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Abstract. The ground state of the strongly correlated electron CeNi1−xCux compounds has been in-
vestigated by means of neutron scattering experiments. Thus, magnetic diffraction was performed for
compounds showing long-range magnetic order (x > 0.2). An evolution from a collinear ferromagnetic
structure for x = 0.6 to a simple antiferromagnetic one for CeCu takes place through some more com-
plex magnetic structures for intermediate compositions. The magnetic moments are continuously reduced
when the Ni content increases reflecting the progressive enhancement of the Kondo screening. The large
reduction found for x = 0.6 compound is discussed and the existence of a spin glass like component of
the magnetic moment cannot be discarded. From the quasielastic spectra, we have obtained the Kondo
temperatures which are close to the magnetic ordering ones. The quasielastic line-width evolves from a
linear temperature dependence to a T 1/2 behaviour when approaching the non-magnetic limit. Then, this
system provides an interesting example for the evolution of unstable 4f shell relaxation regimes when
modifying the hybridisation strength.

PACS. 75.25.+z Spin arrangements in magnetically ordered materials (including neutron and
spin-polarized electron studies, synchrotron-source x-ray scattering, etc.) – 75.30.Mb Valence fluctuation,
Kondo lattice, and heavy-fermion phenomena

1 Introduction

In many cerium compounds the separation between inter-
mediate valence, non-magnetic ground states with Fermi
or non-Fermi liquid behaviour, heavy fermion and Kondo
lattice systems is neither very well-defined nor an easy
task. In these systems, the 4f -conduction band hybridi-
sation originates strong and rapid charge and spin fluc-
tuations of the ground state, favouring the formation of
non-magnetic ground states and leading to the appear-
ance of the so-called “Kondo effect” phenomenology. The
degree of hybridisation is usually parameterised by the
Kondo temperature, TK. Furthermore, in most of these
systems, the Rudermann-Kittel-Kasuya-Yosida (RKKY)
interaction, represented by the critical ordering tempera-
ture Tc, is altered by the Kondo effect. In addition, in rare-
earth compounds the Crystalline Electric Field (CEF)
anisotropy takes on a fundamental role in determining the
magnitude and direction of the magnetic moments.

a e-mail: espesoji@unican.es

Neutron scattering techniques have provided a power-
ful microscopic tool for the understanding of strongly cor-
related electron systems due to their unique capability of
proving local magnetic properties [1,2]. On the one hand,
neutron diffraction studies allow characterising the long-
range magnetic order and determining the reduction of the
total magnetic moment due to hybridisation effects [3]. On
the other hand, depending on the energy transfer range
(~ω), the inelastic neutron scattering provides different
kinds of information. In fact, for ~ω far away from the
elastic contribution we can obtain information on local
one-site (CEF) or collective (phonons and magnons) exci-
tations, while for the quasielastic contribution (~ω quite
close to the elastic peak) a broad quasielastic line can be
observed. In this case, the half-width at half-maximum
(Γ/2), is related to the Kondo temperature and its varia-
tion with temperature depends on the magnetic state. For
intermediate valence compounds, the quasielastic peak is
broad and Γ/2 is almost temperature independent (as in
CePd3, CeSn3 and CeBe13 [4,5]) whereas in the case of
Kondo lattice compounds, Γ/2 is smaller and two kinds
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of temperature dependence have been found: a T 1/2 law
usually found in non magnetic systems as CeAl3 [6] and
CeCu2Si2 [7] and a linear behaviour which corresponds to
systems presenting long-range magnetic order (CeB6 [8],
CeMg3 [9] and CeNixPt1−x [10]). However, in many cases
the experimental data are not clear enough or do not cover
enough temperature range to distinguish between those
behaviours, and then this classification must be considered
as merely orientative. These laws are supported by theo-
retical models based on different initial situations [11–13].

