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Abstract
The magnetic form factor of the heavy fermion compound CeRu2Si2 was
measured by polarized neutron diffraction in the Pauli paramagnetic phase and
above the metamagnetic transition. The magnetization density is characteristic
of 4f electrons in both phases with an almost pure |5/2, 5/2〉 ground-state
wavefunction. The only field effect observed in this experiment corresponds to
a nonlinear variation of the magnetization of the 4f electrons.

1. Introduction

After two decades of intense experimental and theoretical studies on heavy fermion (HF)
compounds, and even if a global picture has emerged, the extraordinary richness of these
compounds (anomalous magnetism, metamagnetism, unconventional superconductivity) has
hardly been grasped [1]. CeRu2Si2 is among the most extensively studied HF compounds as an
archetypal Pauli paramagnet without any condensation into a magnetic or superconducting state
down to the lowest temperature of 20 mK [2]. It is characterized by a large linear coefficient
of specific heat γ = 350 mJ mol−1 K−2 together with an enhanced Pauli susceptibility and
a T 2 law of resistivity below 1 K, all these features being described by the Landau–Fermi
liquid theory.

A more striking feature of CeRu2Si2 is the nonlinear increase of its magnetization,M , with
magnetic field, H . The occurrence of a sharp inflection in M(H) for a magnetic field Hm =
7.7 T applied along the easy c-axis of the tetragonal structure, the so-called metamagnetic
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transition, has attracted much experimental and theoretical interest. It is, in fact, a pseudo-
metamagnetic transition since the ground state is paramagnetic. There is indeed no divergence
of the bulk susceptibility at Hm but a sharp peak. Correspondingly, γ is also peaked at Hm

indicating strong electronic effects. Large changes in the lattice properties corresponding to a
quasi-collapse of the lattice are in evidence at Hm. Finally, antiferromagnetic spin fluctuations
observed by inelastic neutron scattering (INS) are found to vanish at the metamagnetic
transition. This transition is thus a cooperative effect between magnetic, lattice and electronic
properties [2]. This behaviour is unique among HF systems, and the nature of the 4f electrons,
itinerant versus localized, as a function of the applied magnetic field is still a subject of
controversy. In this respect, dHvA experiments performed on both sides of Hm have been
interpreted on the basis of two different models [3]. At low field, the 4f electrons are included
in the quasi-particle band while in the high-field phase, a localized model is used to describe
the data. In contrast, Hall effect measurements were interpreted on the basis of a continuous
behaviour of heavy quasi-particles [4]. Concerning magnetization density fluctuations, an
insight has been given by recent NMR/NQR experiments performed on Ru and Si sites [5,6].

This has motivated us to study the metamagnetic transition of CeRu2Si2 by using neutron
scattering which also probes magnetization density fluctuations, but on another time and
space scale than NMR/NQR. This paper reports on static measurements of the form factor
of the magnetization density in CeRu2Si2 on both sides of Hm obtained via polarized neutron
diffraction. The INS experiments which aimed to study dynamical aspects have already been
reported elsewhere [7].

2. Measurements

In order to investigate the location of the magnetic density, polarized neutron diffraction
measurements were undertaken. The flipping ratio R = I +/I− = (1 + )2/(1 − )2 of a
Bragg reflection (h k l) yields the value of FM(h k l) through  = FM/FN, where FN and
FM are the nuclear and magnetic structure factors, respectively. FM(h k l) are the Fourier
components of the magnetization density M(r). Very precise nuclear structure factors and a
good knowledge of the extinction effects in the sample are then necessary to analyse polarized
neutron data.

CeRu2Si2 crystallizes in the I4/mmm space group with the lattice parameters a = b =
4.196 Å and c = 9.797 Å. The samples used in this study were cut from the large single crystal
grown by the Czochralsky method [8] previously studied by INS experiments.

