
PHYSICAL REVIEW B 1 MARCH 1997-IVOLUME 55, NUMBER 9
Structure, crystal fields, magnetic interactions, and heavy-fermion behavior in„Ce12xLax…3Al

Y. Y. Chen and Y. D. Yao
Institute of Physics, Academia Sinica, Taipei, Taiwan, Republic of China

B. C. Hu and C. H. Jang
Department of Physics, Fu Jen University, Taiwan, Republic of China

J. M. Lawrence
Department of Physics, University of California, Irvine, California 92717

H. Huang and W. H. Li
Department of Physics, National Central University, Taiwan, Republic of China

~Received 6 May 1996!

We report measurements of the resistivityr, susceptibility x, and specific heatC of the alloys
~Ce12xLax!3Al. At room temperature these form in the hexagonal Ni3Sn structure~a-Ce3Al !; at low tempera-
tures a structural transition to a monoclinic phase occurs for 0<x<0.3 ~g-Ce3Al !; and a transition with a
similar feature in the resistivity occurs for 0.75,x<1 ~g-La3Al !. Crystal fields have strong effects on these
measurements: analysis of the specific heat suggests that for Ce3Al two excited doublets occur at temperatures
T1cf'75 K andT2cf'130 K above the ground-state doublet, and that these splittings decrease significantly on
alloying; this causes a similar decrease in the Curie-Weiss temperatureuh obtained from the high-temperature
susceptibilityx5C/(T1uh). The derivativedr/dT of the low-temperature resistivity is negative over a range
of temperature for allx (0<x,1), which is a characteristic sign of heavy-fermion~Kondo! behavior; various
measures of the Kondo temperatureTK , taken from the analysis ofr, x, andC, consistently suggest thatTK
decreases by an order of magnitude on alloying, from'10 K for small x to '1 K for large x. Fits to the
low-temperature specific heat which include a lattice contribution, a crystal-field contribution, and anS51/2
Kondo contribution describe the data well forx50.95; but for 0.3<x<0.82 the specific heat peak is larger and
narrower than predicted by Kondo theory and a peak occurs in the resistivity, suggesting that coherence due to
magnetic correlations plays a role for these concentrations. For the monoclinic phase, peaks inr, x, andC
indicate antiferromagnetic order, where the Ne´el temperature decreases withx from its valueTN52.5 K for
x50. The specific heat is linear at the lowest temperatures, even in the antiferromagnetic phase, which
suggests that the magnetic order coexists with Kondo behavior.@S0163-1829~97!02309-6#
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I. INTRODUCTION

Heavy-fermion behavior is observed1 in the systems Ce3X
~X5In, Sn, Al!. For Ce3Al, the room-temperature phas
~a-Ce3Al ! is hexagonal~Ni3Sn! but a structural transition
occurs atTs5110 K.1,2 An initial study3 using conventional
x-ray diffraction found that the low-temperature state a
has the Ni3Sn structure. However, Rietveld refinement of t
structure using high-resolution diffraction data from a sp
lation neutron source found the low-temperature phase to
monoclinic;4 the monoclinic structure was confirmed5 using
neutron data from a triple-axis spectrometer. In thisg-Ce3Al
phase antiferromagnetic order occurs atTN52.5 K.1–3 For
T.TN the low-temperature resistivity exhibits a negative d
rivative dr/dT; this Kondo effect establishes that the ma
netic order occurs at a temperature where heavy-fermion
cesses are active in removing the spin entropy. A comm
way to study the resulting interplay between magnetic or
and heavy-fermion behavior is through substitution of no
magnetic La for Ce. Older studies6,7 of the resistivityr(T)
and susceptibilityx(T) from 2–300 K in the system
~Ce12xLax!3Al explored a limited range of alloy concentra
tion (x,0.3); these show that the low-temperature structu
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transition vanishes forx.0.2; i.e., Ts(x)→0 for 0.2,x
,0.3. A study8 of the specific heatC(T) for 0<x<0.67 and
1.2 K ,T,300 K suggests that the Ne´el temperatureTN
initially decreases withx, but then saturates to a value o
order 1.5 K.

