlation between eitfige, or the
that the measurements were performed on polycrystaldnagnitude ofyadT) at Tpeq with lanthanum concentration
whereas measurements of the magnetic susceptibility dP' e samples with 0#4x<0.7. The temperatures of these
single crystals reveal a strong anisotropy between the maé’—eak_S iy, T) are indicated in the phase diagram in Fig. 12.
netization along the axis and in thea-b plane?® Dlsorder_ due to the presence of magnetic uranium and
In Fig. 2b) the inverse magnetic susceptibilifg® is nonmagnetic Ianthanum on the_samtnT lattice site could lead
; dc 7 to the formation of a magnetic spin-glass state at low
shown for temperatures in the range &K<15K. Thexs.  temperatures. In order to distinguish between spin-glass
vs T curves of all of the compounds exhibit a broad changereezing and long-range order, we measured the relaxation
in slope between 5 and 8 K. The arrows identify the locationof the dc magnetizatiotM as a function of timet. The
of features inyq. that roughly correspond to peaks seen insamples were cooled in zero field ©=2 K, a magnetic
xadT) (see Fig. 12 field of 10 Oe was applied, and the magnetization was mea-
Measurements of ac magnetic susceptibijity(T) were  sured as a function of time for 90 min. In Fig. 5, the mag-
made as a function of for samples with 0.£x=<0.8. The netizationM is plotted as a function of timeon a logarith-
xadT) curves for the samples with Gsx=<0.2 show an mic scale for B<t<90min. The magnetization of the
abrupt change in slope, as seen in Fi@) 3which is typical samples in the range 0.2%<0.65 increases with a loga-
of an antiferromagnetic phase transition. TheeNempera-  rithmic time dependence, which is typical for spin or cluster
ture Ty decreases from 14.6 K for the host compoundglasses, in which multiple relaxation time constants are
UPdAI; to 2.7 K for the sample withk=0.2. The com- present! The samples withx=0.15 and 0.2 show no relax-
pounds with 0.25x=<0.35 show a sharp peak in{T). For  ation over the course of 90 min.
clarity, these peaks have been plotted on a logarithmic scale We investigated the spin-glass behavior further by means
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FIG. 5. dc magnetizatioM (t) —M(0) as a function of tim¢ in
. minutes for samples with 01x<0.65 atT=2 K on a logarithmic
2 scale.
E
§ 1 Tpeak Shows no frequency dependence for the sample with
Ty x=0.2. By contrast,T peq for the sample withx=0.35 in-
= creases slightly with frequency at a rate of 0.05 K/decade.
xad T) of the sample withk=0.6 shows two peaks, both of
which shift slightly with frequency. Therefore, we can con-
0.1 clude that the samples witk=0.35 and 0.6 exhibit spin-
FIG. 3. (a) ac magnetic susceptibility,. at 100 Hz as a function 005} x=0.2 ; i U1-xLade2Als
of temperatureT for the compounds with 0Ex=<0.2. The data .'/-\ a)
have been scaled to fit on one pl@) ac magnetic susceptibility 0.045 | '.-::-/‘F\-_ |
Xac @t 100 Hz as a function of temperatufefor the compounds e ..
with 0.25=x=<0.35. 4. is plotted on a log scale for clarity. The top o es f=f Hz oo . *e,
inset shows the temperatures of the peBks,in xacas a function 0.04 | lf=1oo Hz _
of lanthanum concentration The bottom inset shows the magni- .o f=1000 Hz  °«
tude of x,c at Tpeac@s @ function ofk. The lines in the insets are *
linear fits to the data. 0.035 = = =
x=0.35 e, b)
= 41 3 1
of ac magnetic-susceptibility,{ T) measurements at differ- 2 R
ent frequencies. For the samples witk 0.2, 0.35, and 0.6, g 3l S .-"4?'-.-‘ -
xadT) was measured in applied ac magnetic fields at fre- E
guencies of 1 Hz, 100 Hz, and 1000 Hz. These data are 3 2¢ 5';. 1