The crystal structure and the extinction effects were studied on a platelet (4.6 × 3.5 ×
0.8 mm3) at T = 6.5 K on the neutron four-circle diffractometer DN4 at the Siloé reactor
(CEA/Grenoble). The wavelength was 1.18 Å. After averaging the reflections measured
several times and the Friedel pairs, 106 non-equivalent reflections remained. A least-squares
fitting program (MXD [9]) was used for the refinement of the crystal structure parameters;
the scattering lengths b were taken from [10]. The Si position parameter (zSi), the Debye–
Waller thermal parameter B and populations on the different sites were refined. Due to the
low temperature of the measurements, the use of anisotropic thermal parameters did not
improve the agreement factor. The λ/2 contamination (Cλ/2) was also considered. This
study revealed that the extinction effects were taken into account in a much better way
by using the complete Becker–Coppens model [11] including primary extinction with two
parameters (mosaicity g and block size t). All the refined parameters are given in table 1. The
best results were obtained for a population on the Ce site slightly below 1. These structure
parameters were then used to calculate FN for processing the results of the polarized neutron
measurements.
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Table 1. Results of the refinement of the nuclear structure. The extinction parameters t

(block size) and g (mosaicity) are defined as in [12]. The reliability factor is defined as

Rw =
√∑

i pi (I
obs
i − I calc

i )2/
∑

i pi (I
obs
i )2 and χ2 = ∑

i pi (I
obs
i − I calc

i )2/(Nobs − Nvar) with

pi = 1/σ 2
i .

Site x y z b (fm) Population B (Å2)

Ce (2a) 0 0 0 4.84 0.985(10) 0.04(5)
Ru (4d) 0 1/2 1/4 7.03 ≡1.0 0.09(2)
Si (4e) 0 0 0.3648(1) 4.15 ≡1.0 0.12(3)

λ/2 contamination Extinction Agreement

Cλ/2 ≡ 0.007 g = 600(50) rad−1 Rw = 3.12%
t = 11(2) µm χ2 = 9.6

The polarized neutron experiments were carried out on the D3 diffractometer of the high
flux ILL reactor. The sample was a single crystal platelet 5.4 × 3.8 × 0.8 mm3 cut next
to the crystal used for the crystallographic study. The magnetization curve of this crystal
was measured at the Laboratoire Louis Néel (Grenoble) and is shown in figure 1. As for
previous samples [2], it presents a transition around Hm = 7.7 T. Three sets of flipping
ratios R were obtained with different fields applied along the easy c-axis: these correspond
to experiments carried out in the paramagnetic phase at H = 4.6 T, where the magnetization
is linear in field, in the high magnetization phase at H = 9.5 T, and in the transition region
at H = 7.8 T. Experimental conditions are gathered in table 2. All measurements were
performed at T = 1.5 K. For the experiment in H = 4.6 T, 208 flipping ratios R of 67
strong reflections were measured at several different wavelengths (λ = 0.843, 0.711, 0.545
and 0.420 Å), taking advantage of the ILL hot source, in order to optimize the extinction
corrections [12,13]. A new refinement of the two extinction parameters g and t was performed
from these R values, using for FN the values previously calculated. The major role of the
primary extinction (large value of t) is confirmed, but the new extinction parameters as found
are somewhat different from those determined from the four-circle experiment (table 1). These
discrepancies are attributed to the fact that the two determinations were performed on different
single crystals. The final values used for the data analysis of the polarized neutron experiments
are those deduced from the flipping ratios R refinements, that is g = 110(170) rad−1 and
t = 26(6) µm. These parameters were then taken as input, together with experimental
corrections.

3. Results

Among all the available reflections, some of them (seven reflections (h k l = 0) with h and
k odd, and five reflections (h k l = 1)) have an extremely weak nuclear structure factor FN

(≈1 fm compared to 20–50 fm for other reflections). For these reflections, it then appeared
impossible to deduce, with a satisfactory accuracy, the magnetic structure factor FM from the
flipping ratio R. So we decided to leave aside these reflections, and the number of remaining
non-equivalent reflections is given in table 2.

A Fourier analysis using the three-dimensional (3D) maximum entropy (MaxEnt)
technique [14–16] has been used to obtain the most probable magnetization distribution map
compatible with the measured FM(h k l). The main advantage of the MaxEnt technique,
compared to the classical Fourier synthesis, is that it makes no assumption concerning
unmeasured Fourier components and takes into account the experimental uncertainties. The
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Table 2. Experimental conditions for the various polarized neutron experiments.

