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Abstract. Various magnetic measurements on CeCu5−xAlx , x = 0, 1, 1.5, 2, indicate that
increasing Kondo interaction due to Cu/Al substitution causes a substantial decrease of the
magnetic moment in the crystal-field ground state. A theoretical description on the basis of
the non-crossing approximation, taking into account the primary interaction mechanisms, yields
excellent agreement with the data and shows that the moment is reduced even at high values of
applied magnetic field.

1. Introduction

The classical picture of the Kondo effect acting in a particular system involves the quenching
of localized magnetic moments owing to a cloud of conduction electrons. Measurements
of the moment using isothermal magnetization or elastic neutron scattering reveal that the
magnetic moment can be significantly smaller than that expected for a certain crystal-field
configuration. Supplying sufficient thermal or magnetic energy to such a system causes a
break-up of the singlet ground state, and a consequent destruction of the Kondo state.

The aim of this investigation is to demonstrate that a reduction of the moments due to
Kondo interaction persists in high fields, even for those cases whereTK is relatively small.
The search for exact solutions of the Kondo problem [1] has been complicated in the case of
real materials where the effects of anisotropy, crystal fields (CF) and molecular fields may
all coexist. Another feature of the Kondo effect which is addressed here is the influence on
the susceptibility at temperatures much larger than the Kondo scale, also in the presence of
CF effects. A system which has already been studied in some detail is the hexagonal binary
compound CeCu5 which orders antiferromagnetically (AFM) atTN ≈ 4 K [2, 3]. The
ordered moment was determined as 0.36 µB with the moments aligned ferromagnetically
perpendicular to the basal plane, with a modulation vectorq = [0, 0, 1/2] [4]. Theoretically,
if the Kondo interaction is omitted, the moments expected for the|±1/2〉 ground state are
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0.42µB , and a Kondo interaction strength ofTK ≈ 2.2 K has been evaluated to explain the
difference between the observed and theoretical values of the moments.

The physical properties change substantially as a result of substitutions of Al for Cu
in CeCu5. Such a substitution is possible for at least two Cu atoms without changing
the hexagonal crystal structure. However, since the Al/Cu substitution happens almost
exclusively at the 3g sites of the CaCu5 structure, partially disordered alloys CeCu5−xAl x
are formed. Furthermore, because the monoelectronic Cu atom is replaced by Al, which
usually provides three conduction electrons, a change of the electronic structure is to be
expected. Initially, the Al/Cu substitution causes the vanishing of long-range magnetic
order and simultaneously the electronic contribution to the specific heatc/T becomes very
large, of the order of that of typical heavy-fermion systems [3, 5]. In terms of Kondo
interaction, it is obvious thatTK increases due to this substitution andkBTK may eventually
overcome the RKKY interaction strength. Since long-range magnetic order with reduced
magnetic moments is involved,TK does not scale inversely withc/T . From inelastic
neutron scattering experiments it was observed that even the crystal-field level scheme
changes drastically as a result of the Al/Cu substitution. Therefore it is necessary to
consider the Kondo interaction together with the appropriate CF scheme in order to give a
full interpretation of the magnetic behaviour.

Figure 1. The temperature-dependent magnetic susceptibilityχ−1 for various concentrations of
CeCu5−xAlx . The solid lines are least-squares fits to the data. The inset showsχ(T ) at low
temperatures.

This paper first presents the experimental studies of the magnetic susceptibilityχ(T )

and isothermal magnetizationM(H) for selected concentrations of CeCu5−xAl x . We then
present a theoretical description that models the experimental studies. In order to develop
a satisfactory description we develop the theory in two stages. The first stage was to take
account of the most important interaction mechanisms present in these alloys, crystalline
electric fields and molecular-field effects. The theory is then extended to take into account
the Kondo effect, and this is achieved using the self-consistent large-degeneracy expansion
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in the non-crossing approximation (NCA). This final stage includes the effects due to crystal
fields and molecular fields [6, 7]. Since in generalTK increases with the spin degeneracy, the
thermal population of the various crystal-field levels will cause an increase of the effective
TK with temperature, and in turnχ(T ) is influenced even at high temperatures by the Kondo
effect.

