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By performing La doping on the Ce sites we have demonstrated that the heavy-fermion ground state
in CeA13 is extremely unstable toward local-moment antiferromagnetism. Profound changes in the low-

temperature specific heat are already seen at the l%%uo doping level. We believe that this sensitivity to
structural/chemical modifications is responsible for a large number of the mutually contradictory exper-
imental results reported for CeA13. Further, we propose that the weak C/T structure observed for some
CeA13 samples near 0.4 K has a magnetic origin.

The nature of the ground states among the so-called
heavy-fermion materials remains a subject of intense
research. Most of the heavy-fermion systems are based
on either Ce or U, and these two classes can be con-
sidered as yielding two limiting cases of the heavy-
fermion behavior. The overall low-temperature behavior
(but not superconductivity) of the Ce-based systems can
be fairly well accounted for by two mechanisms strongly
competing with each other: local-moment-type ordering
of 4f moments via RKKY-type interactions and the
Kondo effect arising as a result of weak charge Auctua-
tions of Ce. The T =0 properties are normally dominat-
ed by one of these mechanisms. The majority of Ce-
based compounds order antiferromagnetically with the
value of the ordered moment being a large fraction of pz,
indicating a local-moment-type ordering, and with the
remnant Sommerfeld coefficient y [=C/T(T~O)] not
exceeding 100—200 mJ/K mol [the so-called magnetic
Kondo lattices CeA12 (Ref. 2), CeCuz (Ref. 3), Ce86 (Ref.
4), CePdln (Ref. 5)]. CeCu6 (Ref. 6) is, on the other hand,
an example of a system where the Kondo effect prevails
and no magnetism is detected down to lowest accessible
temperatures. It attains a huge value of y of almost 1600
mJ/K mol. There is a small class of Ce compounds,
with CeCuzSi2 (Ref. 7) and CeA13 (Ref. 8) the most out-
standing ones, which seem not to fit this classification
scheme. Both in CeCu2Si2 (Ref. 9) and in CeA13 (Ref. 10)
a weak magnetism has been claimed to coexist with large
Sommerfeld coefficients of 900 and 1600 mJ/K mol, re-
spectively. Such a coexistence of heavy masses and (usu-
ally itinerant) magnetism is a well-established characteris-
tic feature of U-based heavy-fermion metals, e.g. , Upt3
(Ref. 11) and Up 97Thpp3Be&3 (Ref. 12), and one of the
most interesting unsolved issues in the physics of heavy
fermions.

However, a recent experimental study seems to suggest
presence of multidomain effects in CeCuzSi2 at low tem-
peratures. ' One might argue, therefore, that the mag-
netic order and heavy electron masses occur simultane-
ously, but in a heterogeneous way. Such an explanation
has to be even more seriously considered for CeA13 whose
low-temperature properties are extremely sample depen-
dent. The first direct indications of magnetism in this
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FIG. 1. Temperature dependence of C /T for CeA13,
Cep 99Lap p&A13, and Cep 9Lap lA13 between 0.3 and 1 ~ 1 K.

system came from the muon-spin-resonance (pSR) study
by Barth et al. ' Their results suggested a short-range
magnetic order, but lack of a long-range order, below
about 0.7 K. Subsequent Al NMR measurements by
Nakamura et al. ' revealed an antiferromagnetic order,
with a sizable value of the ordered moment of about
0.3pz, below 1.2 K. On the other hand, NMR measure-
ments by Wong and Clark, ' performed on a different
sample, have not produced any evidence of magnetism.
Some discrepancies exist also in reported thermodynamic
studies, like heat capacity and magnetic susceptibility.
Most of these studies did not produce clear signatures of
magnetic behavior at the lowest temperatures with the
exception of those performed on single crystals of CeA13
by Lapertot et a/. ' Their measurements revealed pro-
nounced anomalies in both the specific heat and magnetic
susceptibility at temperatures larger than 1 K, strongly
indicating large local-moment-type antiferromagnetic or-
dering. This ordering drastically reduced the Sommer-
feld coefficient at the lowest temperatures. All other re-
ported data, to our knowledge, show only very shallow
maxima in the specific heat divided by temperature
(C /T) around 0.4 K and in the magnetic susceptibility at
about 0.6 K. ' ' Formation of such a maximum (from
the high-temperature side) can also be inferred from our
specific-heat data shown in Fig. 1. This subtle structure
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in C/T has attracted considerable interest and has been
variously ascribed to either a formation of the coherent
state' (freezing out local Kondo fiuctuations) or freezing
out intersite magnetic correlations. '