In order to get a better insight into the problem it
is highly desirable to have a system exhibiting a contin-
uous evolution between the magnetic and non-magnetic
limits. This situation is fulfilled by the CeNi1−xCux se-
ries. In fact, this system appears as an outstanding ex-
ample to study the competition between inter-site RKKY
exchange interactions and single site hybridisation effects
in the presence of strong magnetocrystalline anisotropy.
Starting from CeNi, an intermediate valence compound
crystallizing in the orthorhombic CrB-type structure [14],
a 10% substitution of Ni by Cu changes the crystalline
structure to the FeB-type [15]. Previous magnetic mea-
surements have shown that the composition with x = 0.2
does not present long-range magnetic order down to 1 K.
The intermediate compositions (0.4 ≤ x ≤ 0.8) show a
ferromagnetic (FM) order with a Curie temperature close
to 1 K. For x ≥ 0.9 a change to an antiferromagnetic
(AFM) behaviour appears [15,16]. This change from FM
to AFM ordering is similar to that observed in other iso-
morphous rare-earth RNi1−xCux compounds [17–19]. On
the other hand, 4f -conduction band hybridisation effects
decrease with increasing Cu content [16] due to the in-
creasing interatomic distances as was also observed in the
CeNixPt1−x series [20]. A crossover from a non-localised
(non-magnetic) to a localised (magnetic) state appears
close to 20% Cu. Thus, the intermediate compositions
with 0.2 < x < 0.8 are a new example of the few existing
Kondo FM compounds [16].

In addition, it has recently been shown that the in-
creasing hybridisation and the substitutional Ni/Cu dis-
order seems to be responsible for the existence and sta-
bility of a spin glass like behaviour in the CeNi1−xCux
FM compounds above Tc, leading to a complex magnetic
phase diagram for this series [21].

In this paper we present the neutron scattering study
in the CeNi1−xCux series. We have determined the
magnetic structures discussing the influence of the Cu
substitution on the character of the observed magnetic
arrangements and special attention has been paid to inves-
tigating the quasielastic contribution to the neutron scat-
tering spectra. In this case, the results are discussed con-
sidering the theoretical models mentioned above [11–13].

2 Experimental details

Polycrystalline CeNi1−xCux samples were melted in an
arc furnace and the Cu rich ones x > 0.6 were annealed
for one week at 425 ◦C under high vacuum to enhance the
crystallinity of the samples. Their quality was checked by

Table 1. Cell parameters and volume data obtained from the
Rietveld refinements of the neutron diffraction patterns at low
temperatures for the CeNi1−xCux series (x = 0.6 and 0.8 at
5 K, x = 0.9 and 1 at 10 K).

x a(Å) b(Å) c(Å) V (Å3) RBragg(%)

0.6 7.316(3) 4.486(1) 5.641(2) 185.1(2) 4

0.8 7.386(6) 4.532(4) 5.656(4) 189.3(5) 10

0.9 7.412(6) 4.555(3) 5.645(4) 190.6(4) 9

1 7.415(4) 4.564(2) 5.643(3) 191.0(3) 4

X-ray and neutron diffraction experiments and from both
measurements only small traces (<5%) of CeCu2 impurity
phase were observed for the Cu rich compositions x = 0.9
and x = 1. X-ray and neutron diffraction data were anal-
ysed using the Rietveld method with the Fullprof pro-
gram [22]. The macroscopic homogeneity of the samples
was checked by X-ray dispersive analysis.

Neutron scattering experiments were done at the In-
stitut Laue Langevin (Grenoble, France). Neutron diffrac-
tion was performed at the D1B instrument using a dilu-
tion cryostat down to 100 mK and a standard cryostat.
Powdered sample masses varied between 10 and 15 g.

Quasielastic neutron scattering experiments were per-
formed at the time-of-flight spectrometer IN6. In the lat-
ter, the neutron incident energy was fixed at 3.15 meV,
giving access to a momentum transfer of 0.42 < Q <
1.19 Å−1. The temperature was varied in the range 1.7–
50 K. In this case, the sample masses were about 30 g.

