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Specific heat and magnetic susceptibility of Ce ,La,Al;
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Ce, _,La,Al; alloys, where 6sx<0.9, have been studied by x-ray diffraction, magnetic susceptibility, and
specific heat. La exerts a negative lattice pressure in hexagonal planes, but has a negligible effect on the
distance between them. A decrease of the in-plane hybridization, between Ce and Al ions, causes a decrease of
Kondo and magnetic energy scales. The results of the specific heat in magnetic fields and magnetic suscepti-
bility are more consistent with the Kondo-necklace model than with the anisotropic Kondo model.
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[. INTRODUCTION Lattice constants were obtained for each composition
from 10-15 highest intensity Bragg peaks, using a least-
CeAl; is the first identified, canonical heavy fermion square fitting procedure. As it can be inferred from the Fig.
system* However, its low temperature thermodynamic andl, La exerts negative chemical pressure on the Ce lattice.
transport properties are far from being completely underHowever, the expansion of the lattice is not isotropic, it is
stood. Strongly enhanced/ T extrapolated tf =0 and cor- mainly in the hexagonal basal plane. The ratioadt in-
respondingly largé, the quadratic temperature coefficient of creases continuously witky by over 1.5% between the end
the resistivity below 1 K, bear witness to very heavy elec-compounds. This anisotropic La expansion is important in
trons. On the other hand, weak low temperature anomalies ithe context of models relaying on magnetic and crystalline
C/T andy have not been accounted for and were subjects tanisotropy and will be further discussed.
a number of controversies. The interpretation of these Magnetic susceptibility was measured for all samples be-
anomalies in CeAl and other concentrated Kondo lattice tween 2 and 300 K using a Quantum Design SQUID mag-
systems range from the “coherence effect in Kondo lattices'netometer. The low temperature results, to 20 K, normalized
to weak magnetic order. Recently, it has been proposed th& a mole of Ce are shown in Fig. 2. No subtraction of the
these anomalies might be due to single ion dynamics as deusceptibility for a nonmagnetic analog LaAwas per-
scribed by the anisotropic Kondo mod&lKM ).? The essen- formed due to negligible values of the susceptibility of this
tial feature of this novel explanation is strong anisotropy inlatter compound in comparison with those for the investi-
the Kondo-exchange paramefeiThe AKM explanation was gated (Ce,La)Al samples. The susceptibility values increase
put forward using neutron scatteringesults for CeA]  with x for any measured temperature greater than 2.5 K. This
doped with La. Although substituting 20% of La for Ce re- trend is an obvious signature of a decreasing strength of
sults in pronounced peaks i@ and y,® reminiscent of an RKKY interactions(described byl zxky) 0N x. Below 2.5 K
antiferromagnetic transition, no magnetic Bragg peaks havand forx<0.4, the susceptibility values vary nonmonotoni-
been detected within the resolution of GuQbper Ce atom. cally onx (for a fixed temperatuje A small decrease of
Subsequently, the AKM interpretation has been shown to béthe susceptibility at the lowest common temperature of the
inconsistent with the magnetic field response of the specificneasurement 2 Kis observed betweex=0.1 and 0.2(see
heat for this materidl.In order to gain further insight into the also Table ). This decrease can be explained by a magnetic
nature of the low-temperature state of CgAand particu-

larly the relevance of AKM, we have performed the alloying 6.70 —
study of Cg_,La,Al; within the whole concentration range 6.68 .
from x=0 to 1. 6.66 L) .
< :Z:: %R ]
Il. EXPERIMENTAL AND RESULTS = 660 x ¥ h
. . 6.58 LI} ]
Polycrystalline samples were prepared by inert atmo- 656 ] x T ]
sphere arc melting of the purest available elements Ce ani o5e] oE 1
La from AMES Laboratory and Al from Johnson Matthey 6.52 ] ]
(AESAR; 99.999% purity. The stoichiometry was controlled sesT ¥
to within 0.1%. The polycrystalline samples were subse- 4.66 ]
quently annealed at 830°C for two weeks. This annealing 4.64 ] ]
procedure has been chosen based on our previous experieng 4627 @ = = & * ¥ = LI} [ LIS
with (Ce,La)Ak and optimized to have negligible contribu- < :gg' ]

tion from known secondary phases in the low-temperature 0.0 0.2 0.4 0.6 0.8 1.0
susceptibility measurements. Lack of detectable secondar
phases was additionally confirmed via x-ray diffraction
analysis. FIG. 1. Lattice constants of Ge,LaAl;.

