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Magnetic Correlations and the Anisotropic Kondo Effect in Ce1�xLaxAl3
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By combining the results of muon spin relaxation and inelastic neutron scattering in the heavy
fermion compounds Ce1�xLaxAl3 (0:0 � x � 0:2), we show that static magnetic correlations are
suppressed above a characteristic temperature, T�, by electronic dissipation rather than by thermal
disorder. Below T�, an energy gap opens in the single-ion magnetic response in agreement with the
predictions of the anisotropic Kondo model. Scaling arguments suggest that similar behavior may
underlie the ‘‘hidden order’’ in URu2Si2.
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the unusual spin dynamics in Ce1�xLaxAl3 are evidence static internal field of the sample, which, in zero-field
Although CeAl3 was the first material to be designated
a heavy fermion compound [1], the nature of the low
temperature ground state has never been resolved [2–5].
An anomaly in the electronic specific heat coefficient, �,
at T� � 0:5 K, was shown by muon spin relaxation (�SR)
experiments to coincide with the development of static
magnetic correlations [3], but no evidence for magnetic
order was found by neutron diffraction. It is possible that
the ordered moment is too small to be observable by
neutron scattering from polycrystalline samples. If so,
CeAl3 would be reminiscent of other heavy fermion com-
pounds exhibiting ‘‘hidden order,’’ such as URu2Si2 [6,7],
in which the magnetism is too weak to explain the en-
tropy associated with the observed transition.

The specific heat anomaly that is observed in pure
CeAl3 grows in both temperature and magnitude with
lanthanum doping. Andraka et al. [8] have shown that
T�, defined by the maximum in C=T, increases to 2.2 K in
Ce1�xLaxAl3 when x � 0:2. Nevertheless, in an earlier
study, we were still unable to observe magnetic Bragg
peaks in high intensity neutron diffraction [9]. Instead,
we proposed that the specific heat peak results from a
crossover in the single-ion dynamics that is explained by
the anisotropic Kondo model (AKM) [10]. In highly
anisotropic systems, such as Ce1�xLaxAl3, the AKM pre-
dicts that, at high temperature, the spin dynamics will be
purely relaxational but that, at low temperature, an en-
ergy gap, representing a tunneling transition between two
anisotropically hybridized states, will open up in the
magnetic response. It is the development of this spin
gap that produces the observed specific heat anomaly at
T�. Various scaling relations predicted by the AKM were
in good agreement with our neutron data.

However, Pietri et al. [11] concluded that the field
dependence of the specific heat peaks was inconsistent
with the AKM and probably signified a magnetic tran-
sition [12]. It is therefore still an open question whether
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of a novel single-ion Kondo regime, as we originally
proposed [9], or whether they are the consequence of a
magnetic phase transition affected by Kondo interactions.

In this Letter, we present new �SR and inelastic neu-
tron scattering results on the Ce1�xLaxAl3 series, with
x � 0:0, 0.05, 0.1, and 0.2, that demonstrate unambigu-
ously that magnetic order is not responsible for the spe-
cific heat maxima. For low values of x, we observe with
muons a well-defined magnetic order parameter. How-
ever, in contrast to the expected behavior at a conven-
tional magnetic phase transition, the temperature depend-
ence of the order parameter is extremely weak below T�

and shows no correlation with the spin gap, which falls to
zero at T�. Our results show that the magnetic correlations
are suppressed above T� by the increased density of low-
frequency Kondo spin fluctuations caused by the closing
of the gap, rather than by thermal disorder. We discuss
similarities with URu2Si2, which is also highly aniso-
tropic, and show that the predictions of the AKM are in
good agreement with its experimental properties.

The samples of Ce1�xLaxAl3 with x � 0:0, 0.05, 0.1,
and 0.2 were prepared by arc melting stoichiometric
quantities of the constituent elements, followed by an-
nealing at 850 �C for four weeks. Neutron diffraction
confirmed that all samples were single phase. The �SR
measurements were performed at the ISIS pulsed muon
facility, Rutherford Appleton Laboratory, U.K., using the
MUSR spectrometer. Samples with x � 0:0, 0.05, and 0.1
were measured in a dilution refrigerator at temperatures
down to 50 mK and the other in a standard helium
cryostat down to 1.6 K. The neutron scattering experi-
ments were performed at the Institut Laue Langevin,
Grenoble, France, on the time-of-flight spectrometer
IN6, using an incident energy of 3.1 meV. Two samples
with x � 0:0 and x � 0:05 were measured in the dilution
refrigerator down to milliKelvin temperatures.

In a magnetically ordered phase, muons precess in the
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FIG. 1. Zero field muon spin depolarization in Ce1�xLaxAl3
with (a) x � 0 at 50 mK, (b) x � 0:05 at 100 mK, (c) x � 0:1 at
50 mK, and (d) x � 0:2 at 1.6 K (note the different scale). The
solid lines are fits to Eq. (1), whose three components (trans-
verse and longitudinal magnetic, and nuclear) are shown as
dashed lines. The insets show the specific heat data of Ref. [8].
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�SR, leads to well-defined oscillations of the muon spin
depolarization with a frequency that is proportional to the
magnetic order parameter. In the present experiment, we
modeled the muon depolarization by the sum of two
components, one magnetic and the other nuclear.