3 Neutron diffraction: magnetic structures

3.1 Experimental results

All the studied samples, x = 0.6, 0.8, 0.9 and 1, crys-
tallise in the orthorhombic FeB-type structure. Table 1
shows the evolution of the cell parameters obtained from
the Rietveld refinements of the diffraction patterns at low
temperature. The cell volume increases continuously with
increasing Cu percentage. The a and b cell parameters
also increase, while c remains almost constant.

Figure 1 shows the magnetic intensities (difference pat-
terns 0.1–5 K) for CeNi0.4Cu0.6. The inset shows the dif-
ference pattern for CeNi0.2Cu0.8. For the ferromagnetic
compound x = 0.6 the Rietveld analysis leads to a simple
collinear arrangement below Tc = 1 K with the magnetic
moments of the four Ce ions within the unit cell along the
b-axis. The magnetic moment value of 0.6 µB at 0.1 K [23]
is strongly reduced compared to that of the Ce3+ free ion
one (2.14 µB). It is worth mentioning that in the isomor-
phous NdNi1−xCux series the obtained magnetic moment
for the ferromagnetic compound with x = 0.6 is 2.7 µB,
which is slightly reduced with respect to the Nd3+ free
ion value (3.27 µB). This reduction in the Nd based com-
pounds is attributed to CEF effects [24].

The magnetic pattern of CeNi0.2Cu0.8 shows the co-
existence of two propagation vectors. One, q1=0, cor-
responding to a ferromagnetic structure. In this case,
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Fig. 1. Magnetic contribution to the neutron diffraction pat-
tern for CeNi0.4Cu0.6 and CeNi0.2Cu0.8 compounds. Points in-
dicate the experimental data and lines are the calculated and
difference patterns. Vertical ticks mark the magnetic reflec-
tions: |q1| = 0 and |q2| = 0.3 Å−1.

the existence of magnetic contribution corresponding
to the (0,0,1) reflection, forbidden by the selection rules
of the FeB nuclear structure, indicates that this ferro-
magnetic structure is non-collinear. Furthermore, a low
angle peak also appears and it can be indexed with an
incommensurate propagation vector of modulus |q2| =
0.30 Å−1. The large width of this low angle peak sug-
gests the existence of magnetic inhomogeneities in this
incommensurate phase. The total magnetic structure has
then a conical character; however, one should note that
the absence of other additional magnetic peaks prevents
a further quantitative analysis.

On the other hand, the magnetic structures of the AF
compounds are quite complex. The magnetic patterns for
the compound with x = 0.9 presents at 0.1 K two coex-
isting propagation vectors q1=(1/2,0,0) and q2=(0,1/2,0)
(see Fig. 2). The best Rietveld refinement leads to a mag-
netic moment of 1.0 µB for both propagation vectors with
the magnetic moments lying on the ac and ab plane for
q1 and q2 respectively. The coexistence of these two prop-
agation vectors, which are not equivalent by symmetry, is
quite puzzling. Further experiments on single crystals un-
der magnetic field or uniaxial stress are needed to distin-
guish between the existence of separate magnetic phases or
a double-q magnetic structure. In contrast, the magnetic
diffraction pattern of CeCu (Fig. 2) is indexed with a sin-
gle propagation vector q1=(1/2,0,0). The best agreement
at 2 K (T/Tc = 0.6) between the observea.nd calculated
intensities is obtained with a magnetic moment of 1.45 µB

lying in the ac plane. According to the temperature de-
pendence of the magnetic moment a value of 1.8 µB at
0 K will be expected. The angles of the four Ce3+ mag-
netic moments with the a-axis in the unit cell are gathered
in Table 2 together with a summary of the magnetic struc-
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Fig. 2. Magnetic contribution to the neutron diffraction pat-
terns for CeNi0.1Cu0.9 and CeCu compositions. Points indicate
the experimental data and lines are the calculated and dif-
ference patterns. Vertical ticks mark the magnetic reflections:
q1=(1/2,0,0) and q2=(0,1/2,0).

tures data obtained from the refinement of the diffraction
patterns for this series. A schematic representation of the
evolution of the magnetic moment arrangement along the
series is displayed in Figure 3.