La concentration (x)
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40 5 —— close to the Hunds’s rule effective moment df'4on. The
35 0 x=0.1 scattering of measured.; is due to a rather narrow tem-
] A x=02 perature range of the fit and particularly due to a low value of
30 v x=0.3 the upper temperature limit with respect to the crystal field
25 ] * x=04 splitting. Thus, these measurements provide an evidence for
. a stable trivalent configuration of Ce ions for all concentra-
R 203 A : b4 4 ‘ tions. The corresponding paramagnetic Curie-Weiss tempera-
O 154 82 32 ! ture is negative with the absolute valu@ {,,) having a ten-
GEJ - : e dency to de_crease wi_bkl Since in a single impurity K_ondo
Q ] o B x=05 model @,y is proportional toT, ,° the overall behavior of
E 604 o O x=06 O is consistent with a decrease Bf with x.
D 50 AV;, A x=07 Our previous study has shown that the weak anomaly in
E ] o‘qi. v x=08 C/T® becomes more distinctive and moves to higher tem-
= 40'; ¢ x=09 peratures upon doping with La. These changes are seen for
30 doping levels as small as 1%. This weak structure evolves
20_5 ¥ E b a o a B a By smoothly into a pronounced peak, not onlyGAT, but also
] in C for concentrations corresponding to 5% or more of La.
W77 7 Since these peaks have appearances of typical antiferromag-
0 5 10 15 20 netic transitions, we have suggested the antiferromagnetic
T(K) ordering interpretation, which is also consistent with the

above described susceptibility data. These pronounced peaks

FIG. 2. Low-temperature magnetic susceptibility of jn C/T are shown in Fig. 3C/T values have been obtained

CeLaAls. by subtracting the phonon contribution approximated from
the LaAk data and normalized to a mole of Ce.

ordering occurring near 2.3 K for=0.2 and 0.3. The sus- C/T atT=0 (v), shown in Fig. 4, has been extrapolated
ceptibility curves corresponding t&a=0 and 0.4 exhibit from the lowest temperatur@/T versusT? data. The main
some flattening at the lowest temperatures, suggestingource of the uncertainty, about 10% f0+0.8 and some-
anomalies below 2 K. A wide maximum has been previouslywhat larger forx=0.8 (20%), is a narrow temperature range
seen in the susceptibility of the pure compound, somewheref the fit and the fact that the data do not strictly follow this
between 0.3 and 0.5 K. assumed temperature dependence. In fact, the specific heat

According to a Kondo-lattice model of Doniaétthese results for CeA] by Brodaleet al.’ indicateC/T to be linear
results indicate that CeAlcorresponds to a nearly critical in T between 0.06 and 0.25 K. Assumi@T linear inT at
value of the exchange paramedeiseparating magnetic, and the lowest temperatures does not appreciably affect the final
nonmagnetic systems. Expansion of the lattice by larger Laesults.y initially decreases wittkx and then increases for
causes a decrease dfnd therefore a decrease of both rel- >0.2. A similar initial decrease witkx was observed in
evant energy scaléBzkky and Ty . Due to a much stronger Ce,_,La,Cu,Si, (Ref. 8 and U,_,M,Be;5 (Ref. 9 (some-
dependence of ¢ than Tgkky 0N J this leads to a magneti- times considered as d-Kondo lattice and interpreted in
cally ordered state. The reduction Bf upon La alloying is terms of the destruction of the coherent heavy fermion state
also consistent with the high temperature susceptibility. Theipon dilution. Such a decrease pbn x is in fact consistent
susceptibility for all samples, but=0.9, at sufficiently high  with general arguments concerned with the formation of a
temperatures can be approximately described by a Curidieavy fermion state from the single impurity limit. These
Weiss law. A fit performed consistently between 150 and 30@rguments are also related to the famous exhaustion prin-
K yields we in the range 2.44 and 2.2 /Ce, with most of  ciple. When the number of Kondo centers increases, the
the values in the vicinity of 2.545/Ce. This latter value is Kondo screening changes character from independent impu-

TABLE |. Magnetic susceptibility and specific heat parameters for_(lea, Al ; alloys.