G�t� � Am	
2
3 cos�2�t
�� exp���Tt� 


1
3 exp���Lt��


 AnGKT�t�; (1)

where Am and An are the magnetic and nuclear ampli-
tudes,  is the precession frequency and � is its phase, �T
and �L are the transverse and longitudinal damping co-
efficients, and GKT�t� is the Kubo-Toyabe function that
accounts for depolarization by 27Al nuclei [13]. The need
for two components could mean either that there are two
muon sites in these samples, one dominated by nuclear
and the other by magnetic relaxation, or that the samples
are magnetically inhomogeneous. At the lowest tempera-
tures, the magnetic oscillations account for about 70% of
the depolarization in all the samples we measured, in
agreement with earlier �SR results [3] and close to the
volume fraction of magnetically correlated regions de-
rived from NMR data [5].

In our earlier �SR measurements on samples with x �
0:2, we did not observe any oscillations, but Fig. 1 shows
that they are indeed present at lower values of x. They are
particularly well-defined in pure CeAl3, but they become
increasingly damped with increasing x. Although our
data are in good agreement with earlier results [3,13],
the improved statistical quality of the present measure-
ments shows that the oscillations follow the damped sine
wave of Eq. (1), rather than the Bessel function proposed
by Amato [13]. This indicates that the ordering does not
involve a modulation of the magnitude of the magnetic
moment [14].

The longitudinal and transverse damping rates are
approximately equal at temperatures well below T�.
This rate increases dramatically with x, from 1:6 �s�1

at x � 0:0 to 12:5 �s�1 at x � 0:2, so that muon oscil-
lations are no longer observable for x > 0:1 and the
magnetic depolarization can be modeled by a simple
exponential decay. This behavior shows that lanthanum
substitution suppresses the well-defined magnetic order
seen in pure CeAl3, whereas the specific heat anomalies,
shown in the insets in Fig. 1, become much more pro-
nounced with lanthanum substitution. These contrasting
trends are the first indication that the specific heat peaks
are not associated with conventional magnetic phase
transitions.

This conclusion is strengthened by the detailed tem-
perature dependence of the muon spin relaxation, which
is illustrated by the behavior of x � 0:05 in Fig. 2.
The most striking result is the nearly temperature-
independent oscillation frequency up to temperatures
above T�. Therefore, the magnetic order parameter does
not change significantly over the entire temperature
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range of the specific heat anomaly, unlike a conventional
second-order magnetic phase transition, in which the
order parameter should fall to zero. Instead, �T begins
to diverge at T�, i.e., there is a broadening of the distri-
bution of internal fields, while �L starts to fall as the
quasistatic correlations become dynamic. This is consis-
tent with earlier muon data from pure CeAl3 [3,13].

We will now compare this trend with the inelastic
excitation seen by neutrons (Fig. 3). In pure CeAl3, the
response is almost entirely quasielastic. There is a small
inelastic peak at 0.8 meV that represents only 2% of the
total spectral weight. It is well known that there is a
strong sample dependence to the properties of CeAl3,
which probably results from an extreme sensitivity to
internal strains [9,15]. We believe that the inelastic peak
may arise from small strained regions of the sample and
do not discuss it further. Although the remaining re-
sponse is quasielastic, it has a non-Lorentzian form. In
Fig. 3, we have fitted the data to the sum of two quasie-
lastic Lorentzian line shapes (see discussion later). In all
the other samples, the magnetic response is well described
by a Lorentzian line shape centered at � below T� and a
quasielastic Lorentzian line shape above T� [9].

Although the magnetic response of pure CeAl3 is qua-
sielastic, it becomes inelastic with increasing x, and the
147201-2



FIG. 3. Inelastic neutron scattering from Ce1�xLaxAl3 with
(a) x � 0:0 at T � 80 mK, (b) x � 0:05 at T � 80 mK,
(c) x � 0:1 at T � 1:6 K, and (d) x � 0:2 at T � 1:6 K. The
solid line is the sum of the magnetic response (dashed lines)
and the elastic background (dotted line).
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FIG. 2. Temperature dependence of the muon spin depolari-
zation analyzed using Eq. (1) and the excitation energy mea-
sured with inelastic neutron scattering. The open and solid
squares denote the transverse and longitudinal damping coef-
ficients, �T and �L (below 1 K, �T � �L), the open circles
denote the precession frequency, , and the solid circles denote
the excitation energy of the magnetic response, �. The triangles
are the theoretical values of � derived from an inelastic
Lorentzian fit to the NRG calculations of S�!�. The dashed
lines are guides to the eye.

VOLUME 89, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 30 SEPTEMBER 2002
excitation is progressively better defined at T � T�. At
x � 0:05 (T� � 0:8 K), � is 0.37(3) meV and the half-
width is 0.66(2) meVat 80 mK, whereas, at x � 0:2 (T� �
2:2 K), � increases to 0.47(1) meV and the half-width is
0.42(1) meV measured at 1.6 K. The development of this
inelastic response with x correlates well with the growth
of the specific heat peak, in contrast to the behavior of the
muon oscillations.

