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Abstract. We report measurements of the field-induced magnetization density in,C&Ra

main results of the study are that the magnetic density is located equally at the Ce and Ru sites,
and that the distribution of the induced magnetization about the Ce site extends to larger distances
than predicted for G& ions with well localized f electrons. Our measurements also cover the
superconducting state, where we do not observe any suppression of the spin susceptibility. In
an accompanying structural study (in zero field) of our single crystal we detect a small deviation
from the ideal Laves phase structure. These results are discussed in relation to the unusual
electronic and magnetic properties of this compound.

1. Introduction

CeRuy is a clean type Il superconductor with a critical temperature of 6.15 K. Recent
studies have also concluded that very weak static magnetic moments may exist below 40 K
[1, 2] which persist into the superconducting state. It provides an interesting addition
to the growing family of f-electron superconductors which show unusual magnetic and
superconducting properties.

CeRuy has been conventionally assigned to have the cubic Laves phase structure [3].
In this structure all of the Ce sites and likewise all of the Ru sites are equivalent. The Ru
forms a three-dimensional open network of corner-sharing tetrahedra interpenetrated by a
diamond structure of Ce atoms. The Ce—Ce distance is compressed, whereas the Ru—-Ru and
Ce—Ru separations are standard. It is the close proximity of the Ce atoms that differentiates
the Ce Laves phase compounds (with the exception of §effdm the majority of Ce
alloys: it favours the delocalization of the Ce f electrons in preference to the formation of
large localized magnetic moments.

CeRuy is usually classified as an intermediate-valence compound. High-energy spectro-
scopic studies have been interpreted as demonstrating the existence of an f-electron
component of the density of states below the Fermi surface [4]. The small Ce radius
deduced from the lattice parameter, rather than indicating the f levels to be empty (i.e. a
Cée*t ion) [5], indicates that the occupied f levels must be strongly hybridized. This is
confirmed by band-structure calculations [6-9], which assume that all of the f electrons are
delocalized, and conclude that the electronic density of states (DOS) at the Fermi surface is
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made up principally from Ce 4f and Ru 4d electrons, with approximately one f electron/Ce
below the Fermi surface. The calculated Fermi surfaces agree well with recent quantum
oscillatory measurements [10]. Agreement between the different calculations of the DOS
close to Er and experiment is however less consistent: the calculation of the DOS is
sensitive to the quality of the approximations used to treat many-body effects.

Recent work concerning superconductivity has focused on an abrupt change in the
superconducting mixed state at an applied figltl (H.;, <« H* (T) <« H.,) from a revers-
ible magnetic behaviour at low fieldsH < H=x) to an irreversible behaviour at high
fields (H > H*) [11-20]. While this change can be explained by a continuous evolution
of the rigidity of the flux-line lattice and the collective action of weak flux-line pinning
centres [21], it has been suggested that alternatively a true phase transition might occur.
Such a transition might involve a change in the underlying electronic structure [22], or
a change in the symmetry of the superconducting state. In particular, attention has been
paid to the possibility of a transition to a modulated (Fulde—Ferrell-Larkin—Ovchinnikov)
superconducting state [23-26]. Knowledge of the microscopic pinning mechanism is clearly
vital for testing our understanding of the above phenomena. The origin of the static
magnetism and its possible role in pinning the flux-line lattice have to be determined. For
a detailed understanding of the flux pinning it is also essential to identify the characteristic
metallurgical defects. The present study of the crystallography and magnetic form factors
of a single crystal provides a foundation for the examination of the above issues.

In the next section (section 2) we give some details of our sample and the apparatus
used. In section 3 we present the structural investigation of our crystal: the crystal structure
is found to differ slightly from that of an ideal Laves phase. The magnetization density
determined in the normal state is discussed in section 4, with particular attention paid to the
Ce form factor. In section 5 we discuss our measurements for the superconducting state,
where we do not detect an expected decrease in the magnetization density. The significance
of the above results is discussed in section 6.