Significant changes of the main interaction mechanisms in the alloy series provide
the possibility of determining various parameters experimentally. Therefore, a theoretical
description can be obtained with just a small number of adjustable parameters.

Table 1. Physical properties and parameters used in the calculations for the compounds
CeCu5−xAlx .

CeCu5−xAlx x = 0 x = 1 x = 2

k (0, 0, 1/2) — —

TN (K) 3.95 — —

µCe (µB /Ce) 0.36 — —

µeff (µB /Ce) 2.5 2.37 2.54

θp (K) −20 −28 −40

1EQ (mm s−1) 3.4 3.07 2.35

11 (K) 190 60 60

12 (K) 603 522 406

B0
2 (K) 33.6 30.3 23.2

B0
4 (K) 0.039 0.41 0.27

CF calculation:

λ
para
‖ (mol emu−1) −130 −296 −45

λ
para
⊥ (mol emu−1) 0.89 −6 −32

NCA calculation:

TK (K) 2.2 5 9.5

λ
para
‖ (mol emu−1) 0 0 0

λ
para
⊥ (mol emu−1) 4.2 −1.8 −14.3

λord
‖ (mol emu−1) 94.9 — —

λord
⊥ (mol emu−1) 0 — —

2. Magnetic susceptibility of CeCu5−xAl x

The temperature-dependent magnetic susceptibilityχ(T ) of CeCu5−xAl x was measured
from 0.3 K up to room temperature. The results of these measurements are shown in
figure 1. The inset of this figure shows the antiferromagnetic phase transition of CeCu5

aroundTN ≈ 4 K. Carefully performed specific heat measurements indicate that there is
not a single phase transition; rather, two transitions withT1 = 3.85 K andT2 = 4.08 K are
present [3, 8]. As mentioned above, the Al/Cu substitution suppresses long-range magnetic
order, which is clearly observed in the susceptibility measurements. At high temperatures
χ−1(T ) follows a Curie–Weiss behaviour with effective moments close the value of the free
Ce3+ ion, and thus indicates that the Al/Cu exchange does not drive the system towards an
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intermediate-valence state. The paramagnetic Curie temperatureθp evaluated from least-
squares fits of the Curie–Weiss law above 50 K increases from about−20 K to about−40 K
asx goes from 0 to 2 (compare table 1).

2.1. Crystal-field-derived susceptibility

The crystal-field Hamiltonian accounting for the hexagonal cerium systems studied (CaCu5

structure,P6/mmm) can be written as

HCF = B0
2O

0
2 + B0

4O
0
4 (1)

with Bmn the crystal-field parameters andOm
n the Stevens operator equivalents. Sincem = 0

in each case, there are diagonal matrix elements only, causing that the CF-state doublets to
be pure eigenstates|±1/2〉, |±3/2〉 and |±5/2〉. The CF splitting requires the Van Vleck
contribution to be taken into account for a description of the magnetic susceptibility over
the whole temperature range. If a magnetic field is applied along a certain directionα in
the crystal, the magnetic susceptibility is given within the scope of the Van Vleck formula
by

χCFα =
[
NA(gjµB)

2
/(∑

n

exp(−En/kBT )
)]

×
∑
r,s

|〈r|Jα|s〉|2e−Er/kBT
exp((Er − Es)/kBT )− 1

Er − Es . (2)

NA is the Avogadro number,Er the energy of therth state,gj the Land́e g-factor, and
〈r|Jα|s〉 the matrix element ofJα connecting ther-state ands-state of the respective CF
scheme. Usually thec-axis is chosen as the quantizationz-direction.