H λ lmax Total number Number of
of reflections non-equivalent

(T) (Å) reflections

4.6 0.843 4 153 42
0.711 63
0.545 65
0.420 13

7.8 0.852 2 80 19

9.5 0.852 4 194 43
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Figure 1. Magnetization curves of the CeRu2Si2 single crystal used for polarized neutron
experiments at T = 1.5 K up to H = 10 T. The arrows indicate the three different fields of
the measurements.

value of FM(0 0 0) is the magnetization measured in the same experimental conditions. The
3D density has been reconstructed by calculating a map on 64 × 64 × 124 pixels. This
3D map can then be projected along any direction. Figure 2 shows the projections along
the b- and c-axes, respectively, for the experiment in H = 4.6 T. On the two projected
maps, one can see that no magnetization is found on the Ru or Si sites but that all the
moment is located on the Ce atoms. The observed shape of this magnetization distribution
looks quite circular. However, the density projected along the b-axis is slightly elongated
along the a-direction. The results obtained for the two other applied magnetic fields are
similar.
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Figure 2. Magnetization distribution obtained with
MaxEnt for CeRu2Si2 in an applied magnetic field of
4.6 T. The top and bottom parts are the projections along
the b- and c-axes, respectively. The separation between
the contour lines is 0.143 µB Å−2. On the right-hand
side is a schematic representation of the corresponding
projected crystal structure.

(This figure is in colour only in the electronic
version)

As the whole magnetic density can be attributed to the cerium, the dependence in the
reciprocal space of the experimental Ce magnetic amplitudes µf (Q) is directly obtained from
FM(Q) (µ is the 4f magnetic moment, and f (Q) is the magnetic form factor for the scattering
vector Q, with |Q| = 4π(sin θ/λ)). This is drawn for the three different applied fields in
figure 3. As can be expected from the magnetization curves, the higher the applied field, the
higher these amplitudes are. The Ce form factors at each field f (Q) are compared in figure 4.
They present quite similar Q dependences.

4. Data analysis

Knowing the 4f1 wavefunctions |ψ〉 = ∑
M aM |J,M〉, the Ce form factor f (Q) can be

calculated by the tensor-operator method [17] with the radial integrals tabulated in [18].
In the presence of the crystal electric field of quadratic symmetry, the Ce3+ ion ground
multiplet J = 5/2 is split into three doublets. For a field applied along a fourfold
quantization axis of the structure, the only possible M values have to follow )M = ±4.
The wavefunctions of the doublets are then of type |ψ〉 = a1 |5/2,±5/2〉 + a2 |5/2,∓3/2〉,
|ψ〉 = a2 |5/2,±5/2〉 − a1 |5/2,∓3/2〉 and |ψ〉 = |5/2,±1/2〉.

Refinements on the experimental values of µf (Q) were undertaken for the three
experiments. Because of the low temperature of the measurements, only the ground doublet
was considered. The results show that the Ce wavefunction is, in the three cases, almost of pure
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Figure 3. Magnetic amplitudesµf (Q)measured at T = 1.5 K in different applied magnetic fields.

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.2 0.4 0.6 0.8 1.0

fo
rm

-f
ac

to
r 

f

sinθ/λ  (Å-1)

H=4.6 T

0.0 0.2 0.4 0.6 0.8 1.0

sinθ/λ  (Å-1)

H=7.8T

0.0 0.2 0.4 0.6 0.8 1.0

sinθ/λ  (Å-1)

H=9.5 T

Figure 4. Comparison of the magnetic form factors f (Q) in three different magnetic fields. The
full symbols represent experimental points and the open symbols calculated points. The full curve
represents the calculated form factor for the reflections (h k 0) of the equatorial plane.
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Figure 5. Comparison of the observed density projected
along the b-axis with those calculated, in the same way
in the dipolar approximation and for the three basic 4f
wavefunctions of cerium.

|5/2, 5/2〉-type, the highest value obtained for the |5/2, 3/2〉-type term being 0.03(±0.12).
This result is in agreement with the shape of the magnetization distribution found on the MaxEnt
maps (figure 2). In figure 5, the observed density projected along the b-axis is compared to
those calculated in the same way (MaxEnt with same (h k l) and same error bars) for a pure
spherical density (dipolar approximation), and for the three basic 4f wavefunctions (|5/2, 5/2〉,
|5/2, 3/2〉 and |5/2, 1/2〉). Only the density corresponding to the |5/2, 5/2〉 wavefunction is
oblate [19], slightly elongated along the a-axis and similar to the observed density.