2. Experimental details

All of the measurements were performed on the same unannealed single crystal of mass
1.7 g, grown by the Czochralski method in a tri-arc furnace. Its static magnetic susceptibility
is almost temperature independent. A small increase at low temperature contributes less
than 10% to the total susceptibility and is most probably due to defects. If this contribution
is modelled by a Curie—Weiss term and attributed to fre@%oments(@*e = 2.54 up),

its magnitude corresponds to a ratio of less than B0~* Ce**/Ce atom. The zero-field

ac susceptibility has been previously reported [1]. It shows a small anomaly just above
40 K, below which the susceptibility increases. The temperature of 40 K coincides with the
appearance in zero field of static magnetic moments inferred by muon-spin-relaxediBi (
measurements in a different polycrystalline specimen. ZB& measurements require the
observed depolarization to come from at least 15% of the sample, and cannot be explained
by a contribution from a segregated second phase.

The polarized neutron experiments were done at the polarized neutron diffractometers
5C1 (Laboratoire Eon Brillouin, CEA, Saclay) at a maximum applied field of 5 T, and D3
(Institut Laue—Langevin, Grenoble), at a maximum applied field of 4.6 T. Both instruments
measure diffracted intensities for neutrans= 0.843 A) alternately polarized parallel and
anti-parallel to an applied field. Our crystal was oriented with a [110] axis parallel to the
field direction, and only Bragg peaks in the scattering plane perpendicular to this were
examined. The data from the two diffractometers are consistent.
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The diffraction data for the crystallographic analysis were recorded on the D15 three-
circle diffractometer (Institut Laue—Langevin, Grenoble) with the same sample configuration
and a nearly identical incident wavelength= 0.8563A).

3. Crystallography

CeRuy has conventionally been assigned as having the Laves phase structure, which is
face-centred cubic with the space grofg3m (International TablesNo 227).

In a preliminary study of another similarly prepared CegRiingle crystal with an
X-ray precession camera, diffraction spots at the Bragg positi@s 4n,0,0) and
(2 + 4n, 4n’, 4n”) were observedn’ # 0,n” # 0). The former reflections are generally
forbidden by the crystal space group, while the latter are forbidden for the particular choice
of atomic coordinates appropriate to the ideal Laves phase structure. The aims of our neutron
diffraction study were (i) to extract the extinction parameters for our crystal, needed for
the analysis of the polarized neutron data, and (ii) to look for the presence of the above
‘forbidden’ peaks and thus test whether the assignment of the ideal Laves phase crystal
structure is in fact accurate.

Data were taken for the first 120 Bragg peaks in the [110] zone of the nominal Laves
phase structure, and for the first few positions in each of the above series of ‘forbidden’
peaks, with ten times the counting period.

We were able to detect both of the above types of ‘forbidden’ peak in our neutron study.
They are weak compared to the strongest Bragg peaks, but too intense to be explained by a
A/2 contamination of the incident beam. We also found no intensity at the peak positions,
which are more generally disallowed for an FCC structure.

The presence of thé2 + 4n, 4n’, 4n”) reflections can be explained by considering
an anisotropic Debye—Waller factor for the Ru atoms. This is consistent with the usual
Laves phase crystal symmetry, since the Ru are not at sites of local cubic symmetry. The
fitted Debye—Waller factor is comparable in magnitude to the value estimated from the
Debye temperaturédp, = 172 K [11]) and can therefore be taken to represent phonon
displacements. The Ru atoms form a network of corner-sharing tetrahedra (figure 1). The
observed anisotropy then implies that in each tetrahedron the Ru vibrates over a distance
which is 30% larger in a plane parallel to the opposite face of the tetrahedron than in the
perpendicular direction. A consequence is that the bulk modulus should be large relative
to the shear modulus. This conclusion is confirmed by recent measurements of the elastic
constants [27].

The (2+4n, 0, 0) reflections, however, cannot be explained with an anisotropic Debye—
Waller factor, and require the adoption of a symmetry group that is less symmetric than
that for the ideal Laves phase structure. The natural choice is to consider the F8up
(International TablesNo 216), which allows the above reflections, but preserves all of the
other FCC reflection conditions. For this choice, alternate Ru tetrahedra are enlarged and
compressed (figure 1), leaving the positions of the Ce unchanged. While all of the Ru atoms
still have identical environments, the Ce environments are then divided into two types, Ce |
and Ce Il. The resulting structure would then permit the existence of anti-phase domains,
corresponding to whether a particular Ce in the original Laves phase cell is allocated to a
Ce |l or Ce Il site. The choice of origin determines the sign of the scattering lengths for the
(2+ 4n, 0, 0) reflections.