a
3

plotted in Fig. 6. The temperature of the peakxg(T),

X
3

B . L : L] ¢ .“.._
1.05 0 : T | |
3 . U, La PdAl_- i
15 s X=0.7’._' . 1x x 2 3 I x=0.6 o¥. C)
e U TN
- Iy o, 5 i .o ’:::::;.
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g 10 4 .. . .....o..:
g 3 F .o .. T L
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FIG. 6. ac magnetic susceptibility,. as a function of tempera-
FIG. 4. ac magnetic susceptibilify,. in units of emu/molU at ture T at frequencies of 1 Hztop curve, 100 Hz (middle curve,
100 Hz as a function of temperatuile for the compounds with and 1 kHz(bottom curve for the sample withk=0.2 (a), x=0.35
0.4<x=<0.65. The inset showg,{T)/x.{0) at 16 Hz for the (b) andx=0.6(c). The arrows indicate the peak value)gf. at each
sample withx=0.7 frequency.
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FIG. 7. Electrical resistivityp(T) normalized to its to value at
T=300K as a function of temperatute The curves, in descending FIG. 8. Kondo contribution to the electrical resistivity(T),
order, are for the samples with=0.4, 0.35, 0.6, 0.7, 0.8, 0.9, and normalized to its extrapolated value &0 K, as a function of
1.0. The inset showg(T) at low temperatures for the sample with temperaturel on a log scale fox=0.8 and 0.9. The Kondo tem-
x=0.6. peratureTy is taken as the point wheig(T) reaches 80% of its

maximum value.
glass freezing, whereas the sample with0.2, which shows
no frequency dependence Do, exhibits long-range mag-
netic order.

Figure 7 shows the electrical resistivipfT) for samples

in the range 0.35x=<1.0. The superconducting transition of In Fig. 8, p(T)/ pk(0) is plotted as a function tempera-

filamentary aluminum af ;=1.2 K has been suppressed with ture on a log scale for the samples withk 0.8 and 0.9. As is

an applied magnetic field of 300 Oe. The resistivities of theex ected for Kondo scatterina. (T) increases logarithmi-
compoundsx=0.8 and 0.9 are metallic in naturel4/dT b 8«(T) g

. ) X cally with decreasing temperature for 26sR<100K. The
>0) at high temperatures but show an increase with decreagnqo temperature was approximated to be the temperature

ing temperature, indicative of a Kondo effect at low tempera-; whichpy(T) reaches 80% of its maximum value, which is
tures. For the compounds with 08%=<0.7, the Kondo royghly the temperature at whigi(T) deviates from loga-
scattering is so strong thap/dT<0 up toT=300K. The rithmic behavior. This procedure yields Kondo temperatures
samples withx<<0.7 show broad peaks in thgT) data at of T,=15 and 17 K for the samples witk=0.8 and 0.9,
low temperatures, displayed for the sample with 0.6 in  respectively.
the inset. The temperature at which these peaks occur is The low-temperature resistivity data for the samples with
slightly higher than the temperature of the peakgigT), x=0.8 and 0.9 can be described by a power law of the form
as can be seen in the phase diagram in Fig. 12. Broad peakg(T)/po=1—AT", wherep,, A, andn are adjustable fit-
in the electrical resistivity have been observed in other spiriing parameters. We looked for a fit that describes the data at
glasses, such as;U,Y,PdAl; and Y,_,U,Pd;, although the lowest temperatures, and extends over the largest pos-
not necessarily near the spin-glass freezing temperatafe. sible temperature range. Figure 9 shows gh€T) data and
The Kondo temperaturé’K can be determined from the pOWer-laW fItS(SO|Id |il’leS)_ for the Samp|es withk=0.8
the high-temperaturep(T) data for the samples with @nd x=0.9. Shown in the insets to Fig. 9, are plots of
08 o D3. The teskiy o ba wein o3 L pe(1)es s 8 fmeln of s olen oo, 1 oee,
— ; , wer-law fi [ ines.
ipn(T) pr(T)+ pu (1) +pe, Wherepy(T) is a Kondo scatter- - [ x=0.9, we found that a power law with=1.3+0.1,
g term, p (T) is the lattice contribution to the resistivity, " 113 and o= Q i Il for 65 mKeT
and p. is a temperature-independent term due to potentiaf‘_S'3 MK, andpo=48u() cm fits _we_ or bom
scattering. The Kondo termy(T) decreases with the loga- se%kK é;l_'rh_eg(;' Ildgazfgr Stlrll eh?imﬁjlfnvgﬁﬁeoigvc:;?esmm ?ellr a
rithm of T for T>Ty until it saturates at high temperatures P S g P b