In this paper we report a more thorough study, whereinr,
x, andC are all measured for a series of alloys spanning
range 0<x<1. The measurements ofC(T) and ~for select
compounds! of r(T) were extended to a lower temperatu
~0.5 K! than in the previous studies. In the analysis and d
cussion we focus on the interplay between structure, cry
fields, magnetic interactions, and the Kondo effect.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of~Ce12xLax!3Al for x50, 0.06,
0.12, 0.2, 0.25, 0.3, 0.7, 0.82, 0.95, and 1 were prepared
arc melting the constituent elements in an argon atmosph
High-purity Ce~99.99%!, Al~99.9999%!, and La~99.9%!
were obtained from the Johnson Matthey Company.
avoid oxidation the cerium was prepared in a pure nitrog
atmosphere. The as-cast samples were then anneale
5937 © 1997 The American Physical Society
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200 °C for 10 days to eliminate any residual hig
temperature cubicb-Ce3Al phase. X-ray diffraction was per
formed at room temperature for allx on polished bulk speci-
mens using a rotating anode diffractometer manufactured
Materials Analysis and Characterization. These studies d
onstrate that at room temperature the alloys have the N3Sn
structure for allx with no evidence for second phases with
the detection limits~a few percent! of the instrument. The
lattice constants vary smoothly withx ~Fig. 1!. For Ce3Al
diffraction measurements on these polished specimens
also measured at low temperature; for both Ce3Al and La3Al
additional studies~discussed below! at room temperature an
low temperature were performed on annealed powd
formed by filing the bulk ingots. The specific heat was me
sured in the range 0.4–60 K using a thermal-relaxat
microcalorimeter9 and samples of approximately 232 mm2

cross section and 0.2 mm thickness. Measurements of
magnetic susceptibility for 1.8,T,300 K were imple-
mented in a superconducting quantum interference de
which was calibrated with a palladium standard prior to
measurements. Resistivity measurements for 1.2,T,300 K
were performed by the standard four-probe method
samples with a rectilinear geometry; forx50.3, 0.7 the
lower limit onT was 0.3 K; forx50.3, 0.7 the lower limit on
T was 0.3 K. To establish reproducibility, measureme
were performed on two batches of samples.

III. RESULTS AND ANALYSIS

The resistivity of~Ce12xLax!3Al alloys for 0<x<1 as a
function of temperature is shown in Fig. 2. The hystere
structural transition which occurs nearTs5110 K for Ce3Al
gives rise to a nonmonotonic feature in the resistivity. T
transition temperatureTs decreases rapidly on alloying, an
is not visible for x50.5–0.7; but a similar feature in th
resistivity is observed forx50.82–1.0. Low-temperature
x-ray diffraction on polished and powdered samples
Ce3Al exhibited a profile consistent with that expected f
the monoclinic phase.4 The high multiplicity lines of the
Ni3Sn structure are split in the monoclinic structure; giv
the resolution and signal-to-noise of the present diffract
experiment, this splitting results in a marked broadening
the x-ray lines and changes in the relative line intensit

FIG. 1. The room-temperature lattice parameters
~Ce12xLax!3Al for different concentrationsx.
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consistent with a profile calculated assuming the parame
of Ref. 4. For La3Al, however, the low-temperature profil
was identical, within the resolution, to that observed at ro
temperature. This suggests that either the low-tempera
phase of La3Al also has the Ni3Sn structure, or that the
changes in the profile are too subtle to be resolved by o
nary x-ray diffraction. Since an isostructural phase transit
seems inconsistent with the observed resistance anom
~Fig. 2! we believe that the latter is the case. We plot t
temperaturesTs in Fig. 3, with a question mark for the low
temperature phase of La3Al.