The fit to the integrated intensities (figure 1) is improved dramatically when the above
reduction of symmetry is permitted, while the mean displacements of the Ru required amount
to only 0.14% of the unit-cell parameter, compared to 1% for the phonon smearing at room
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Figure 1. A section of the structure of CeRuonly Ru atoms have been drawn for clarity. The

lines joining adjacent Ru atoms are crystallij@10]) directions. The angular anisotropy of

the thermal mean square displacements of the Ru ions is represented schematically by ellipses,
the shaded faces of which indicate the directions of additional static displacements away from
the ideal Laves phase structure. The weighted mean of the squared differences between the
observed peak intensities and those fittg8, is also shown, as a function of the displacement

of the Ru ions. The quality of the fit is significantly improved for a small displacement of the

Ru of magnitude 0.14% of the lattice parameter.

temperature. The extinction is determined by the mosaic spread, which is found by fitting
to be d2 = 24 seconds of arc.

The profile of the [600] ray, which is forbidden for tifa/3m Laves phase structure, is
shown in figure 2. This ray, which is representative of the ot@er 4n, 0, 0) Bragg peaks,
comprises a sharp peak of the same width as the standard Bragg peaks (which is equal
to the instrumental resolution), superimposed on an additional more diffuse peak. Both of
these contributions are included in the integrated intensities that we used to perform the
least-squares refinements referred to in the preceding paragraph. The diffuse scattering, if
fitted to a Gaussian line shape, would correspond to a correlation radius in real space of
about 20A, which is much smaller than the minimum mosaic block size compatible with
the extinction coefficients.

Since the scattering lengths for the two allowed anti-phase domains have opposite
magnitudes and therefore average to zero, a finely interspersed structure comprised equally
of the two types of domain would not be consistent with the observation of a sharp
Bragg peak. Therefore the partition of the sample into the two anti-phases is either not
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Figure 2. The peak profile of the 600 Bragg peak, which is forbidden for the ideal Laves phase
structure, is shown as a function of the rocking angleThe peak contains two components
(represented by the broken lines): (i) a narrow component with a width equal to the instrumental
resolution and (ii) a diffuse component. The solid line is the sum of these two contributions.

homogeneous, or the domains are relatively large. In both cases the boundaries between
two anti-phase domains would create strain fields, and these could also contribute to the
diffuse scattering (Huang scattering). The diffuse peak might then be relatively intense,
because the displacements due to strain could be of the same order of magnitude as those
giving rise to the original distortion from the Laves phase structure.

The following analysis of the magnetic form factors is found to be insensitive to the
small deviations from the ideal Laves phase structure reported above. Different moments on
the two Ce sites are permitted for the more gen&wdn space group. We have considered
such a possibility; the moments refine to almost identical values, and the quality of the fit
to the data is not improved.

4. The magnetic form factors in the normal state

By far the most significant contribution to the neutron scattering amplithdeloes not
depend on the direction of the neutron polarization, and is principally of nuclear origin.
For our experimental geometry (for which the neutron polarization is perpendicular to the
scattering plane), spin-flip processes do not occur. There are nevertheless further small
contributions to the scattering amplitude, denotedphywhich change sign according to

the direction of the neutron polarization. From the ratio of the neutron cross-sections for
the two neutron polarization®® = (b + p)?/(b — p)> ~ 1+ 4p/b (assumingp < b),

one can deduce the polarization-dependent compomeiite contributions tg originate

from magnetic scattering, and a term related to spin—orbit scattering due to the interaction
between the electric field distribution in the sample and the moving neutron. A further
contribution from nuclear moments does not occur if the temperature is sufficiently high
that the nuclear moments are not aligned by the applied field. The spin—orbit contribution to
p is independent of the applied field, and changes sign according to whether the scattering is
to the right or left of the incident beam. Its magnitude can be estimated from tabulated values
of the electronic form factors, which confirm that it is too small to contribute significantly

to our measurements. Its contribution is anyway eliminated by averaging data from the two
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Figure 3. A contour plot of the induced magnetization density (a maximum-entropy
reconstruction determined from the experimentally measured magnetic scattering lengths) is
shown, projected onto a D] crystal direction. The area projected corresponds to that shaded
in the projected structure (right-hand panel); the double concentric circles represent columns
with twice as many atoms per length as those depicted by single circles.

symmetric Bragg conditions to the left and right of the incident beam. The meaguhes

gives the magnetic scattering amplitude. The above interpretation is valid for the kinematic
theory of diffraction. Since our sample is rather large, we also take into account dynamic
effects by inserting extinction parameters deduced from the refinement of the nuclear Bragg
integrated intensities. Standard corrections are also made for the incomplete polarization of
the neutrons.