In order to resolve the aforementioned inconsistencies
between different experimental studies and identify the
origin of the C/T anomaly, we have initiated an alloying
study of CeA1&. An alloying approach has been very
helpful in clarifying the nature of low-temperature states
in a number of Ce-based heavy fermions, mainly because
of the existence of a nonmagnetic analog of Ce, La. The
scarcity of reported comprehensive alloying studies on
CeAlz can be linked to difticulties with synthesizing the
pure compound. CeAlz forms peritectically with parasi-
tic phases CeAlz and Ce~A1». Some sample homogeniza-
tion can be achieved by long-time annealing. All our
polycrystalline samples annealed for 3 weeks at 830'C
were single phase as far as the x-ray diffraction and mag-
netic susceptibility are concerned. (Magnetic susceptibili-
ty is a particularly useful characterization technique in
this case, since both CeAlz and Ce~Ali& are known to be
magnetic. )

The low-temperature specific-heat data for
Ce, La„A1&, where x =0, 0.01, and 0.1, in the tempera-
ture range 0.35—1. I K are shown in Fig. 1 in the form of
C/T versus T. All specific-heat results in this report are
normalized to 1 mol of Ce; i.e., the corresponding LaAlz
values have been subtracted and the results divided by
1 —x. Our data obtained on the undoped sample are in
excellent agreement with the original data by Andres,
Graebner, and Ott. La doping induces drastic changes
in the specific heat. Substitution of only 1% of La for Ce
reduces C/T at 0.35 K from 1630 to about 1050
mJ/K mol. Since C/T of the doped sample clearly de-
creases with decreasing T at the lowest temperatures, we
expect the relative change of the Sommerfeld coefticient
to be even greater than 40% at 0 K. We are not aware of
any other Ce-based heavy-fermion system so sensitive to
La alloying. For comparison, y of Ce, „La„Cu6 alloys
(y of CeCu6 is almost identical to that of CeA1&) is essen-
tially x independent. The large decrease of y between
CeA1& and CeQ 99LaQ Q]A1~ is accompanied by shifting to
higher temperatures (from about 0.4 to 0.75 K) and an in-
crease in the size of the mentioned broad C/T anomaly.
Vfe stress that these anomalies for x =0 and 0.01 samples
can only be identified by maxima in C/T versus T, while
C itself is a monotonic function of T at low temperatures.
The observed enhancement of the C/T structure and in-
crease of its temperature upon alloying is evidence
against the coherence interpretation.

Further La doping continues to strongly modify the
specific-heat data. Samples with 5% and more of Ce re-
placed by La exhibit already clear signatures of thermo-
dynamic transitions in the specific heat (see Fig. 2). Both
the specific-heat and magnetic-susceptibility data for
these samples are consistent with an antiferromagnetic
ordering. The T temperature dependence of the specific
heat below 1 K is characteristic of antiferromagnetic spin
waves. In Fig. 3, the low-temperature C /T data for
CeQ 9LaQ, Alz from Fig. 1 are shown to be proportional to
T . The Sommerfeld coefBcient for this sample is about
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FIG. 2. Temperature dependence of the specific heat for
Ce& I-a A1&, where x =0.05, 0.1, and 0.2, between 1 and 7 K.
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FIG. 3. C/Tvs T for Ceo 9Lao o&Alz below 1.1 K.

620 mJ/K mol, still large, but more than 60% smaller
than for the pure compound. Magnetic-susceptibility
versus temperature curves (y vs T; see Fig. 4) for x =0. 1

and 0.2 samples also have maxima, but at temperatures
about 20% larger than the corresponding maxima in the
specific heat. Since 1.8 K is the lowest temperature we
can reach with our magnetometer, we could not detect
similar anomalies in y for samples with La content less
than 10%. (Recall that a broad maximum in y for the
pure compound occurs also at higher temperature than
the temperature of the C/T maximum. ) The x =0.2 sam-
ple has been checked for any thermal and magnetic hys-
teretic effects. No such effects have been found, con-
sistent with an antiferromagnetic nature for the observed
transitions.