Lax Xo (2 K) (memu/Ce mal Weit (148) Ocw (K) Sw(3 K)/(RIn2) Tk(K)
0 28.9 2.53 29 0.59 4.0
0.1 317 2.57 33 0.62 3.4
0.2 30.9 2.52 29 0.65 3.0
0.3 335 2.54 25 0.64 3.2
0.4 36.8 2.59 25 0.66 2.8
0.5 40.3 2.53 23 0.70 2.3
0.6 438 2.58 24 0.73 2.0
0.7 51.5 2.44 11 0.81 1.1
0.8 57.9 2.53 18 0.83 1.0

224421-2



SPECIFIC HEAT AND MAGNETIC SUSCEPTIBILITY ... PHYSICAL REVIEW B56, 224421 (2002

4.0 1 L
2000 00 ]
| x=0.
3.5
1500 © x=0.1 ] o Y
] 4 x=02 30- T S
v x=0.3 ] K °.
1000 * x=0.4 2.5
- g L
= 500 a E 204
g ] AbY"mE g oy o :::c ]
o) 1 T T T T T T T T T 1.5
& 4000 & ]
N 35004 ¥ m x=05 1.04
< %
2 30007 vy o x=0.6 ]
=~ 2500 4 x=07 0.5
= 2000 & x=0.8 1
o ] v x=0.9 T T T T T T
1500 & o 00 01 02 03 04 05 06 07 08 09 10 1.
A .
10001 * %% Ce concentration (1-x)
500+ i
0 ?$ VR ¥ B HUCOyO fOS FIG. 5. T, and T versus 1x (Ce-concentration for
0 1 2 3 4 5 & 7 8 9 10 Ce_,La,Al;. See text for the definition of ,, and T .
T(K) temperature of the anomaly for any This entropyS, is

shown in Table I. From the value @&, we calculate the
Kondo temperature assumirgy=Sx(T,), whereS is the

) _ _ ) _ Kondo entropy for spin 1/2. Although the entrofy can be
rity screening to the dynamical process in which all conduc—mosﬂy magnetic, our procedure is justified by the following

tion electrons participate simultaneously in the screening Oérgument. The entropy removed betwden and T, (S,)
each Kondo impurity. Such a state can only develop at Sufis primarily via the Kondo effect and thus constitutes a good
ficiently low temperatures and is characterized by a Kondgpeasure ofT«. Since Sy+S,=RIn2, S, is also a good
temperature significantly lower than that corresponding tQyneasure of Tx. A similar argument was presented by

. . . 0
the single impurity! _ , . Varma!! The extractedr as a function of 1x (Ce concen-
However, a rather narrow concentration range in Which yation) is shown in Fig. 5. Increasing, to 4 K does not

decreases witlt in Ce,_,LaAls, and the fact that in addi- change a qualitative behavior @f(x). On the other hand,
tion to the aforementioned results for C¢lLa,Cu,Si, there To=5 K (or large) results in a much larger scattering of
are no other alloying data published showing a similar CONT, (x). [This is becaus@«(T) is only weakly temperature
centration dependence of on La substitution, make the genendent for T much larger thar .] Obviously, this pro-
“coherent Ce lattice” interpretation very unlikely. In fact we ¢ re neglects the contribution due to higher lying crystal
argue that in our case the experimenydb not a good mea-  fie|q levels. However, we believe that this contribution at
sure of Ty, and we attempt to extract it from the specific gmperatures lower thes K is small; moreover, it should not
heat in the paramagnetic state. For all investigated alloys th\‘?ary significantly between different compositions.

entropy removed betweei=T, and 0 was calculated;  Figyre 5 shows also the position of the maximunCifT,
whereT, has been arbitrarily set to 3 K, thus larger than theTm, for the same compositions. This figure is highly remi-

niscent of that corresponding to the Doniactk®ondo lat-
4500 E tice) model if T, is associated with the magnetic phase tran-

FIG. 3. C/T versusT for Ce, _,LaAl;.

sition. Thus, the zero field alloying results for (Ce,LaAl
provide support for the conventional Kondo-effect behavior
] and magnetic nature of the low-temperature anomaly. Note
2500 ~ that assuming an alternative description of the alloys in terms
E of the anisotropic(single-impurity Kondo model (AKM)
leads to a rather unusual phase diagram in wHighhas a
1500_’ nonmonotonic dependence gnAccording to AKM T, is
13 3 a function of two components al, such thatTKoch“Z.