The induced magnetization in a paramagnet can be considered to arise from two origins.
The first is a diamagnetic response due to closed shells of core electrons. They give a
contribution equal to about ten per cent of the measured static susceptibility i, Geitu
opposite sign). Their contribution to the magnetic form factors can be calculated [28] from
tabulated values of electron densities [29]. The second contribution consists of both orbital
and spin components from incomplete shells of electrons (which may be either localized or
itinerant). In the dipole approximation (valid for low-order peaks) the form factor of the
unpaired electrons associated with each magnetic ion is

f ) o< w({jolk)) + afja(k)))
with

(jnlic)) = / Br i ler)W2(r)

(where W2(r) is the unpaired electron density, are nth-order Bessel functions; is the
scattering vectorp is a constant, ange is the total moment associated with the ion).
The first term, (jo(x)), arises from both orbital and spin magnetism, while the second
term, a(j2(x)), is uniquely due to the orbital component. To fit our data we have used
the tabulated values [28] of the atomic form factors ({.£(x)) above) and the standard
core-electron contributions. We obtain an excellent fit with induced paramagnetic moments,
w, of 0.00044(2)up T~! associated with each cerium ion and 0.00045¢2) T~ for

each ruthenium ion. The coefficiends can either be taken as zero or included as free
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Figure 4. The Ce magnetic form factor determined from the measured scattering amplitudes
(after subtraction of the diamagnetic core contribution). The point & sih = O is determined

from the static susceptibility. The dashed lines are the calculated curves for (i) a spin-only
(¢ = 0) form factor, and (ii) the standard spinorbital (« = 1.60) form factor for the C&"

ion, in the dipole approximation. In the inset the same data are shown. Here the dashed line
corresponds to a standa@ = 1.6) 4f-electron contribution with a magnitude scaled to give the
best fit to the data above i) /A = 0.15. The difference between this line and the experimental
data (the solid line is a guide to the eye) might then be explained by an additional Ce 5d-electron
contribution.

parameters, which then refine & = 0.0(5) for Ce anda = 0.2(2) for Ru. The basic
conclusion that the moments associated with the Ce and Ru are almost identical is not
sensitive to the details of the analysis (such as the inclusion of the small diamagnetic core
contributions or extinction corrections), whereas the overall magnitudes of the moments
would be underestimated by about 20% if the extinction corrections were overlooked. The
susceptibility due to these polarizations added to the core diamagnetisB6i$2 x 1074,
which is almost identical to the total measured static susceptibility. Thus the bulk of the
susceptibility is associated with a magnetization distribution localized at the Ce and Ru sites,
with only a very small polarization between them. This point is illustrated by a maximum-
entropy reconstruction [30] of the total magnetization density distribution (including the
core diamagnetism), shown in figure 3. An anisotropy of the magnetization density around
the sites, seen also in a Fourier analysis of the data, is also apparent. The magnetization
densities are reduced in the directions of the nearest-neighbour ions. The usual interpretation
of the anisotropy would require knowledge of the electronic configuration in the presence
of the crystal field. Since for the Ru many d electrons are involved, it is unlikely that this
can be unambiguously deduced from the present data alone.

For localized electrons, in the case of a strong crystal field (relative to the strength
of the spin—orbit coupling) the value af is given theoretically asx = 1 — 2/g where
g is the Lan@ g-factor [31]. Such a behaviour would be typical for a transition metal
element like Ru (and gives ~ 0). For the rare-earth elements, such as Ce, the effect
of spin—orbit coupling is expected to be more important, and in this case a different value



4192 A Huxley et al

Piis / (uB/Tesla per CeRuz)

Figure 5. The magnetic scattering amplitude per CgRin units of uz T~1) for the [113]

Bragg peak as a function of temperature at 3 T. The superconducting transition temperature
at this field is indicated by an arrow. No change in the spin susceptibility is evident in the
superconducting state.