The q-dependent molecular-field constants are generally defined as

λ(q) = 1

NA(gµB)2

∑
R 6=0

J (R)eiq·R (3)

whereJ (R) is the magnetic coupling. We use the notationλ(q = 0) ≡ λpara (paramagnetic
region) andλ(q = (0, 0, 1

2)) ≡ λord (AFM ordered region); a suffix‖ or ⊥ is further used
to take into account anisotropic exchange. Magnetic interactions among the Ce moments
in the paramagnetic region are accounted for by

1

χ‖
= 1

χCF‖
− λpara

‖ (4)

and
1

χ⊥
= 1

χCF⊥
− λpara

⊥ (5)

whereχ‖ andχ⊥ are the components of the uniform susceptibility parallel and perpendicular
to thec-axis, respectively.χCF‖ andχCF⊥ are the respective Van Vleck susceptibilities. Since
the study has been performed on polycrystalline material, the total measured susceptibility
follows from

χ = 1

3
χ‖ + 2

3
χ⊥. (6)

To reduce the number of adjustable parameters for least-squares fits, we have used the
crystal-field splittings previously derived from inelastic neutron scattering experiments [9].
There, one inelastic excitation was observed at 190 and 60 K for CeCu5 and CeCu4Al,
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respectively. Since the second inelastic excitation expected for these compounds was not
observed directly from inelastic neutron scattering,155Gd Mössbauer measurement have
been performed on the homologous Gd series GdCu5−xAl x [10] in order to obtain the
nuclear quadrupole coupling constant1EQ, which is related to the crystal-field coefficient
A0

2 by [11]

A0
2 = −193.81EQ (7)

whereA0
2 is in K a−2

0 (a0 being the Bohr radius) and1EQ is given in mm s−1. The
values of1EQ, which confirm previous measurements [12], are reported in table 1. The
crystal-field parameterB0

2 of the CF Hamiltonian for the Ce3+ ion is given by

B0
2 = αj 〈r2〉(1− σ2)A

0
2 (8)

whereαj is the second-order Stevens constant,〈r2〉 is the second moment of the 4f radial
wave function and the CF parameterA0

2 does not depend on a particular rare earth (RE).
σ2 is a screening coefficient estimated to amount to about 0.6 for any RE atom. By taking
αj = −5.714× 10−2 and〈r2〉 = 1.309 au for Ce and 1− σ2 ≈ 0.4 for the RE series, a first
approximation ofB0

2 for Ce follows from

B0
2 = 5.81EQ (9)

whereB0
2 is given in K.

The resulting values ofB0
2 are still subject to some uncertainty, in particular for a proper

treatment of shielding effects. For CePd2Al 3, for which the CF parameters are better known
[13], it turns out thatB0

2 obtained by the above procedure is too small by a factor of 1.7. We
therefore multiplyB0

2 obtained from equation (9) by a scale factor 1.7. Using the deduced
values of the splitting11, the second CF parameterB0

4 may be calculated using

B0
4 =

6B0
2 −11

300
(10)

and

12 = 18B0
2 − 60B0

4. (11)

11 and12 are the energy separations of the first and second excited CF levels from the
ground state, respectively. Taking the experimentally observed values of11 (for CeCu3Al 2

we use11 for CeCu4Al since the magnetic entropy of the former matches that of the latter
below about 60 K) and the values of1EQ for x = 0, 1, 2 into account, we have evaluated
B0

2, B0
4 as well as12; these are summarized in table 1. The splitting12 for CeCu5 is

consistent with the lower bound established in reference [9]. The CF levels obtained in this
way are also consistent with other thermodynamic properties like the specific heat, and the
magnetic susceptibility as is shown below. The uncertainties in the determination of the CF
parameters (which are often a major difficulty for quantitative studies of intermetallic RE
compounds) do not preclude the possibility of studying the trends in the magnetic behaviour
through the alloy series.