3.2 Discussion on magnetic structures

The first comment dealing with the magnetic structure
data is about the progressive reduction of the Ce magnetic
moment from CeCu (1.8 µB) to CeNi0.4Cu0.6 (0.6 µB).
This reduction can be essentially due to two different rea-
sons: 4f -conduction band hybridisation (increasing Kondo
screening) or CEF effects. For CeCu the magnetic moment
reduction is about 10% with respect to that of the Ce3+

free ion value. This reduction is similar to that obtained
for the isomorphous NdCu compound and then it can be
mainly attributed to CEF effects. For an orthorhombic
symmetry, the Ce3+ ground state (J = 5/2) is split into 3
doublets by the CEF. Then, the ground state is a mixture
of some of the MJ = ±5/2,±3/2 and ±1/2. In order to ac-
count for the observed reduction of the magnetic moments
from CeCu to CeNi0.4Cu0.6 important modifications of the
CEF level scheme must be considered. However, this cir-
cumstance is, in fact, quite unusual considering the small
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Table 2. Summary of the magnetic structure data for the CeNi1−xCux series: T indicates the temperature at which the
experiment was performed, q is the propagation vector, structure type indicates the magnetic character and the magnetic
moment orientation, µ is the magnetic moment modulus and φi represents the angles of the magnetic moments with the a-axis
for the four 4c equivalent positions of the Ce3+ ions in the FeB type structure.

x T (K) q structure type µ(µB) φi(degrees) RBragg(%)

0.6 0.1 0 Fy 0.6 - 14

0.8 0.1 0, |q2|=0.3 Å−1 Conical - - -

0.9 0.1 (1/2,0,0) AFM(xz) 1.0 314, 12, 8, 100 26

0.9 0.1 (0,1/2,0) AFM(xy) 1.0 144, 91, 324, 72 29

1 2 (1/2,0,0) AFM(xz) 1.45 323, 16, 351, 120 12

a

b

q = (0,0,0) 

a

c

a

b
q  = (0,1/2,0) 

2

q  = (1/2,0,0) 
1

CeNi   Cu0.1          0.9

CeNi   Cu0.4          0.6

a

cCeCu
q = (1/2,0,0) 

Fig. 3. Sketch of the evolution of the magnetic moment ar-
rangement in CeNi1−xCux within the ordered state (x = 0.6,
0.9 and 1.0) as determined by neutron diffraction. Ni/Cu ions
are omitted for clarity.

changes on the cell volume and so this possibility must be
discarded.

On the other hand, the reduction of the magnetic
moments due to the Kondo interaction is correlated to
the ratio between the Kondo temperature and the ex-
change energy (e.g., for CeCu5 [25], with TK = 2.2 K
and TN = 3.9 K, the estimated reduction due to Kondo
effect is about 15%). In our case, TK = 2 K (see Sect. 4)
and Tc = 1.1 K for x = 0.6; then, a larger reduction is
expected. From these results we can ascertain that the re-
duction of the magnetic moments when increasing the Ni
content is mainly due to the progressive Kondo screening.
However, the obtained magnetic moment for x = 0.6 is
1/3 of the value found in the CeCu compound where hy-
bridisation effects were not detected and the existence of
a small spin glass component below Tc, as was suggested
in [23], should not be discarded. Recent neutron experi-
ments on a bulk sample [26] indicate that the spin glass
phase could coexist below Tc with a long-range magnetic
order. In order to verify this idea further experiments are
needed.