h he lati T icallv i i | "tures. It is possible that the peak is associated with a spin-
whereas the lattice termp, (T) typically increases linearly glass transition at lower temperatures; therefore, it has been

with T for temperatures on the order of 300 K. For the excluded from the power-law fit. AbovE=0.8 K, thepy(T)
samples wittk=0.8 and 0.9, the resistivity(T) of the pure a3 can be fit by a power law witm=1.3+0.1,
LaPdAl; sample has been subtracted in order to removey— g5 mk¥3 and p,=72uQ cm up to T=10K. The
lattice contributions. Since LaRAll; contains no magnetic power-law fits are insensitive to the details of the subtraction
ions, its resistivity is dominated by lattice contributions, andof the phonon contributions, since those are much smaller
since the lattice constants of the samples with0.8, 0.9,  than the electronic contributions &< 10 K. The power law
and 1.0 are very similar, it is reasonable to assume that theyith n=1.3 for thex=0.8 and 0.9 samples is clearly at
all have similar lattice contributions tp(T). Due to the variance with Landau’s Fermi-liquid theory, which predicts a
porosity of the samples, and uncertainties in the geometricglower lawT dependence with a=2 exponent.

factors, the exact resistivities are difficult to determine. Figure 10 shows the specific heat divided by temperature
Therefore, to accurately substract the lattice contributiodMC(T)/T=C(x,T)/T—C(1,T)/T plotted as a functiod on
from the measured resistivities, we scaled the slopes of tha log scale for the samples wik0.8 and 0.9. The specific

high-temperature linear regions pfT) to the slope op(T)

of LaPdAl;. The constant ternp, was chosen such that
pk(T) saturates to zero at high temperatures, as is expected
for Kondo scattering far abovéy .
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FIG. 9. Resistivitypx as a function of temperatur€ for the FIG. 10. Specific heaAC divided by temperatur& vs T on a

sample withx= 0.8 (a) andx=0.9 (b). The lines are fits of a power 109 scale for the samples with=0.8 (a) and x=0.9 (b). The
law py(T)/po=1—AT" to the p«(T) data, where,, A andn are specific heat of the LaBAl; end member has been subtracted
fitting parameters. The inset shows- p«(T)/po vs T on a log-log ~ from each data set to remove the phonon contribution. The solid

scale, in which the power-law fitting function is a straight line. circles represent the data, and the solid straight lines are fits of
AC(T)/T=—-BIn(T/Ty) to the AC(T)/T data, whereB and T, are

heat of LaPgAl;, C(1,T) has been subtracted from the adjustable parameters. The dashed lines are fits of a poweT-law
Speciﬁc heat of the other Samp|&X,T) to remove the dependenceAC(T)/Toch, and the dotted lines are fits of
phonon contributions. Since LagAd; displays a super- AC(T)/T=yo+B'T"?to the AC(T)/T data.

conducting transition af ~0.8 K, its normal-state specific

heat was extrapolated to the lowest temperatures for the pur- The LaPdAl; compound shows features ip(T) and
pose of subtracting it from the data of other samples. In &(T) indicative of superconductivity. As shown in Fig. 11,
Fermi liquid, AC(T)/T approaches a constant value at thep(T) drops sharply to zero betweed=0.9K and
lowest temperatures, whereas for the samples wit#0.8 ~ T=0.8K, andC(T)/T shows a jump al =0.8 K. We calcu-
and 0.9,AC(T)/T clearly increases at the lowest tempera-