1000 — < Thus, in principle, one can obtain a nonmonotonic depen-
T = s = dence of Tk on x if d(J,)/dx andd(J,)/dx have opposite
5001 * signs. However, this scenario is unlikely considering the lat-

tice constant data. Therefore, the alloying results seem to be
00 041 02 03 04 05 06 07 08 09 much more consistent with a conventional Kondo-lattice

3000 ~

2000 <

v (MJ/KZ Ce mol)

La concentration (x) model than with AKM. The. fact that La—aIonin'g affects not
only thef-electron conduction electrons coupliddgut also
FIG. 4. y versusx for Ce,_,LaAls. the average distance betwelemoments introduces an addi-
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3500 higher temperatures, can be ascribed to the behavior corre-
] 2000 ) sponding toS= 1/2 impurity in fields!* Again, the reduction
3000 L 0o 500 % of T,, and the dramatic change of the specific heat values in
] o £ s fields, particularly around ,,, are inconsistent with AKM
- e ﬁ% and strongly point to the magnetic nature of the anomaly. A
& o iy g < much stronger response of the low temperature specific heat
of Cegilag7Al; to the magnetic field than that for
o hoT Ceyglag LAl is consistent with significantly smaller relevant
il energy scales of the former system, suciigsand Tgky »
Heror with respect to applied fieldsu(zH). This difference in en-
) ergy scales can also explain apparently different dependence
. :o 06000000 © 0 060 o o o0 <>°D o of lowest temperatur€/T values onH. Most probably, an
] Vvy VVYVYVvvevyy increase ofC/T on H can also be observed in Cgay 7Al;
-, but at smallerthan 0.3 K temperatures and for sufficiently
04 06 08 10 12 14 16 18 20 low fields. On the other hand, the analysis of the depression
T(K) of the lowest temperatur@€/T in fieldsH=6 T and higher,
using a Kondo-resonance broadening mdfejields s

FIG. 6. C/T versusT for Ce d.ag Al in H=0, 6,10,and 14T. <1, a value whose magnitude is consistent with the
The inset show€/T versusT for Ceyglay Al in H=0, 5, 10, and ground state doublet.

14 T (from Ref. 4)
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IIl. CONCLUSIONS
tional complication. Substituting nonmagnetic ions for mag- . .
netic ones leads to a decrease of the average distance be-" summary, the described La-alloying results of CeAl
tween magnetic ionsR, such that Teecy*R 3J2xc(1  @re consistent with the Kondo-lattice model in the following

—x)J2. Figure 5 suggests that this dilution effect might be SENSe: The increase of the lattice paramatepon a partial
important forx>0.3. In this concentration rang&,, is ap- substitution of La for Ce causes a decrease offtblectron-
3. m

proximately linear in (£ x) and interceptd =0 atx close conduction-electron coupling) which leads to a decrease of

to 1. both Kondo and magnetic energy scales. Note that this study
In our previous paper we have presented a more dired.f‘np"eS the importance of in-hex_agonal—pla_mes hybridization
evidence for the inapplicability of AKM to (Ce,La)Alal- on the low-temperature properties and fails to provide any

i,nsight on how the spacing between hexagonal plajgs
affects the ground state. Thus, these results do not preclude
the importance of the magnetic and structural anisotropy as-
pect on the ground state of CeAls argued by both Gore-
mychkinet al? and Corsepiust al® Extensive alloying and
pressure investigations of other hexagonal Ce-based Kondo
lattices CePglAl; (Ref. 16§ and CeCy (Ref. 17 have shown

Bat the anisotropy plays an important role. In these two lat-
;er systems, the in-plane hybridization is responsible for the

agnitude of the Kondo temperature while the spacing be-
ween hexagonal planes seems to affect the Neel temperature
only. Thus, a similar alloying and uniaxial pressure study of

loys by performing the measurement of the specific heat o
Ceyglag ,Al; in magnetic field$. (See also the inset to Fig.
6.) The reported increase of and decrease of, in fields
were clearly inconsistent with AKM. We have expanded this
investigation to a much more dilute g4 a, -Al 3, which has
an enhanced/c, and therefore larger magnetic anisotropy,
with respect to that fox=0.2. Both the dilution mechanism
and the increase of the magnetic anisotropy are expected
make AKM effects more pronounced. The electronic part o
the specific heat, normalized to a mole of Ce, is shown in th
main pane of Fig. 6 for 0, 6, 10, and 14 T. As opposed to th

data forx=0.2 (inset to Fig. 6, we do not observe an in- CeAl. i hich the latti tant i ! | iod
crease ofC/T onH in the investigated temperature and field €Ak, N Whic € latlice consiar IS primarily varied,
ould provide a complementary information on the nature of

regime. The magnetic field has a strong influence on the siz%

and sharpness of the anomaly. Because of this latter eﬁect,ﬁ e ground state of Cel
is rather difficult to estimate the change f, for the fields
studied. Our best estimate is tha, is reduced by about
20% for 6 T and the anomaly is completely washed out for This work has been supported by the U.S. Department of
10 and 14 T. Weak maxima seen@iT for 10 and 14 T, at Energy, Grant No. DE-FG02-99ER45748.
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