Some additional constraints have been taken into consideration when calculating the
temperature-dependent susceptibility. It has already been shown for the antiferromagnetic
structure of CeCu5 [7] that

λ
para
⊥ '

1

9
λord
‖ − χ⊥(0)−1. (12)

χ⊥(0) is the perpendicular susceptibility contribution atT = 0. For polycrystalline material
χ⊥(0) = 3

2χ
poly
exp (0). Additionally, λord

‖ = 4kBTN/(g2
j µ

2
BNA). Using experimental values of
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CeCu5 one findsλpara
⊥ ≈ 0.89 mol emu−1. However, there is no similar relation available

for λpara
‖ . A fit to χ(T ) for CeCu5 using the parametersB0

2, B0
4 andλpara

⊥ deduced earlier
is shown as a solid line in figure 1. The only parameter allowed to vary in that case
is λpara

‖ (which has been found to have little effect on the average susceptibility). This
description shows reasonable agreement with the experimental data. Since neither CeCu4Al
nor CeCu3Al 2 shows long-range magnetic order, the molecular-field constantsλ

para
⊥ and

λ
para
‖ are freely adjustable in the fitting procedure. Because the number of free parameters

is increased for both systems, a better agreement between the theoretical model and the
experimental data can be reached (solid lines for CeCu4Al and CeCu3Al 2).

2.2. NCA calculations of the magnetic susceptibility

In order to study the influence of Kondo interaction on the temperature-dependent magnetic
susceptibility we perform calculations applying the self-consistent large-degeneracy
expansion, also known as the NCA [1, 6, 14–16]. This technique allows us to calculate
finite-temperature properties of the Kondo impurity problem for realistic situations including
a crystalline electric field and a magnetic field. The NCA consists in solving a set of coupled
integral equations for the empty- and occupied-state propagators of the impurity state. Once
the propagators are known, the magnetization and the susceptibility are calculated from the
spectral densities and f-moment spectrum, respectively. The susceptibility contains Curie
as well as Van Vleck terms.

Figure 2. The inverse of the ionic susceptibility of CeCu5 parallel and perpendicular to the
c-axis. Dotted lines: the CF susceptibility. Solid lines: the NCA susceptibility withTK = 2.2 K.

The definition and choice of the Kondo temperatureTK must be specified. In order to
keep the number of free parameters to a minimum, we assume the values ofTK determined
from specific heat results and reported in table 1. SinceTK is not an input of the NCA code
(the inputs are instead the f-level positionEf and the hybridization width1), the parameters
of the NCA calculation are varied until the low-temperature susceptibility agrees with that
previously calculated with the variational method for a givenTK [17]. An equivalent
definition is to takekBTK as the peak position in the calculated f-spectral function [14]: we
have checked that the two definitions agree to within a factor close to unity.



Magnetization and susceptibility of CeCu5−xAlx 4471

Figure 3. The inverse of the spherically averaged susceptibility of CeCu5−xAlx , x = 0, 1, 2.
Dotted lines: the CF susceptibility. Dashed lines: the NCA ionic susceptibility (no molecular
field). Solid lines: the NCA susceptibility with a molecular field (with the parameters given in
table 1). Points: experimental values.

In figure 2 we show the inverse ionic susceptibility of CeCu5 parallel and perpendicular
to thec-axis. The susceptibility is strongly anisotropic and is much larger in theab-plane
than along thec-axis: the ratio isχ⊥/χ‖ ' 9 for temperatures smaller than the CF splitting,
and then it decreases slightly. The Kondo effect produces an upward shift of the inverse
susceptibility compared to the CF-only susceptibility (dotted lines in figure 2). The shift
is much larger forχ‖ as can be understood qualitatively using the approximate formula
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χ ∼ µ2/(T + TK). The shift is then∼TK/µ2, which is about nine times larger forχ‖ than
for χ⊥. The shift increases with temperature: this derives from the fact that the physics
gradually changes from that of a CF doublet to that of a sextuplet, with the effective Kondo
temperature increasing accordingly. This behaviour distinguishes the shift due to the Kondo
effect from that due to a molecular field, but the two effects remain difficult to separate in
practice.