tures. The solid lines in Fig. 10 are fits of the form . . . . . . 80

AC(T)/T=—BIn(T/Ty) to the data. For the sample with 16 - f
=0.8, the fit yieldsB=22.7 mJ/mol K and To=4.1K for

temperatures in the range 3KI'<20K. For the sample — 60
with x=0.9, the fit yieldsB=6.1 mJ/mol K and T,=4.5K 14 -
for temperatures in the range =KF'<6 K. TheAC(T) data g 5
have also been fitted by a power law, which is predicted by E 121 40 %
several NFL models, including the Griffith’s phase motfel. g =
The power-law fits are shown as dashed lines in Fig. 10. The O 20
data for the sample wittkk=0.8 cannot be described by a 10 -

power law over any significant temperature range. The data

for the sample wittx=0.9 are consistent with a power law 3 eeeeb—o—b—d_ . . . 0
for temperatures in the range<sll <6 K. We have also at- 05 06 07 08 08 1 11 12
tempted to fit the data with the formAC(T)/T=17, T(K)

+B'T*2, which is predicted for NFL systems in the vicinity  FiG. 11. Resistivityp (circles and specific hea€ divided by

of a quantum critical point at which a spin-glass freezingtemperatureT (triangles as a function ofT for LaPdAl; The
temperature has been suppressed 00 K.'®!® These fits  jumps in p(T) and C(T)/T indicate a superconducting transition.
are shown as dotted lines in Fig. 10, and do not describe ourhe midpoint of this transition im(T) occurs afT,=0.85 K. The
data for either sample over any appreciable temperatursuperconducting transition determined from an equal entropy con-
range. struction of C(T)/T occurs afT;=0.74 K.
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20

L A — peaks iny,d T) and kinks iny4(T) are due to the onset of
U1_xLaXPd2AI3 T antiferromagnetic ordering. The "Metemperature is sup-
Loy (M) / i pressed fronT=14.6 K for the parent compound UXl,

. M to Ty=2.6K for the sample withx=0.2.

- p?'cl') Fits of the dc magnetization to a Curie-Weiss law for the
samples with 0.&x=<0.8 result in values ofi, Which are
suppressed from the free uranium ion moment of 356
Based on x-ray photoemission spectroscOpRpS measure-

K‘,-T'\‘\\' T, ments on UPgAl;, Fujimori et al. have suggested that the
SG NFL |y uranium ion exhibits intermediate valence between the 3
' 0'4 0|6 0'8 1.0 and 4+ states, which could account for the low value of
Tox ' ' 3gj h is signifi Kond ing in thi -
Meii > Since there is significant Kondo scattering in this sys

tem, it is also likely that Kondo screening of the the uranium
5f moments by conduction electrons is suppressing.
The highest effective moments were found for samples ex-
for the U,_ LaPdbAl, system.Ty, and T are determined from hibiting spin-glass behavior, the significance of which is un-
kinks in the dc susceptibility 4. (circles, peaks in the ac suscep- clear. .
tibility x,c (triangles and kinks in the resistivity(T) (squares Our data generally agree with the results of Sakoal.
The superconducting transitions are determined from the 50% poirfe! the same systeri?. Sakon et al. observed pronounced
of the resistivity transitionsTy is the Kondo temperature deter- Kondo scattering inp(T) manifested asip/dT<0 for the
mined from high-temperature resistivity data for the samples withsamples witix=0.5 and 0.75. Based on anomalies(T),
x=0.8 and 0.9. NFL temperature dependences of the resistivity anfakonet al. obtained Nel temperatures of 9 and 3 K for the
specific heat are observed at low temperatures for the samples wigamples withx=0.1 and 0.25, respectively. This is in accor-
x=0.8 and 0.9. dance with our data, although we attribute the transition for
] ~ thex=0.25 sample to spin-glass freezing, rather than long-
latedAC/yT.=0.8, which suggests that the superconductiV-range order. For the sample with=0.5, Sakoret al. found
ity in this compound is a bulk phenomenon. A value for thepysteresis in the magnetization that they attributed to ferro-
bulk 'I_'C of 0.74 K was derived from an equal entropy con- magnetism. They also saw a broad bumpdT) around
struction of theC(T) data. ~ T=5K. Our results from magnetic relaxation and frequency
The phase diagram of the ,U,La,PdAl; system is  gependence of.(T) indicate that the transition &t~5 K