We shall now comment the evolution of the magnetic
structures displayed in Figure 3. The extreme studied
compositions, x = 0.6 and x = 1, present simple FM
and AFM structures with a single propagation vector.
It seems clear that for the Ni rich ferromagnetic com-
pounds, the easy magnetisation direction is the b-axis, as
was also observed in the pseudobinary isomorphous com-
pound GdNi0.7Cu0.3 [27], while for the AFM CeCu the
moments lie in the ac plane. The intermediate composi-
tions reflect the evolution from one situation to another.
In fact, for x = 0.8 the magnetic structure keeps a FM
component, but an AFM one develops associated with an
incommensurate propagation vector |q2| = 0.30 Å−1. For
x = 0.9, one of the propagation vectors appearing in the
magnetic diffraction pattern, q1=(1/2,0,0), corresponds to
that associated with the magnetic structure of CeCu (see
Fig. 3 and Tab. 2), while the other arrangement described
with q2=(0,1/2,0) still keeps a component of the magnetic
moment in the b-direction, probably indicating a reminis-
cent evolution from the ferromagnetic situation. Bearing
this evolution in mind we can correlate the magnetic phase
associated with a propagation vector (0,1/2,0), found in
x = 0.9, with the incommensurate magnetic structure
of x = 0.8. In this way, we can suggest for this latter
compound, a propagation vector q2= (0,0.2,0) (in recip-
rocal lattice units), leading to |q2| = 0.30 Å−1 with a
magnetic moment component along the b-direction. This
means that the antiferromagnetism appears through an
incommensurate phase which tends to take the magnetic
moments out of the b-direction favouring the ac plane
as the easy magnetisation one for CeCu. The complex
magnetic structures of the intermediate compounds re-
flect the strong competition of positive and negative in-
teractions and the changes in the anisotropy, induced by
the Ni substitutions through the modification of the con-
duction band.

4 Quasielastic neutron scattering (QENS)

4.1 Experimental results

The differential cross-section for magnetic neutron scat-
tering can be written as

d2σ

dΩd(~ω)
∝ k1

k0
S(Q,ω, T ), (1)
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Fig. 4. Inelastic neutron scattering spectra measured at 1.7 K
and θ = 20◦ for CeNi0.8Cu0.2 and CeNi0.4Cu0.6 compounds.
Full line represents a fit to the three contributions: Elastic
Gaussian (dotted line), Quasielastic Lorentzian (dashed line)
and Inelastic Gaussian (dashed and dotted line).

where k0 and k1 are the incident and final neutron wave
vectors, and ~Q=~(k0−k1) and ~ω are the momentum
and energy transfer, respectively. The magnetic scatter-
ing function S(Q,ω, T ) for the quasielastic contribution
can be written assuming that the excitation spectrum is
approximated to a simple relaxation process with a re-
laxation rate Γ/2, corresponding to the halfwidth at half
maximum of the Lorentzian observed spectra [28].

S(Q,ω, T ) ∝ ω

1− e−
~ω
kBT

F 2(Q)
Γ/2

(Γ/2)2 + (~ω)2
χ′(Q, 0, T )

(2)

with F (Q) the magnetic form factor and χ′(Q, 0, T ) the
real part of the static susceptibility. Only in the absence of
spatial correlations between the magnetic moments, when
Q→0, should the local static susceptibility χ′(Q, 0, T ) be
similar to the static bulk susceptibility χ′(0, 0, T ) as mea-
sured in a magnetometer.

In Figures 4 and 5 we present the neutron spectra
measured at 1.7 K and a scattering angle θ = 20◦ for
the studied compositions. Considering the dependence
with the scattering angle, no phonon contribution is de-
tected in the range 0–2 meV. Furthermore, the isomor-
phous non-magnetic YNi compound does not show any
trace of phonon contributions in this energy range [24]. In
addition, no CEF excitations are detected in this energy
range, according to the analysis of the specific heat mea-
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Fig. 5. Inelastic neutron scattering spectra measured at 1.7 K
and θ = 20◦ for the CeNi0.2Cu0.8 and CeNi0.1Cu0.9 com-
pounds. Symbols have the same meaning as in Figure 4.

surements [23]. From these results it was deduced that the
first CEF level should appear at much higher energies in
this series of compounds.