For all the alloys withx,1, the low-temperature resistiv
ity decreases with increasing temperature over an ap
ciable interval. This suggests the existence of the Kondo
fect, for which the high-temperature contribution to th
resistivity should vary10 as

rK~T!}2uJN~eF!u3ln~kT/eF! ~1!

where J is the Kondo exchange parameter, andeF is the
Fermi energy. In Fig. 4 we plot the magnetic resistiv
rm(T)5r@~Ce12xLax!3Al #2r~La3Al ! versus the logarithm of
the temperature.@La3Al experiences a structural transition
50 K and a superconducting transition at 6 K. The values
r~La3Al ! used for the determination ofrm have been ex-
trapolated belowTc and smoothed in the vicinity ofTs .# The
slopedr/d„ln(T)… is seen to be nearly identical for all allo
concentrationsx<0.3, which suggests thatJ, and hence the

r

FIG. 2. The resistivity of~Ce12xLax!3Al for various values ofx
as a function of temperature forT,150 K. Successive curves fo
decreasing alloy parameterx are offset by a constant amount, 2
mV cm. The hysteresis seen forx50–0.3 arises from the first-orde
structural phase transition atT5Ts . The temperaturesTmax~r! of
the resistance maxima near 2 K,Tmin of the resistance minima nea
20 K andTs are given in Table I.
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55 5939STRUCTURE, CRYSTAL FIELDS, MAGNETIC . . .
Kondo temperature„TK;exp[21/JN(eF)] …, is constant for
these concentrations. Associated with the negativedr/dT is
a resistance minimum. From Fig. 2 and Table I it can be se
that the temperatureTmin of this minimum is also constant
~Tmin'23 K! for 0<x<0.3; sinceTmin is often taken as an
estimate of the Kondo temperature~it is actually an upper
limit ! this also suggests thatTK is constant forx<0.3. For

FIG. 3. The phase diagram of~Ce12xLax!3Al for different x.
The solid circles represent the Ne´el temperaturesTN ; the open
circles represent the structural transition temperaturesTs ~taken as
the midpoint of the hysteresis loop!. The low-temperature phase fo
La3Al is an open question.

FIG. 4. The magnetic resistivityrm(T) vs ln(T), where
rm5$r@~Ce12xLax!3Al #2r@La3Al #%/3(12x) is normalized to the
number of Ce atoms. Successive curves for increasing alloy par
eterx are offset by an amount 25mV cm.
n

larger x both the slope of the resistivity andTmin decrease,
suggesting thatTK decreases for thesex.

The resistivity has amaximum at a temperature
Tmax~r!'2–3 K for all x,1. For smallx this arises from the
onset of magnetic order; the maximum occurs at a temp
ture slightly higher than the Ne´el temperatureTN , since criti-
cal fluctuations decrease the scattering even forT.TN . For
largerx, the maximum may represent the onset of cohere
in the Ce lattice, as discussed below. The values ofTmin ,
Tmax~r!, andTs , are given for the differentx in Table I.

The susceptibilityx(T) for several alloys is shown in Fig
5. At high temperaturesx follows a Curie-Weiss law,
x(T)5C/(T1uh) where the Curie constants are taken
equal that of a freeJ55/2 Ce ion~C50.807 emu/mole K!
and the Weiss temperatureuh ~Table II! is positive. A posi-
tive Weiss temperature reflects demagnetization which
arise from crystal-field effects, the Kondo effect, or antife
romagnetic fluctuations; it can be phenomenologically rep
sented by the formulauh5aTN1bTK1cTcf whereTcf is the
crystal-field splitting anda, b, andc are of order unity. We
will show below that the Kondo temperatures~5–10 K! and
Néel temperatures~,2.5 K! are nearly an order of magnitud
smaller than the Weiss temperatures~55–80 K!; hence the
probable origin of the latter is the crystal-field effect. W
note thatuh decreases withx, suggesting that the crysta
field splitting decreases with increasingx.

The low-temperature susceptibility also follows a Cur
Weiss lawC1/(T1u1); whereC1'0.4 emu/mole Ce K and
u1'10 K for 0<x<0.3, but for largerx, C1 increases some
what andu1 decreases substantially~Table II!. For these tem-
peratures, the susceptibility arises from the lowest crys
field doublet; the constancy ofC1 for 0<x<0.3 means that
the wave function for the doublet, and hence the mome
does not change, even though the splitting does cha
Since TN'2 K ,u1, the Weiss parameter here measu
TK'10 K for 0<x<0.3. ~This is only an approximation
because as we discuss below, the cerium atoms on diffe
inequivalent sites in the monoclinic structure can, in pr
ciple, have different Kondo temperatures.! The smalleru1 at
m-

TABLE I. The average temperaturesTs of the a-g structural
phase transitions, with the limits of hysteresis in parentheses;
temperatureTmax~r! of the resistivity maximum, and the tempera
ture Tmin of the resistivity minimum for different alloy concentra
tions x in ~Ce12xLax!3Al.

x
Ts
~K!