FIG. 12. The Nel temperaturdy, spin-glass freezing tempera-
ture Tgg, superconducting transition temperatirg, and Kondo
temperaturel plotted as a function of lanthanum concentration

shown in Fig. 12. The temperatures of the kinksxi(T), s a spin-glass freezing transition rather than a transition to
the peaks iny,{T), and the peaks ip(T) are plotted as a ferromagnetic order.
function of x. The samples with &x=<0.2 exhibit long- It is interesting to compare the effect of lanthanum sub-

range magnetic order whereas the samples with <025 stjtution in UPgAI, with the substitution of other atoms.
=0.65 form a spin glass at low temperatures. The samplepetailed studies of the magnetic phase diagrams have been
that exhibit spin-glass behavior with 02%=<0.35 show a performed on two other systems, ; UY,PdAl; and
scaling of Tsg and x,c with x. Although peaks ip(T) are  y,_ Th PbAI;.23%3%2  The  phase  diagrams  of
not usually agsociated with gpin—glas; freezing, we have ingy, | a Pd,Al; and U _,Y,PdAl; are remarkably similar.
cluded them in the phase diagram since they tréigk as  Both show a region of AFM order, followed by spin-glass

determined from the,{(T) data. freezing that is suppressed to zero temperature. By contrast,
the U, _,Th,PdAl; system shown very little suppression of
IV. DISCUSSION Ty With increasingx, and shows no indication of spin-glass

freezing. Since both yttrium and lanthanum are trivalent,
_ _ whereas thorium is tetravalent, it seems that the magnetic
The presence of magnetic relaxation and frequencypehavior in these systems is primarily determined by the

dependent peaks iy,{T) for the samples with 0.25x  valence of the substituent element.
=0.65 indicates that these samples exhibit spin-glass freez-

ing at low temperatures. It is not unexpected that a spin glass
would form in this system since the presence of magnetic B. NFL behavior

uranium and nonmagnetic lanthanum on the same lattice site
produces disorder. Spin-glass behavior has also been seen inThe NFL temperature dependencespgl) and C(T)/T

the U,_.Y,PdAl5 system for 0.3x=0.6% The y.{T) for the U, _,La,PdAl; system in the NFL regime have the

data for the samples with=0.4, 0.5, and 0.6 have a double- following forms:
peak feature that could be due to the presence of two slightly
different concentrations of lanthanum. This kind of impurity

A. Magnetic behavior

would result in a slight broadening of the x-ray-diffraction p(M/p(0)=1-AT", n=13 @)
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 that the C(T)/T==BIn(T/Ty) 2
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These forms are similar to those found in ottiexlectron TABLE II. Kondo temperatures for samples of ULa,Pd,Al;
systems  which exhibit NFL behavior including with x=0.8 and 0.9 determined from measurements of specific heat
U;_,ThPdAl; with 0.6<x=<0.99, and Y_,U,Pd; with (Tk-c), magnetic susceptibilityTy.,), electrical resistivity at high
0.1=x=<0.252234|n particular, the logarithmic dependence temperaturesTy.,.), and at low temperatureS_,.).

of C(T)/T at low temperatures seems to be a universal fea=

ture of f-electron NFL systems. X Tec (K Tey (K) 0 Tipn (K) 0 Tip (L)
The temperature dependences(T) in the NFL regime 0.8 18 10 15 16
are very similar for the Y_,Th,PdAl; and U, _,La,PdAl; 0.9 34 30 17 18