In figure 3 we show the inverse of the spherically averaged susceptibility for the three
compounds CeCu5−xAl x , x = 0, 1, 2, compared with the experimental results. We restrict
the comparison to the temperature range 0–100 K in order to display the effects associated
with the CF. The dotted lines show the pure CF susceptibility, while dashed lines represent
the ionic NCA susceptibility without any molecular field (the inclusion of molecular fields
leading to the solid lines in figure 3 is discussed below). Comparison with the experimental
data shows that a pure CF calculation is insufficient, and that the inclusion of a Kondo
interaction via the NCA goes in the right direction to explain the experimental results.
However, discrepancies remain which call for the inclusion of a molecular field in the
paramagnetic susceptibility. A closer look at figure 3 reveals that the relevant molecular-
field constant has to be positive (ferromagnetic) for CeCu5, very small or slightly negative
for CeCu4Al and negative (antiferromagnetic) for CeCu3Al 2 (table 1).

Figure 4. The isothermal magnetization of CeCu5−xAlx at T = 500 mK.

Molecular fields in the paramagnetic region are taken into account by(χα)
−1 =

(χ ion
α )−1 − λpara

α , α = ‖,⊥, where the ionic susceptibilityχ ion takes into account both
CF and Kondo interaction. The procedure for determining the molecular-field constants
λ

para
‖ , λpara

⊥ is also similar to that of section 2.1, but for consistency we must now employ
the NCA susceptibility. For CeCu5, the experimental value of the Néel temperature
leads toλord

‖ = χ ion
‖ (TN)

−1 = 94.9 mol emu−1, and applying equation (12) we get
λ

para
⊥ = 4.24 mol emu−1 (we note thatλpara

⊥ < λord
‖ /9, which implies that the system orders
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antiferromagnetically). The value ofλpara
‖ is not determined, since the average susceptibility

depends weakly on this parameter. Here we takeλ
para
‖ = 0 for simplicity and in order

to reduce the number of independent parameters. For the other compounds in the series,
λ

para
⊥ is determined from a best fit to the susceptibility, andλpara

‖ is again taken to be
equal to zero. The resulting values are reported in table 1 and the spherically averaged
susceptibility is shown by solid lines in figure 3. Good agreement with the experimental
data is obtained for the three compounds. The values ofλ

para
⊥ so obtained from this NCA

fit are quite different from those determined in section 2.1: in particular the negative values
are much smaller in absolute value.λpara

⊥ changes from ferromagnetic to antiferromagnetic
on increasing the Al concentration, as anticipated. This may be related to a change of
sign of the RKKY interaction on increasing the conduction electron density, or possibly
to dominance of the superexchange contribution to the electronic polarization, as found in
similar systems [18, 19].

3. Isothermal magnetization of CeCu5−xAl x

Figure 4 shows magnetization curves forx = 0, 1, 1.5 and 2 measured atT = 500 mK in
fields up to 12 T. CeCu5 shows a metamagnetic transition atµ0H = 2.5 T (which can be
seen more easily by plotting dM/dH versusH : see e.g. figure 6 of reference [4]), proving
the ground state of this compound to be antiferromagnetic. Increasing the Al content shows
that the metamagnetic behaviour vanishes and the magnetization at a given applied field
is reduced. Forx = 2 the magnetization at 12 T is just about half of that of CeCu5. In
terms of a Kondo compensation of the Ce moments, we can immediately conclude that the
interaction strength, and thereforeTK , increases owing to the Al/Cu substitution.

The ionic magnetization of CeCu5 calculated by the NCA was already shown in
reference [7]; here we recall the main features. The magnetization perpendicular to the
c-axis is much larger than that along thec-axis. Both of them increase steadily with the
field, but while the parallel magnetization tends slowly to the constant value 0.428µB ,
the perpendicular magnetization continues to increase due to Van Vleck coupling with the
excited CF levels. Even at fields of 10 or 20 T, the magnetization is reduced by about 20%
compared to the pure CF magnetization. Thus the magnetic moment is appreciably reduced
by the Kondo effect even at relatively large values of the applied field.

For the ordered compound CeCu5, the induced magnetization in the antiferromagnetic
phase is calculated in molecular-field theory by solving a model with two sublattices 1 and
2 with appropriate molecular-field constants (the‖ or ⊥ index is understood):

M1 =Mion(λ11M1+ λ12M2+Bext) (13)

M2 =Mion(λ12M1+ λ11M2+Bext) (14)

whereλ11 = (λpara+ λord)/2, λ12 = (λpara− λord)/2 andBext is the external field. The total
magnetization per Ce atom is then(M1+M2)/2. For the case of compounds showing no
magnetic order, a description is achieved using a single equation.