Tmax~r!
~K!

Tmin
~K!

0 110 ~100,120! 3.2 23
0.06 87 ~77,97! 2.9 23
0.12 71 ~62,80! 2.5 22
0.2 42 ~32,55! 2.4 '17
0.25 30 ~15,45! 2.8 '15
0.3 22 ~15,32! 3.0 '23
0.5 3.3 18
0.7 3.2 12
0.82 16 ~7,25! 2.6 '12
0.95 40 ~36,45! 1.0 5.5
1.0 52 ~51,56!
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largerx then would reflect a decreasingTK . These conclu-
sions are consistent with those drawn earlier from the re
tivity.

The low-temperature susceptibility is shown in Fig. 6.
peak, due to the onset of antiferromagnetic order, is obse
at Tmax~x!'3 K for x50; this temperature~Table II! de-
creases with decreasingx until for x>0.2 it is no longer
visible for the temperature range~T.1.8 K! of our experi-
ment. As for the resistivity, the susceptibility is decreas

FIG. 5. The susceptibility, plotted as 1/x versus the temperature
Successive curves for increasingx are offset by the constan
amount 100 mole Ce/emu. The solid lines represent fits to
Curie-Weiss form at high temperature; the parameters of the fits
given in Table II.

TABLE II. The high- ~200–300 K! temperature Weiss param
eter uh and low- ~3–10 K! temperature Curie constantC1 and
Weiss temperatureu1 for the susceptibilityx(T) for different alloy
concentrationsx of ~Ce12xLax!3Al. Tmax~x! is the temperature o
the low-temperature maximum, indicating the onset of antifer
magnetism.

x
uh
~K!

C1
~emu K/mol Ce!

u1
~K!

Tmax~x!
~K!

0 82 0.39 10 2.9
0.06 75 0.38 8 2.5
0.12 68 0.39 8 2.1
0.2 64 0.39 7.8
0.25 68 0.38 7.7
0.3 60 0.43 11
0.5 52 0.45 7.5
0.7 50 0.45 3.6
0.82 40 0.47 1.9
0.95 37 0.45 0.7
s-

ed

d

above TN due to critical fluctuations, and henc
Tmax~x!.TN . The data confirms the trend observed f
Tmax~r!: TN initially decreases withx. The data of Fig. 6 also
give a second way to estimateTK , by using the Bethe-ansat
formulaTK5CL/x(0).

8 For 0<x<0.3 the largest observe
values ofx vary from 0.03–0.04 emu/mole Ce; using the
values to estimatex~0! we arrive at the conclusion thatTK is
approximately constant at 10–13 K for 0<x<0.3 and then
reduces to 6 K for x50.7. We note that these values ofTK
are consistent with those given above.

The specific heat per formula unit is shown in Fig.
Sharp peaks inC(T) occur forx,0.3 due to the antiferro-
magnetic order; the temperature of the maximum is the b
measure of the Ne´el temperature. For largerx the peaks are
broad, reflecting both the Kondo effect and the onset of
herence~i.e., magnetic correlations!, as discussed below. Th
Néel temperaturesTN and the temperatureTmax(C) of the
maxima for largerx are given in Table III;TN(x) is plotted
in Fig. 3. We note thatTmax(C),Tmax~x!,Tmax~r!; the dif-
ference between the successive temperatures is of orde
K. As discussed above, the difference arises from the ef
of critical fluctuations on the resistivity and susceptibility.