systems, but dramatically different for the; UY,Pd,Al;
system. Both Y_,Th,Pd,Al; and U, _,La,PdAl; show a
Kondo effect withdp/dT<0 at the lowest temperatures, and behavior in this system is driven by single-ion effects. If
power-law behavior op(T) with an exponenh~1.3-1.5.  single-ion Kondo physics dominates the_LLa,PdAl 5 sys-
In contrast,p(T) in the U, _,Y,PdAl; system decreases lin- tem, then a single energy scale, given by the Kondo tempera-
early with decreasing temperature in the NFL regime. Thusture, should characterize the behavior of the physical prop-
it seems that in these systems the valence of the substituesities at all temperatures. Thus, the valuesTgfthat are
element is not driving the behavior {T) in the NFL re-  extracted from theC(T), x(T), and p(T) data should be
gime. If the valence were important, we would expect thatconsistent with each other. It was shown in Fig. 8 that the
substitution of trivalent lanthanum and yttrium would yield high-temperature resistivity yields=15 and 17 K for the
similar forms forp(T), whereas substitution of tetravalent samples withx=0.8 and 0.9, respectively. We will refer to
thorium would result in different behavior. One attribute thatthis Kondo temperatures &, . The Kondo temperature
lanthanum and thorium do have in common is similar atomiccan also be estimated from the slopeddf vs InT using the
radii that are larger than the atomic radius of uranium. ThEprediction of the quadrupolar Kondo mod@). Using the
x-ray-diffraction data show that substitution of thorium or resulf® thatb~0.25, we find thafl«.c=18 K for the sample
lanthanum causes the lattice of URHY; to expand, whereas with x=0.8 andTy.c=34K for the sample withx=0.9. T
substitution of yttrium does not cause a detectable change igan also be estimated from the magnetic susceptibility. For
the lattice parametera or c. Perhaps the increase in the the Kondo modelTy.,= — fcw/d, whered is 3 or 4. Taking
interionic spacing in the U ,La,PdAlz and U, Th,PGAl;  d=3, this yieldsT,_,=10K for x=0.8 andTy_,=30K for
systems causes single-ion effects to become more importagt=0.9. The low-temperature resistivity can be expressed as
in the NFL regime than in the U,Y,PdAl; system in
which the uranium ions are more dense. p(M)p(0)=1—a(T/T)3 (6)
There is no theory to date that predicts the behavior ob-
served for bothp(T) and C(T)/T of the U,_,La,PdAl;  Whereais an undefined phenomenological parameter, simi-
system in the NFL regime. Since the NFL behavior occurs inar to the analysis performed for the U Th,PdAl; and the
the dilute magnetic limit, it seems reasonable that the NFLY1—,U,Pd; systems?3* In the Y;_,UsPd; system,a was
behavior could result from single-impurity effects. Currently, determined to be 0.23 using the Kondo temperature derived
the only single-impurity model for NFL behavior is the two- from specific-heat measurements, and in the Jh,Pd,Al;
channel spin-1/2 quadrupolar Kondo model. In this theorysystem,a was determined to be 0.3 using the Kondo tem-

the electronic specific heat is predicted to be perature inferred from high-temperature resistivity measure-
ments. If we choose the value af=0.3 obtained for the
C(T)/T==bR/Tx In(T/b"Ty), () U;_,ThPPdAIl; system, we findl_, =16 K for the sample

with x=0.8 andT., = 18K for the sample withx=0.9.

The estimates of ¢ from the various physical properties
of the U, ,La,PdAl; system are in rough agreement,
ranging from 10 to 18 K for the sample witk=0.8, and
17-34 K for the sample wittx=0.9. The Kondo tempera-
tures are summarized in Table Il. The values are remarkably
close given thaflTy is a characteristic energy scale, not a

p(Mp(0)=1—a(T/Ty), 0.05T <T<Ty (4) precise transition temperature. Thus, .based on_the analysi_s of
the Kondo temperatures from the various physical properties
p(T)Ip(0)=1—a(TIT)Y2 T<0.05T¢ (5) o_f the Q,XLaXPdQAlg system, the data are consiste_nt Wit_h a
single-ion Kondo model. A further test of the single-ion
which is inconsistent with our results. For the model for U _,La,Pd,Al; would be to see ip(T), C(T)/T,
U,_,La,PdAl; samples withk=0.8 and 0.9p(T) follows a  andx(T) scale withx in the NFL regime. A similar analysis
power law withn=1.3, and this power-law behavior extends has been performed for,U, Th,Pd,Al; in which it was de-
down to the lowest temperatures measured (0IQ)Jor the  termined thatp, scales with uranium concentration for 0.6
sample withx=0.9. =x=0.99, and that a single energy scale dominates the be-

Although the temperature dependence ffT) in the  havior in the NFL regimé?