We have therefore assumed that the fundamental state of the Ce3+ ion is a |5/2,±5/2〉
doublet. It is split by the magnetic field into two levels separated by an energy 
, which
increases with the applied field. The magnetic form factor f (Q), as well as the resulting
4f moment µ, associated with each wavefunction, can be calculated and the resulting values
for the doublet are obtained by thermal averaging at T = 1.5 K. The calculated values of
the form factor are compared to the experimental values in figure 4. As the oblate magnetic
density presents a cylindrical symmetry, the calculated form factor for the reflections (h k 0)
of the equatorial plane can be represented by a full curve lying below the values for the other
reflections (figure 4). The values of the splitting 
 for each experiment are given in table 3.
The calculated 4f moment µ is compared to the measured magnetization. For each applied
field, their values are the same, leading to the conclusion that, whatever the magnetic state of
the compound, no polarization of the conduction electrons has been observed and the moment
is only of 4f character.

Table 3. Splitting 
 of the ground doublet and corresponding 4f moment µ compared to the
measured magnetization, in the three different applied fields.

H 
 Calculated 4f Magnetization R

(T) (K) moment µ (µB) (µB/Ce) (%) χ2

4.6 0.437 0.31 0.31(2) 3.2 1.3
7.8 0.98 0.68 0.69(3) 5.9 1.9
9.5 1.61 1.05 1.04(4) 4.0 1.7

5. Discussion

Our polarized neutron experiments aimed to characterize the magnetic state on both sides of the
metamagnetic transition of CeRu2Si2. Such a measurement allows us to separate the different
contributions to the magnetization density: the localized 4f contribution and the polarization of
the conduction electrons. Both contributions are generally observed in anomalous rare-earth
compounds, the magnetization being predominantly of 4f character [19–22].
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In CeRu2Si2, only the localized 4f contribution is found. The wavefunction has an almost
pure |5/2, 5/2〉 ground state for any applied magnetic field. Until now, information on the
crystal field scheme of CeRu2Si2 was only provided by bulk measurements (specific heat and
susceptibility). The present determination is compatible with these previous analyses [23–25]
which showed a dominant |5/2, 5/2〉 contribution with 0.96 � a1 � 1. It is worth underlining
that INS experiments do not show evidence of well-defined crystal field levels because of a
large broadening due to the Kondo effect [26].

Our data show no change in the localization of the magnetization under the external
magnetic field. Only a nonlinear variation of the moment is observed, thus extending
the bulk data to non-zero Q values. This continuous behaviour can be directly compared
with NMR/NQR data. Although the resonance techniques probe non-f sites, contrary to
neutron scattering, it is known that conduction electron relaxation reflects the f-electron
susceptibility [27]. In CeRu2Si2, resonance experiments show that the hyperfine coupling
constant is the same at 4.8 and 10.7 T suggesting no drastic changes of the electronic
properties near Hm [5, 6] in complete agreement with our present microscopic experimental
results. To a lesser extent, such a conclusion is indirectly made for most bulk measurements.
Only quantum oscillation experiments have been interpreted by a drastic change of the
nature of 4f electrons at the metamagnetic transition. Such a conclusion is intimately
linked to the question of the formation of heavy quasi-particle bands in these systems
and deserves more theoretical attention. Previously, several theoretical approaches have
attempted to describe the metamagnetic behaviour of CeRu2Si2. Beyond the Kondo
impurity models, magnetic interactions must be taken into account since INS revealed
the switching of magnetic interaction from antiferromagnetic to ferromagnetic [7]. Such
considerations have recently been taken into account in a new model where magnetic
interactions evolve under a magnetic field. This reflects the field evolution of the ‘camel-
back’ structure of the density of states proposed for CeRu2Si2 [28]. The duality model
of the HF [29] also describes the metamagnetic behaviour. This model, which takes
into account both the itinerant and localized character of HF compounds, could naturally
explain the differences observed using different probes. On the one hand, resonance
techniques and neutron scattering show evidence that the dominant magnetic contribution
is 4f. On the other hand, quantum oscillation measurements show the necessity that the 4f
electrons participate in the Fermi surface, via a very narrow band related to their localized
character.

6. Conclusion

Our polarized neutron diffraction results provide new microscopic experimental evidence
for the absence of a change of nature of the 4f electrons at the metamagnetic transition
of CeRu2Si2, while there is a collapse of antiferromagnetic correlations and an emergence
of ferromagnetism above Hm. Our data show that the wavefunction is almost pure
|5/2, 5/2〉 and does not evolve with the magnetic field. This is in agreement with the
NMR/NQR result which shows no change of the hyperfine coupling coefficient versus magnetic
field.
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