Figure 2 shows the temperature dependence of the
energy, �, of this inelastic excitation. The fits show that
the energy falls to zero at T�, as if the gap were propor-
tional to an order parameter. Above T�, the spin dynamics
are overdamped. It is important to note that the entire
magnetic response becomes inelastic below T�. There is
no evidence of a two-component response as would be
seen if the spin dynamics were spatially inhomogeneous
as suggested by �SR and NMR [3,5]. Therefore, although
there is evidence that the static magnetic correlations
develop inhomogeneously, the dynamical transition in-
volves all the cerium ions.

As discussed in Ref. [9], the excitation cannot arise
from a conventional molecular field splitting of the
ground state doublet, because such a transition is forbid-
den by dipole selection rules for a j  3

2i Kramers doublet
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[16]. It can only arise if the doublet is split by off-
diagonal matrix elements producing two nonmagnetic
singlets, as proposed by Rainford et al. [17] in a heuristic
analysis of another anisotropic heavy fermion system,
CeRu2Si2�xGex. The fact that � does not track the mag-
netic moment, which is nearly temperature-independent
over the entire temperature range, provides further con-
firmation that the excitation is not coupling directly to a
molecular field.

To summarize the experimental conclusions, it is clear
that the static magnetic correlations are not responsible
for the thermodynamic anomalies, but that these anoma-
lies are nevertheless directly correlated with the opening
of a spin gap. Just such behavior is predicted by the
anisotropic Kondo model. The AKM is formally equiva-
lent to a dissipative two-state system or spin boson model
[10,18–20], in which a tunneling transition between two
singlets is broadened by coupling to Ohmic dissipation.
When mapped onto the AKM, the transverse Kondo
exchange produces the energy splitting, while the axial
Kondo exchange produces the dissipation. When the an-
isotropy is sufficiently strong, defined by the dimension-
less parameter � being less than 1=3, there is a specific
heat peak at a characteristic temperature at which the
dynamics cross over from quasielastic to inelastic. We
estimated in Ref. [9] that Ce0:8La0:2Al3 falls in this
regime with � � 0:1. If we apply the same scaling
147201-3
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arguments for the x � 0:05 sample, � � 0:2, but becomes
0.3, i.e., close to the critical value, at x � 0:0.

Figure 2 also shows the results of a numerical renorm-
alization group (NRG) calculation of S�!� [21]. By fitting
an inelastic Lorentzian line shape to the theoretical cal-
culations as a function of temperature, we obtain good
agreement with the experimental data up to more than
T�=2. At higher temperatures, as the dynamics become
progressively overdamped, the theoretical line shape be-
comes non-Lorentzian, reminiscent of the unusual line
shape of the quasielastic response in pure CeAl3.
Nevertheless, at x � 0:05, the agreement is quantitatively
good up to 0.7 K and qualitatively describes the observed
transition from inelastic to quasielastic dynamics.

In conclusion, we have observed clear evidence for
static magnetic correlations in �SR from compounds of
Ce1�xLaxAl3 with x � 0:1. However, they become pro-
gressively more damped with increasing x, whereas
peaks in the specific heat become more pronounced.
Inelastic neutron scattering shows that these peaks are
associated with the opening of a gap in the single-ion spin
dynamics consistent with the predictions of the AKM,
confirming our earlier conjecture that it is a crossover
in the local dynamics rather than cooperative magnetic
ordering that is responsible for the thermodynamic
behavior.

We believe that these conclusions for Ce1�xLaxAl3 can
provide some insight into the hidden order in URu2Si2 [6].
Both systems have strong Ising-like anisotropy, with sub-
stantial thermodynamic anomalies that are associated
with the opening of a gap in the spin dynamics [22,23].
There is evidence that the static magnetic correlations
develop inhomogeneously in both systems [5,24].
Furthermore, for URu2Si2 there is extremely good agree-
ment between experimental results and the AKM predic-
tions. According to the AKM, � � �T�=kBNA, where the
electronic specific heat coefficient, � � 50 mJmol�1 K2

[25] and the temperature of the maximum in the specific
heat, T� � 17:5 K, so that � � 0:1. URu2Si2 is therefore
in the regime where there is an energy gap below T� and a
large concomitant thermodynamic anomaly. The AKM
value of the energy gap is � � �2k2B�=3� � 5:0 meV,
close to the experimental value of 5.5 meV [26]. Finally,
the magnetic susceptibility at T � 0 is estimated to be
�2

BNA=2� � 3� 10�3 emumol�1, compared to the ex-
perimental value of 2:5� 10�3 emumol�1 [25].

This remarkable quantitative agreement strongly sug-
gests that the anisotropic Kondo model provides an ap-
propriate description of the single-ion properties of
URu2Si2. The theoretical challenge presented by these
results is to incorporate this conclusion into future models
of the hidden order parameter.
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the U.S. Department of Energy, Office of Science, under
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