For all the samples, the neutron scattering response
can be fitted considering an Elastic Gaussian-shape nu-
clear contribution (EG) and a Quasielastic Lorentzian-
shape term (QL) modified by the detailed balance fac-
tor as in formula (2). Additionally, for compositions with
x ≥ 6, in order to account for the experimental spec-
tra, an extra Inelastic Gaussian-shape contribution (IG),
centred on 0.5 meV, is needed. In the analysed range
(20◦ < θ < 60◦) this contribution is almost independent
for a fixed temperature. When increasing the temperature,
this IG excitation shifts to lower energies, broadening and
decreasing in intensity. Finally, it disappears for T > 10 K,
well above the ordering temperature. The origin of this
contribution will be discussed later.

Using Γ/2 and the amplitudes of EG and QL (and
IG) as adjustable parameters we obtain a reasonably good
fit for all the CeNi1−xCux spectra as shown by the solid
line in Figures 4 and 5. The Γ/2 of the quasielastic
contribution increases with increasing temperature. This
temperature dependence of Γ/2 is shown in Figure 6.
For CeNi0.1Cu0.9 and CeNi0.2Cu0.8 a linear behaviour
(Korringa law) is found, as usually appears for Kondo lat-
tice compounds with long-range magnetic order [1,2]. For
the composition with x = 0.6, it is very difficult to es-
tablish a clearly linear or T 1/2 dependence. From the lin-
ear fits, a Kondo temperature is estimated as limT→0

Γ/2
kB

.



630 The European Physical Journal B

0

0

0

0

0.5

1

1.5

2

0 10 20 30 40 50

Γ  
/ 2

   
 (

m
eV

)

T (K)

x = 0.2

x = 0.6

x = 0.8

x = 0.9

CeNi
1-x

Cu
x

Fig. 6. Temperature variation of Γ/2 for the CeNi1−xCux
series. Lines are fits to linear or T 1/2 dependences (see text).
The vertical scale has been shifted for the sake of clarity.

The obtained values are 2 K, 1 K and 0.7 K for x = 0.6,
0.8 and 0.9, respectively.

The CeNi0.8Cu0.2 compound presents larger Γ/2 val-
ues and a clear T 1/2 dependence, as usually observed in
heavy fermion compounds [1,2]. The evolution of the Γ/2
values through the series and their thermal variation re-
flect the increasing hybridisation effects when the Cu con-
centration decreases. For the CeNi0.8Cu0.2 compound, in
order to estimate TK from the deviation from the T 1/2

dependence, more low temperature data are needed, as it
has been done in CeAl2 [29] or CeCu6 [30,31].

4.2 Discussion on QENS

Although several reviews have been devoted to the in-
elastic neutron scattering in heavy fermions and related
compounds [1,2], the large phenomenology and the de-
scription of many particular cases make it very difficult to
generalise in a simple way the contrast between theory and
experiment. However, the existence of a quasielastic exci-
tation is a common signature of the 4f -conduction band
hybridisation (Kondo effect), and some general trends
about its intensity, temperature and Q dependence are
related to the nature of the ground state level of the men-
tioned compounds. In this way, many efforts have been
made to account for those dependences and, in particular
the neutron scattering spectrum considering an effective
resonant-scattering Hamiltonian including both Kondo
and CEF effects has been calculated by Lopes and Coqblin
[11] and Fulde and Loewenhaupt [12]; both authors found
a linear Korringa law for the temperature variation of Γ/2
such as Γ/2 ∝ |n(EF)=|2T where n(EF) and = are the
density of states of the conduction band at the Fermi level
and the exchange integral, respectively. The application of
these calculations implies the existence of a net magnetic
moment as well as Kondo interactions and non-negligible
CEF. In this situation are included the Kondo lattice com-
pounds, with competing long-range magnetic order and

4f -conduction band hybridisation. This linear variation
of Γ/2 has been found in CeMg3 [9] (TN = 3.4 K), CeCu2

[32] (TN = 3.5 K) and CeNi1−xPtx [10] (Tc < 8 K), among
others.