Figure 5 shows the calculated magnetization (spherical average) of the four compounds
with x = 0, 1, 1.5, 2. The molecular-field constants used in the calculation are those
determined from a fit to the susceptibility and reported in table 1;λord

⊥ for CeCu5 has
been taken equal to zero for simplicity. For CeCu3.5Al 1.5 there are no values for the CF
parameters and we therefore adopted the values for CeCu4Al. In addition we assumed that
TK = 7 K andλ⊥ = −10.7 mol emu−1 for CeCu3.5Al 1.5.

For comparison, the dashed line displays the CF magnetization of CeCu5, i.e., whenTK
is set equal to zero. For CeCu5 it can be seen that the induced magnetization is close to
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Figure 5. The self-consistent NCA magnetization of CeCu5−xAlx at T = 0.5 K; the values
of TK and the molecular-field parameters are as in table 1. CeCu5: antiferromagnetic state,
two-sublattice model. Other compounds: paramagnetic state. Dashed line: the self-consistent
magnetization of CeCu5 in a two-sublattice model forTK = 0.

the CF value forB < 3 T, but shows a significant reduction for larger fields. The average
magnetization is dominated by that perpendicular to thec-axis. The change of slope at
aroundB = 3 T is due to the fact that the moments on the two sublattices are initially aligned
along thec-axis, and then rotate into the perpendicular direction as the field is increased.
The parallel magnetization is always very small, due to the large antiferromagnetic coupling,
and gives a minor contribution to the spherical average. Comparison with the results of
figure 4 shows good agreement and proves that the magnetic moment of CeCu5 is indeed
appreciably reduced at high fields.

The trend of the self-consistent magnetization for the other three compounds is also
well reproduced by the model. The decrease of the magnetization through the series is
the result of increasingTK and also of the increased AFM values ofλpara

⊥ . The calculated
magnetization of CeCu4Al shows excellent agreement with the experimental data; those for
CeCu3.5Al 1.5 and CeCu3Al 2 are also in good agreement. The minor discrepancies which
remain for the alloys can be attributed to the limited information about CF parameters
for these compounds. We emphasize that the same set of molecular-field constants have
been used to reproduce both the susceptibility and the magnetization results; thus the
magnetization data can also be taken as an indication of a change of sign ofλ

para
⊥ and

an evolution towards more AFM values through the series.

4. Conclusions

Susceptibility and magnetization results have been presented for the hexagonal compounds
CeCu5−xAl x . These were complemented by155Gd Mössbauer measurements on the
homologous Gd series, GdCu5−xAl x , in order to obtain information about the CF parameters.

An analysis of the susceptibility using a CF model yields large negative values for
the molecular-field constants, which are difficult to interpret. A reinterpretation of the
susceptibility results on the basis of accurate NCA calculations reveals that most of the
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deviation of the measured susceptibility from the CF results is explained by the presence
of the Kondo effect. Smaller values for the molecular-field constants are needed; they
change from ferromagnetic to antiferromagnetic on increasing the Al concentration in the
series. The effect of the Kondo interaction on the susceptibility is pronounced even at high
temperatures, since the effectiveTK increases with temperature.

The present model provides a good description of the magnetization data for the different
alloys in the series, with essentially no free parameters. For CeCu5 a two-sublattice model
has been solved. The Kondo temperature is sizeably increased in going from CeCu5 to
CeCu3Al 2 and explains the quenching of the magnetic order by the Kondo effect. The
magnetic moment in an external field is appreciably reduced compared to the CF values, even
for values of the magnetic field energy that are much larger than the Kondo energy scale.
This is a confirmation of theoretical expectations based on exact solutions of the Kondo
problem [1], which are verified here for compounds where the Kondo effect, anisotropy and
molecular fields all play an important role in determining the magnetic properties.
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