of « is calculated. The standard value derived for thé*Ceen is « = 1.60 [32]. The

small value ofa found experimentally is not consistent with this. To illustrate this point
further, we have subtracted the Ru and the core contributions from the measured magnetic
scattering amplitudes to determine the unpaired-Ce-electron contribution per atom for each
Bragg reflection; this is plotted as a function of the scattering wave vector in figure 4.
It is compared to (i) the spin-only component of the standard form fagto= 0) and

to (ii) the standard theoretical result including an orbital contributien= 1.60). The
experimental data lie consistently closer to the- O curve. Physically this tells us that the
induced magnetic polarization is more extended in space than is indicated by the model for
localized Cé&" f electrons. Deviations from the dipole approximation could occur if strong
crystal-field splitting favours certain spin states of the Ce ion which break the spherical
symmetry assumed in the approximation. This cannot however explain the magnitude
of the spatial extent observed experimentally [33]. There are two other possibilities for
explaining the discrepancy. Firstly it is possible that there is a significant contribution from
Ce 5d electrons, which would be important only at the lowest valuas(®f= sin(9)/A).

A polarization with a conventionaldependence could then be assigned to the 4f electrons,
which would give the dominant contribution to the form factor only abewe 0.15. At

the lowest values of the contributions from the 5d and 4f electrons would be of similar
magnitude (see the inset in figure 4). A second possibility is that the Ce 4f electrons do
indeed behave as if their orbital angular momentum has been quenched (i.e. as described
by the calculated curve witlh = 0), and that the electronic polarization has everywhere a
spin-only (free-electron-likey-factor. This would be a new and interesting result as it is
contrary to what is normally found for well localized f orbitals.

In other Ce compounds, the induced moments on the Ce ions are often much larger than
those on any accompanying transition metal ions [33]. In such cases the on-site repulsion
of the Ce f electrons prevents the spin degeneracy of the Ce bands below the Fermi surface
from being destroyed by the complete filling of the band; the Ce moments then dominate
the magnetic properties. In other cases, such as that forsCtdi Ce f levels are located
above the Fermi surface and give only a minority contribution to the magnetization density
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[34]. CeRuy is intermediate between these extremes; the Ce f levels extend below the Fermi
surface, but they are strongly hybridized. To interpret our data further and compare them
with the electronic density distribution calculated from the band structure, it is necessary to
know the relationship between the magnetization density and the charge density. Taken at
face value, the result that = 0 for both Ce and Ru in the fit to our data suggests that the
conversion factor could be close go= 2 everywhere. It is then possible that, as in a simple
metal, the magnetic form factors give a direct measure of the contributions of the electronic
weights associated with the different orbitals to the DOS at the Fermi surface The
band-structure calculations of Lopez-Aguilar al [6] give the DOS atEr as composed
equally of Ce 4f and Ru 4d electrons with only a small Ce 5d-electron contribution. This
is consistent with our data only if the Ce orbital moment has been quenched.

The above measurements were made at 5 K. We also made some measurements at 10 K
and 100 K. At these temperatures no significant change in the magnetic structure factors
relative to the datateb K was observed. There is therefore no significant change in the
magnetization distribution on traversing the magnetic ‘freezing’ temperature of 40 K. This
result is not inconsistent with the appearance of static magnetic moments, referred to earlier,
since the absolute magnitude of the static moments is estimated as orfly.20 which
is within the error bars of the induced moments studied here. The result is consistent with
that expected for the almost constant static susceptibility.

5. The spin susceptibility in the superconducting state

Several of the strongest magnetic scattering amplitudes were measured in a field of 3 T,
as a function of temperature down to 1.5 K, to examine the superconducting state (see
figure 5). The lack of any abrupt change in the magnetic scattering amplitudes near to
T, argues against a change in electronic structure, perhaps provoked by the opening of
the superconducting gap. Such a change was suggested in reference [22] as a possible
explanation of the irreversibility transition referred to in the introduction.