In order to analyze this data, we must account for con
butions to the specific heat from phonons, crystal fie
~which for the low crystal symmetry should split theJ55/2
line into three doublets!, Kondo demagnetization, and mag
netic correlations. Forx50, we assume a constant Deby
temperatureuD5210 K to generate the phonon contributio
Cph(T); we subtract this from the data to obtain the magne
specific heatCm(T)5C(T)2Cph(T) @Fig. 8~a!#. The crystal-
field contributionCcf(T) plotted in Fig. 8~a! is that of a
Schottky contribution from the doublets with crystal-fie
splittingsT1cf575 K andT2cf5130 K. ~These values foruD ,
T1cf, andT2cf are similar to the values 215, 65, and 130
respectively, used in Ref. 5!. The remaining specific hea
yields an integrated entropy ofR ln 2 as expected for a
ground-state doublet. This remainder reflects both the con
bution from the magnetic phase transition and that due
heavy-fermion demagnetization. Since the theoretical fu

e
re

-

FIG. 6. The low-temperature magnetic susceptibilityx(T) ver-
sus temperature. The maxima indicate the onset of antiferrom
netism. The inset shows the magnetic-field dependence of the
ceptibility of Ce3Al.
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tional form for the specific heat under these circumstance
unknown, we adopt anad hocprocedure. In the monoclinic
structure there are six inequivalent cerium sites;4 we assume
that only half~three! of these sites undergo magnetic ord
and the other three give a Kondo contribution. Using
Bethe-ansatz results11 to estimate the Kondo contributio
CK(T) we get good agreement forT.10 K for choices of
TK'10 K; at lower temperature, the large specific-he
maximum would then be associated with magnetic order
on the other half of the sites. Forx50.2, a similar procedure
~with uD5195 K but with smaller crystal-field splitting, se
Table III! gives similar results. In the opposite limit of larg
alloy parameter (x50.95), we use the specific heat of La3Al

FIG. 7. The specific heat per formula unit for~Ce12xLax!3Al
versus temperature at low temperature. Successive curves fo
creasingx are offset by the constant amount 5 J/K f.u.
is

r
e

t
g

to estimateCph(T). The data can be fit fairly well@Fig. 8~c!#
assuming crystal-field splittingsT1cf545 K,T2cf580 K and a
Kondo contributionCK(T) from all ~100%! of the sites with

de-

FIG. 8. The magnetic specific heat per mole C
Cm(T)5C(T)2Cph(T) ~open circles! of ~Ce12xLax!3Al for ~a!
x50, ~b! x50.5, and~c! x50.95, whereCph is the phonon contri-
bution~see text!. The dashed line is the prediction forCm(T) which
is the sum of a Schottky anomalyCcf(T) ~solid line! and a Kondo
impurity contribution~Ref. 8! CK(T) ~dotted line! with crystal-field
splittings and Kondo temperatures as given in Table III. The Kon
impurity theory works very well for largex. For smallx, Cm(T) is
dominated by the anomaly due to the antiferromagnetic phase
sition for 0,T,5 K; to fit the data forT.10 K, we assume a
Kondo contribution from 50% of the sites. For intermediatex ~e.g.,
x50.5! the low-temperature peak inCm is somewhat sharper tha
for a Kondo impurity, suggesting that magnetic correlations pers
even in the nonmagnetic ground state.
alf

TABLE III. The temperatureTmax(C) of the maximum ofC(T) ~for x<0.2 this is the Ne´el temperature

TN!; the Kondo temperatureTK~fit! ~for 0<x<0.3, the Kondo contribution is assumed to arise from only h
the cerium sites!, the temperatures of the low-lying crystal-fieldT1cf and the high-lying crystal-fieldT2cf used
in the fits ~Fig. 8! to the low-temperature specific heat; and theT→0 valueg~0! of the linear coefficient of
specific heat~Fig. 9! and Kondo temperature estimated usingTK(g)5pR/6g(0) ~Ref. 8!.

x
Tmax(C)

~K!
TK~fit!

~K!
T1cf
~K!

T2cf
~K!

g~0!
~J/mole Ce K2!

TK(g)
~K!