In the case of dominating Kondo interactions, the com-
pounds do not usually present long-range magnetic order
and the theoretical approaches are developed in the frame-
work of spin fluctuations [33,34]. These models predict a
Γ/2 finite value at 0 K proportional to the spin fluctuation
temperature TSF, following a T 1/2 law at higher temper-
atures. Bickers et al. found the same T 1/2 dependence for
T > TK considering the single impurity Anderson model in
the non-crossing terms approximation [13]. Several heavy
fermion compounds such as CeCu2Si2 [7], CeCu6 [30,31]
and CeAl2 [29] present this T 1/2 variation. In all these sys-
tems the QE lines are wider than those of the compounds
following the Korringa law.

Our experimental results show a clear increase in the
Γ/2 value with the increasing Ni concentration, indicating
the enhancement of the Kondo interactions. A linear Γ/2
vs. T behaviour is found for the x = 0.9 (TN = 2.5 K)
and 0.8 (Tc = 1.2 K) compounds. For these compounds
the magnetic RKKY interactions are preponderant with
respect to the Kondo effect and the QE data can be under-
stood considering the effective resonant scattering Hamil-
tonian. In contrast, for CeNi0.8Cu0.2, where no long-range
magnetic order has been found down to 1 K, a T 1/2 law
was obtained according to the most important role of
Kondo interactions. The CeNi0.4Cu0.6 compound shows
a very interesting behaviour: in fact, this compound has
been characterised as a ferromagnet with Tc = 1.1 K, but
with a strong influence of the hybridisation (very reduced
magnetic moments, as commented in Sect. 3). For this
composition, the unclear Γ/2 behaviour (as commented in
Sect. 4.1), reflects the evolution from a magnetic ground
state to a non-magnetic one. A similar feature was also
detected in CeRu2Si2 [35], which is a compound on the
border between heavy fermion and intermediate valence
behaviour. In this case, the almost linear variation of Γ/2
is related to some surviving ferromagnetic correlations. In
our case, for CeNi0.4Cu0.6, the incipient curvature in the
Γ/2 thermal variation is a signature of the increasing im-
portance of the Kondo effect.

In order to account for the experimental spectra of the
magnetically ordered CeNi1−xCux compounds (x ≥ 0.6),
an additional IG term has to be considered. This supple-
mentary excitation centred around 0.5 meV persists up to
10 K and its intensity increases when the exchange interac-
tion becomes more important (increasing Cu percentage).
The main characteristics of this inelastic excitation (full
width at half maximum, Σ, and energy position, ε) are
gathered in Table 3. The Σ value increases slightly and
ε shifts to lower energies on increasing the temperature.
This behaviour cannot be attributed to phonon or CEF
excitations, but it is probably due to spin-spin correlations
between Ce ions, which remain well above the ordering
temperature. This situation is reminiscent of the case of
CeCu2 in which a similar excitation was observed up to
50 K, while the ordering temperature was only 3.5 K [32].
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Table 3. Full width at half maximum (Σ) and energy position (ε) of the inelastic (Gaussian) contribution to the neutron
spectra at different temperatures in the CeNi1−xCux series.

x = 0.6 x = 0.8 x = 0.9

T (K) Σ(meV) ε(meV) Σ(meV) ε(meV) Σ(meV) ε(meV)

1.7 1.00(4) 0.40(1) 0.82(2) 0.36(1) 0.84(2) 0.39(1)

5 1.04(6) 0.24(3) 0.92(2) 0.20(1) 0.82(2) 0.140(5)

10 1.16(4) 0.12(2) 1.00(2) 0.096(7) 0.86(2) 0.072(3)

In contrast, similar experiments performed on the ferro-
magnetic CeNi1−xPtx system [10] show a magnon-like ex-
citation below the ordering temperature but no other sup-
plementary inelastic peak was found above Tc. Then, the
actual IG contribution is interpreted as a sign of the com-
peting positive and negative magnetic interactions which
tends to keep a short-range magnetic order above Tc.