U,_,LaPdAl; system is not consistent with the two-  There are a number of theories that postulate that NFL
channel spin-half Kondo model, it is still possible that thebehavior is driven by collective effects, rather than single-ion

where b has been calculated to be about 0.25,s the
ideal gas constantTy is the Kondo temperature, and
b’~0.4111% This prediction for the specific heat is con-
sistent with our measurements fog ULa,Pd,Al;. However,
the prediction for the resistivity in the two-channel spin-1/2
Kondo effect is
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effects in the vicinity of al=0 K quantum critical point. In V. SUMMARY
1995, two groups investigated a model in which a spin-glass \ye have performed measurements of the specific heat,
freezing temperat_ur'cESG is suppresged t6=0K gvIng rise  electrical resistivity, and magnetic susceptibility as a function
to unusual scaling behaviors in the various physicabf temperature for polycrystaline  samples  of
quantities:"*®Since the NFL behavior in theU,La,PdAl; U, _ LaPdAl, The Nel temperatureTy is sharply sup-
system occurs near the lanthanum concentration, where thfessed with increasing lanthanum concentration, dropping
spin-glass freezing temperature drops below the lowfrom Ty=14.6K atx=0 to Ty=2.6K atx=0.2. For lan-
temperature limit of the experiments, this model could bethanum concentrations in the region 026<0.65, spin-
applicable. Sengupta and Georges prediééuat the elec- glass freezing is observed jp, and x4 with freezing tem-
trical resistivity should follow the relatiop(T)~T%2 This  peraturesTsg betweenT=2 and 5 K. The samples with
is close to the power-law exponemt= 1.3, which we found 0.25=x=<0.35 exhibit a linear dependence of the spin-glass
for the samples wit,x=0.8 and 0.9. However, they also freezing temperature and the peak valuexgfT) with x.
predict that the specific heat divided by temperatD(@)/T  The spin-glass freezing temperature extrapolates+® K
should follow aT*? temperature dependence, which is in-nearx=0.8. The samples witk=0.8 and 0.9 exhibit NFL
consistent with our results. behavior in the electrical resistivity and specific heat. The
The alloyed nature of the {U,La,PdAl; compounds and resistivity at low temperatures can be described by a power-
the presence of spin-glass freezing in a portion of the phas@W_temperature dependence with an exporreatl.3+0.1
diagram suggests that disorder could be a significant factor ifP" T<10K. The specific heat is consistent with the relation
determining the NFL behavior. There are two NFL models to CIT=-BIn(T/To) 7)

date that incorporate the effects of disorder: the Kondo dis-

order mode® and the Griffith's phase mod&!.The Kondo for the samples withx=0.8 and 0.9. This behavior persists
disorder model predicts a logarithmic dependence ofCr temperatures in the ranges3r<20K for the sample

C(T)/T, which describes our results for the samples of?Vith X=0.8, and I=T<6K for the sample withx=0.9.

U, LaPdbAl; with x=0.8 and 0.9. However, the resistivity There is no theoretical model to date that predlcts the tem-
was shown to follow a linear dependence, which is inconsisperf"t[ure dependences of bd(T) and p(T) in the NFL
tent with our results. The Griffith’s phase model predicts al€gime.
power-law dependence in the specific heat, which is consis-

tent with the data for the sample with=0.9, but not the

sample withx=0.8. No prediction for the resistivity has  This work was supported by the U.S. Department
emerged from the Griffith’s phase model, so we cannot dravoef Energy under Grant No. DE FGO03-86ER-45230
a definite conclusion as to whether this model describes thand by the National Science Foundation under Grant No.
NFL behavior in the Y_,La,PdAl; system. DMR-00-72125.
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