0 2.54 15 ~50%! 75 130 0.2 22
0.06 2.12
0.12 1.75
0.2 1.52 12~50%! 60 110 0.7 6.2
0.3 1.7 3 ~50%! 55 80 0.9 4.8
0.5 1.7 2.7~100%! 55 80 1.0 4.3
0.7 1.7 2.7~100%! 50 80 1.5 2.9
0.82 1.85 1.6~100%! 50 80 3.0 1.5
0.95 1.75 1.0~100%! 45 80 3.6 1.2
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a small value for the Kondo temperatureTK51 K. For
x50.5, 0.7, and 0.82, we assume a phonon contribu
Cph(T) similar to that of La3Al, with crystal-field splittings
of orderT1cf'50 K andT2cf580 K and Kondo temperature
of order 2 K. We obtain qualitative agreement with the d
@Fig. 8~b!#, but the theory underestimates the data at l
temperature~1–5 K! and overestimates the data for 10,T
,20 K.

While such an analysis is not unique, we emphasize
there are several constraints on the procedure. The pho
contributions are reasonable; and after subtraction of
phonon and Schottky contribution, the remaining spec
heat gives the expectedR ln 2 integrated entropy. For sma
x the procedure is admittedlyad hoc, but nevertheless the
fraction of sites making a Kondo contribution is chosen
give the correct magnitude of total specific heat forT.10 K.
For x50 and 0.2, the fits forT.10 K are not very sensitive
to the value chosen~12–15 K! for the Kondo temperature
however, for significantly smallerTK ~e.g., 1 K! the theory
underestimates the specific heat at high temperature. Fin
the values for the crystal-field splittings and Kondo tempe
tures are similar to those deduced from the susceptib
using the Weiss parameters; in particularTK~fit!'u l and
T1cf'uh . Hence, while the parameters given in Table
have substantial uncertainty, they correctly reflect the tre
in the magnitudes of the crystal-field splittings and Kon
temperatures with increasingx.

In Fig. 9 we plot the quantityCm(T)/T versusT2 for
several concentrations. TheT→0 linear coefficientsg~0! de-
duced from this plot are given in Table III, as well as t

FIG. 9. The magnetic specific heat~per mole Ce! plotted versus
the square of the temperature. Successive curves for decre
values of alloy parameterx are offset by the constant amount
J/mole Ce K2. The specific heat is linear asT→0, even in the
antiferromagnetic state for smallx. The low-temperature linear co
efficientsg~0! are given in Table III.
n
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e
c
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single impurity Kondo temperature deduced from the Bet
ansatz resultTK(g)5pR/6g(0),8 whereR is the gas con-
stant. We note that the resulting estimates for the Kon
temperature qualitatively agree with those used in the fits
Cm ~Fig. 8!. The T→0 specific heat is linear even in th
antiferromagnetic state for smallx, with g~0!'0.2, 0.7, and
0.9 J/mole Ce K2 for x50, 0.2, and 0.3, respectively. Th
existence of a large linear coefficient of specific heat bel
TN potentially means that heavy-fermion processes~which
give a linear behavior! may persist in the antiferromagnet
cally ordered ground state.

IV. DISCUSSION

In agreement with older work,6,7 our data shows that the
temperature of the structural transition to the monocli
phase of Ce3Al decreases rapidly upon alloying with La. I
addition, we show that forx51 ~La3Al !, 0.95, and 0.82 a
phase transition with a similar feature in the resistivity o
curs. The low-temperature phase for thesex is not mono-
clinic, however, and the diffraction profiles are similar
those for the hexagonal~Ni3Sn! phase. The structure of th
ground state of La3Al is an open question.

In Ce3Al the temperatureTs initially increases on appli-
cation of pressure at a rateDTs/DP'2.5 K/kbar;1 it de-
creases on alloying with La at a rateDTs/Dx'3.1 K/at. %
~Fig. 3!. The room-temperature cell volume simultaneou
increases~Fig. 1! at a rateDV/V0Dx'8.731024/at. % due
to the larger size of the La ion relative Ce. These numb
can be compared by estimating the bulk modulus from
formula

B5~DTs /Dx!/@~DTs /DP!~DV/V0Dx!#'1400 kbar.

This is somewhat larger than expected, which could refl
the fact that the alloy disorder causesDTs/Dx to be larger
than it would be based on chemical pressure alone; i.e.,
monoclinic phase is destabilized by alloy disorder as well
by negative pressure. This is consistent with the observat6

that alloying with either La or Y leads to a suppression
Ts , even though the chemical pressures exerted by these
utes have the opposite sign.