In fact, no significant change with temperature is observed (figure 5) down to the
lowest temperature, whereas a decrease in the magnetic form factors has previously been
observed in other s-wave superconductors [35]. The reduction is due to the singlet pairing
of electrons belowl. which suppresses the Pauli spin paramagnetism. The same mechanism
is also responsible for a change in the Knight shift measured by nuclear magnetic resonance
(NMR) [36]. Our measurements in the normal state have shown that the form factors are
almost exclusively determined by the spin polarization (the orbital and core contributions
are small). The expected result would then be that the magnetic scattering amplitudes for
CeRuy should fall to near zero a6 — 0, in the superconducting state.

While for CeRy no detailed study of NMR in the superconducting state has been
published, nuclear quadrupolar relaxation studies in zero field have been reported [37, 38].
These measurements show both a coherence pe@k atd an exponential behaviour at
low temperature in the NQR relaxation time, characteristic of an s-wave superconductor
with a small gap anisotropy, and consistent with the low-temperature specific heat [11].
These observations suggest that the pairing is indeed conventional and therefore imply
that it has even parity. This argues strongly against the possibility that the unchanged
spin susceptibility belowr,. is due to odd-parity pairing, as has been suggested for less
conventional superconductors, such as4/B9].

Spin—orbit scattering is known to reduce the depression of the spin susceptibility, since
such scattering breaks the time-reversal symmetry of the scattered pairs which can then
be polarized. If spin—orbit scattering due to sample defects alone is responsible for the
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invariant spin polarization, the spin—orbit scattering mean free path must be of the same
magnitude as the coherence length [40]. The superconductivity must then be in the dirty
limit. For CeRuy, the fact that the Maki parametet;(T)/x2(T.), becomes very large at

low temperature [11] indicates that the superconductivity is in the clean limit. Thus, it
appears that spin—orbit scattering from metallurgical defects cannot be used to explain the
constant magnetic scattering amplitudes in the superconducting state.

The above analysis is strictly applicable only for small applied fields. Our measurements
were however at approximatel§f.,/2. Although the spin polarization must be entirely
recovered atH., (the transition atH., is second order), it has been calculated for dirty
superconductors that the spin polarization is suppressed almost entirély, & and
T/T. = 1/4 (corresponding to the lowest temperature in our graph) [41]. Clearly an
equivalent calculation for the clean limit is required for the present sample, which should
also include the fact that CeRis a strongly coupled superconductor and tHat is close
to the paramagnetic limiting field. A potentially more important effect concerns the flux-line
lattice (FLL), which was ignored in the above calculation. While a perfectly ordered FLL
might not give rise to significant extra spin—orbit scatteringl'at= 0, an imperfect FLL
could, and this might offer an explanation of our data.

6. Conclusions

We have found that our single crystal has a structure slightly different from that of an
‘ideal’ Laves phase. The nature of the deviation is subtle; it does not directly affect the
overall FCC symmetry, and the atoms are only displaced slightly from the Laves phase
positions. This explains why it has not been detected in previous studies. The new structure
reveals the presence of diffuse scattering which could be related to metallurgical defects.
Defect sites could give rise to Ce ions with locally different environments (relatively less
compressed by the surrounding Ru network). An interesting possibility is that such Ce ions,
distributed randomly, might then be the source of the weak average static fields appearing
below 40 K, and provide the weak-pinning centres necessary to explain the reversibility
transition in the superconducting mixed state. Additionally they could explain the rather
high residual resistivity10 ©2 cm) and the low-temperature tail in the susceptibility of

our sample. Clearly, further studies are required to identify the microscopic character of the
defects. The effect of annealing on the distribution of the structural displacements could be
especially interesting.

Our polarized neutron data show that the induced magnetization density is almost equally
distributed around the Ce and Ru sites. The two contributions together give an induced
average moment which explains the static susceptibility. Secondly, our results suggest that
the Ce form factor has a different spatial extent from that found for other Ce compounds
with larger Ce—Ce separations. This could imply a significant Ce 5d-electron contribution
to the density of states at the Fermi surface, although the 5d spectral weight at the Fermi
surface has been determined to be small in band-structure calculations. The extent of the
Ce form factor agrees well with an alternative scenario, in which there is no d-electron
contribution, but the orbital component of the 4f form factor is quenched. We hope that
our measurements will stimulate more elaborate calculations of the magnetization density,
facilitating further examination of these two possibilities.

No significant change in the magnetic density distribution with temperature was detected,
even in the superconducting state. The latter result is probably indicative of significant spin—
orbit scattering which could be related to the presence of an imperfect flux-line lattice.
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