5 General discussion and conclusions

The pseudobinary compounds CeNi1−xCux present a
complex situation from the point of view of the modifi-
cation of both the RKKY interaction (changes from FM
to AFM behaviour) and the Kondo effect (crossover from
long-range magnetic order to non-magnetic behaviour).
These evolutions, previously characterised by macroscopic
measurements [15,16,21], are now studied by neutron
scattering techniques, giving a better insight into the mi-
croscopic mechanisms which are at the origin of the com-
plex macroscopic magnetic behaviour.

From the analysis of the magnetic structures we can
conclude that, while CeCu is AFM with the magnetic mo-
ments in the ac plane, the introduction of Ni favours the
FM interactions and leads the easy magnetisation axis in
the b-direction (notice the CeNi0.4Cu0.6 magnetic struc-
ture). The intermediate structures are understood as the
result of the progressive evolution between these two sim-
ple structures. In this way, although the negative inter-
actions are not dominant for the FM compounds, they
are still present. Then, the spin glass like state appear-
ing in these compounds [21] could be a memory of the
antiferromagnetic ordering, probably coexisting with the
ferromagnetic component along the b-direction. This pos-
sibility is supported by the very small value of the Ce3+

magnetic moment (µCe=0.6 µB) found in CeNi0.4Cu0.6

and the existence of spin-spin correlations evidenced from
the IG excitation in the QENS spectra.

In addition, the evolution of the Kondo temperature
obtained from QENS indicates that the 4f -conduction
band hybridisation increases with the Ni content, in agree-
ment with previous macroscopic estimates [15,16]. These
effects are mainly driven by the evolution of interatomic
distances, as was also observed in CeNi1−xPtx [20]. As
usually occurs, the TK values estimated from QENS are
smaller than those obtained from macroscopic measure-
ments [15,16] due to the different time scales of each ex-
perimental technique.

One of the features making this system especially rele-
vant is that the Kondo and the ordering temperatures are
quite similar in magnitude. This fact allows us to follow
the change of regime in the temperature dependence of
Γ/2. The evolution from a linear Korringa law to a T 1/2

variation indicates the continuous increase of the hybridi-
sation effects and the progressive reduction of the RKKY
type exchange interactions. In this way, our series provides
a model system where neutron scattering data show this
continuous evolution driven by chemical substitutions. Al-
though these results are compared with different theoreti-
cal models [11–13,33,34], we must keep in mind that they
use different approaches. Then, a global understanding of
the experimental results would require a unified model
where RKKY, CEF and Kondo interactions were consid-
ered at the same level and could be tuned depending on
their relative importance.

In conclusion, this system shows a variety of mag-
netic structures such as ferromagnetic, conical and an-
tiferromagnetic which are consequence of the competing
exchange interactions (positive and negative) combined
with the Kondo screening. Moreover, the insight of the
QENS results on the Kondo characteristic of this series
provides direct evidence of the continuous evolution of
the 4f -conduction band hybridisation strength and the
existence of spin-spin correlations above the magnetic or-
dering temperature.

We are indebted to L. Echeandia, S. Pujol and H. Buttner
for their help during the experiments. This work was partially
supported by the CICYT, project MAT99-0667 and the ESF,
program FERLIN.

References

1. M. Loewenhaupt, K.H. Fischer, in Handbook of Magnetic
Materials, edited by K.H.J. Buschow (North Holland, Am-
sterdam, 1993), Vol. 7, p. 503.

2. E. Holland-Moritz, G.H. Lander, in Handbook on the
Physics and Chemistry of Rare Earths, edited by K.A.
Gschneidner Jr, L. Eyring, G.H. Lander, G.R. Choppin
(North Holland, Amsterdam, 1995), Vol. 19, p. 1.
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