An interesting feature of the structural transition is that
x50, Tcf'Ts and the decrease inTs appears to correlate
with the initial decrease in the crystal-field splittings, as d
termined from the fits to the specific heat~Table III!, or from
the Weiss parameteruh(x) ~Table II!. This suggests that the
transition to the monoclinic phase occurs when the cry
fields becomes depopulated; as the splitting decreases
transition occurs at a lower temperature.

The increase in cell volume on alloying with La is als
expected to change the Kondo temperature; since La is la
than Ce the negative chemical pressure should decreas
4 f /conduction electron hybridization and cause the Kon
coupling J, and henceTK , to decrease with increasingx.
Over the whole range ofx, this is clearly true: the Weiss
parameteru1 ~Table II!, the low-temperature susceptibilit
~Fig. 6!, the fits toCm ~Fig. 8 and Table III! and the values of
g~0! ~Fig. 9 and Table III! all indicate thatTK decreases from
'10 K for smallx to '1 K for largex.

The sharp peaks in the specific heat forx50 and 0.2
clearly indicate the onset of antiferromagnetic order. F

ing
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55 5943STRUCTURE, CRYSTAL FIELDS, MAGNETIC . . .
largerx the peaks are much broader. Forx50.95 the peak in
C(T) can be fit assuming it arises from the Kondo effe
with no contribution from magnetic order; forx50.5–0.82
the peak inC(T) has greater magnitude and is sharper th
expected for the Kondo effect alone but is much broader
smaller~2 J/mole Ce K! than for the case of magnetic orde
These facts suggest that the maxima inC(T) and r(T)
which occur near 1–2 K forx50.5–0.95 are not associate
with magnetic order but instead reflect both the Kondo eff
~entirely dominant forx50.95! and the magnetic correla
tions which are expected even in the nonmagnetic he
fermion ground state; i.e., they represent the onset of ‘‘
herence’’ in the Ce lattice. The correlations cause the lo
temperature specific-heat peak to be sharper, and of gre
magnitude, than if the Kondo effect alone were operati
and cause a decrease in resistivity forT,Tmax~r!.

Finally, we discuss whether magnetic order and hea
fermion behavior coexist belowTN for 0<x,0.3. The evi-
dence for this is as follows. First, at temperatures just lar
thanTN , the resistivity shows a negative slope and the s
ceptibility shows demagnetization effects~Weiss paramete
u1 of order 10 K; reduced value of susceptibility atTN!
which indicate that the magnetic order occurs at a temp
ture where the Kondo effect is strong. Second, the lin
coefficient of specific heat has a large value~g~0!'0.2–0.9
J/mole Ce K2! for x50–0.3 even belowTN which can be
taken as indicating that heavy-fermion behavior persists
the magnetically ordered state. Given the monoclinic sy
metry of g-Ce3Al, one way this might happen is that th
magnetic order may only occur on a fraction of the six
equivalent Ce sites, while the remaining sites could be n
lis
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magnetic due to the heavy-fermion processes. This is pa
the motivation for the manner in which we have fit the sp
cific heat for smallx.

V. CONCLUSION

This work raises several issues concerning the alloy s
tem ~Ce12xLax!3Al: the structure of the ground state o
La3Al; whether the decrease of the structural transition te
peratureTs on alloying correlates with a decrease in cryst
field splittings; whether the ground state for 0.3<x<0.7 is
magnetically ordered, or is a nonmagnetic heavy-ferm
state with appreciable magnetic correlations; whether hea
fermion behavior coexists with antiferromagnetic order b
low TN in the ground state for 0<x<0.3, and if so, whether
Ce atoms on only a fraction of the six inequivalent sites
the monoclinic structure undergo order, while the remain
are nonmagnetic due to the Kondo effect. These quest
can be answered by a combination of neutron diffraction
determine the structure of La3Al at low temperature and the
magnetic order in Ce3Al and its alloys for smallx, and in-
elastic neutron scattering to determine the crystal-field sp
tings and the spin dynamics and thus show directly whet
spin fluctuations exist in the ordered phase. Preliminary st
ies of the magnetic structure of Ce3Al are underway.12
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