The entropies associated with the magnetic transitions
are large fractions of 8 ln2. The measured entropy for
the x =0. 1 sample at 2.7 K (just above the peak in C) is
about 0.6R ln2 per mole of Ce. The corresponding value
for x =0.2 is about 0.7R ln2 at 3.7 K. This second num-
ber carries a large uncertainty since the specific heat for
x =0.2 was measured only down to 1 K; data below 1 K
were extrapolated from those above 1 K assuming the
temperature dependence of antiferromagnetic spin waves.
Large entropies removed via ordering strongly imply the
ordering of local moments. The values of the ordered
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FIG. 4. Low-temperature magnetic susceptibility for
Ce& „La„Al3, where x =0.01, 0.1, and 0.2.

FIG. 5. Temperature position of the maximum in C/T(TM )

vs x.

moments have been approximated using a molecular-field
formula ' derived for a single up and down antiferromag-
net and are about 0.26@~/Ce and 0.34p~/Ce for x =0. 1

and 0.2, respectively. Both these numbers are close to
the ones occasionally claimed for the pure compound. ' '

What is the connection between the weak C /T
anomalies found in x =0 and 0.01 samples and the dis-
tinct C anomalies seen for x )0 samples? In Fig. 5 we
show temperature position of the C/T maxima (TM) for
all the investigated samples. There is some difference be-
tween TM and a temperature corresponding to the max-
imum in the specific heat (Tz) for x )0.05 (T~ is smaller
than T~). This difference is the largest for x=0.05,
about 0.2 K, and decreases with x such that it almost
disappears for x =0.2. Figure 5 demonstrates that TM
varies monotonically and smoothly with x, implying the
same source of the C/T maximum in the pure CeA13
sample and of those found in the specific heat for our
La-doped samples. Thus our data provide evidence, for
the first time, for a magnetic nature of the subtle C/T
anomaly in the specific heat of the pure compound. Fur-
thermore, our data are consistent with the existence of lo-
cal moment domains. Formation of such domains can be
readily understood in view of an incredible sensitivity of
CeA13 toward creation of local magnetic moments as evi-
denced by the results on the La-doped samples. Structur-
al defects, similar to those produced by low-level doping,
can be anticipated considering the above discussed
difhculties with making highly homogeneous samples of
CeA13 due its peritectic formation. The DO19 structure
of CeA13 is known to be prone to stacking-type defects.

The final question which we address is about the mech-
anism of such an astounding destruction of heavy elec-
tron masses, not seen in other Ce-based heavy fermions,
and creating local moments. There are two obvious
consequences of replacing Ce ions by La. First, we re-
move some of the magnetic moments; second, we modify
interatomic distances (which, in turn, can create local
strains in the sample). La alloying acts as a negative lat-
tice pressure and can cause a decrease in the effective ex-
change parameter J via a decrease of the hybridization

strength between the f states of Ce and the ligand states.
Within the theoretical scenario based on the Kondo-
necklace model, the J value for CeA13 would have to be
close to the critical one, separating a nonmagnetic and
magnetic ground state.

Another explanation invokes magnetic frustration. Ce
ions in the basal plane of this hexagonal, Ni3Sn-type,
crystal structure form a triangular lattice which does not
support an antiferromagnetic order in these planes. Re-
moving some of the magnetic moments, by substituting
La for Ce, would relax the triangular lattice constraint.
This second explanation relies on the assumption that the
in-plane exchange interactions, which correspond to the
second-nearest neighbor (Ce-ion separation in the planes

0
is 6.545 A), are dominant. Such a scenario is plausible
considering the arrangement of Al ions. There are no Al
ions between the nearest-neighbor Ce ions (4.43 A, be-
longing to two adjacent basal planes), while any two
nearest Ce ions in the basal plane are separated by an Al
ion. In order to find out which of these two discussed
mechanisms is responsible for the observed distraction of
heavy masses and formation of local moments, we intend
to perform a low-level Y-doping study. Y atoms are
smaller than Ce, and therefore the first of the discussed
mechanisms cannot be applicable.

In summary, we have demonstrated that the heavy-
fermion state in CeA13 is unstable toward local-moment
antiferromagnetism. The extreme sensitivity of CeA13 to
minor chemical and structural alterations accounts for
discrepancies between various reported experimental re-
sults. The C/T anomaly has a magnetic origin and can
be explained by the presence of small antiferromagnetic
domains associated with sample imperfections. There is
no evidence for homogeneous coexistence of a heavy-
fermion state and magnetic order in CeA13.
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