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A combination of neutron elastic and inelastic, resonant x-ray scattering, and STFe Mossbauer
experiments are used to determine the unusual magnetic ground state of CeFe,. The complementarities
between different time-scale techniques may allow one to understand the dynamic features of the
ground state in CeFe, and its pseudobinary compounds, and how the frustration of Fe tetrahedra leads
the appearance of antiferromagnetic fluctuations in the presence of ferrimagnetism. The resulting model
can be used to rationalize many of the unusual and conflicting experimental results reported for this

material in the literature.
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Rare-earth iron phases of composition RFe, frequently
crystallize in the fcc Laves-phase structure and are
simple ferro(ferri)magnets [1]. CeFe, is a remarkable
exception. Early studies, both theoretical and experimen-
tal, suggested that due to the strong hybridization of the
Ce valence band states with the Fe 3d electrons [2], the
ground state might be more complicated. This was illus-
trated by reports of antiferromagnetism seen in the
neutron-diffraction patterns of the pure compound [3]
and the fact that doping CeFe, with a small amount of
many different materials produced an antiferromagnetic
(AF) ground state [4,5]. The production of large single
crystals of CeFe, opened the experimental avenue to the
magnetic inelastic response function [6]. In addition to the
ferromagnetic spin waves, surprisingly strong AF fluctu-
ations were found around the lattice point (},1,1) at the
Brillouin zone (BZ) boundary [7].

In this Letter we clarify the ground state of CeFe, by
examining, with neutron elastic and inelastic scattering,
resonant x-ray magnetic scattering (RXMS) and the >’Fe
Mossbauer effect, single crystals of 7% Co doped CeFe,
(ap = 7.296 A), grown via a solution of excess cerium as
described in Ref. [8]. This material becomes ferrimag-
netic (F) below 210 K, but the doping stabilizes an AF
ground state so that a discontinuous transition occurs at
Ty = 69 K with an ordered wave vector of Oy = (},1,1).
These values are in agreement with those in the literature
[5] and confirm the doping concentration as 7% = 1%.

To illustrate the nature of the problem, and the con-
nection between pure and doped CeFe, materials, we
show in Fig. 1 the spin-wave dispersion curves of doped
CeFe, in the F phase (upper panel) and AF phase (lower
panel) [9]. The upper panel shows the in-phase precession
mode of iron spin waves [7] propagating from the BZ
centers (fit with the continuous lines), and the linear AF
(broken lines) spin-wave dispersion from the AF point
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(3,3.3), which is a crystallographic BZ boundary.

Surprisingly, these coexist in this nominal F state. This
situation is similar to that found in pure CeFe, except for
the magnitude of the AF spin-wave gap [6]. In CeFe, the
AF gap falls to ~1 meV as the temperature is lowered to
5 K. This small gap may explain how measurable inten-
sity is seen at the AF position when diffractometers
(which have no energy discrimination) are used to exam-
ine CeFe, [3]. In fact, the AF state remains dynamic in
CeFe,, but is stabilized with doping or pressure [10]. In
the lower panel of Fig. 1, which is in the truly AF state of
the doped material, the ferromagnetic spin waves have
disappeared, the AF gap is increased, and the unit cell is
rhombohedral (angle 90.31°). The transition at Ty is
discontinuous with a volume contraction of 0.18%. The
absence of any measurable distortion in the F state is odd
in CeFe,, especially when all the other RFe, materials
(except GdFe,) distort, and this is a point to which we
shall return. It is worth noting here that the AF state is
unstable against quite small magnetic fields, which in-
duce a F state [7]. This transition has been the subject of
considerable work as large magnetoresistance effects of
up to 60% are observed [5], but we shall not address this
issue here.

The next technique of interest is RXMS, an element
selective technique where the incident photon energy is
tuned to an absorption edge [11,12]. In these experiments
(ID20 at the European Synchrotron Radiation Facility,
Grenoble) a o-polarized photon beam is incident on the
crystal (111) face and the intensity of the scattered radia-
tion may be monitored as a function of incident photon
energy, temperature, the scattered polarization state (ei-
ther o or ), and the azimuthal angle of rotation ¢ about
the scattering vector [13]. In these experiments the rhom-
bohedral splitting related to the crystallographic distor-
tion is sufficiently large so that we were able, with a beam
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FIG. 1 (color). Contour plots of the dynamical magnetic
susceptibility x"(Q, w) determined by inelastic neutron scat-
tering at the Laboratoire Léon Brillouin (Saclay, France)
around the Brillouin zone boundary (3,3,3), and along the
[111] direction. The data are collected at 100 K in the F phase
(upper panel) and at 17 K in the AF phase (lower panel).
x"(Q, w) is obtained collating both constant-Q and
constant-E scans, after subtraction of background and phonon
contributions, and renormalization of the signal by the Bose
factor. The data points (open circles) used for the fits are
obtained by deconvolution of constant-E scans with
the instrument resolution [9]. The thick lines are the fit of
the parabolic F (continuous lines) and of the linear AF (broken
lines) spin wave dispersions. Measurements in different
Brillouin zones establish that all the inelastic response is
associated with the Fe spins [6]. The response at 100 K (above
Ty as in top frame) shown here for doped compound is identical
to that found in pure CeFe, as discussed in Ref. [6].

size of 0.2 X 0.2 mm?, to select a single magnetic domain.
Moreover, the analysis of the integrated intensities is
particularly favorable for a fcc lattice with a magnetic
propagation vector (},1,1), because only one magnetic
domain contributes to each magnetic Bragg satellite.
The scattered photon intensity as a function of energy
is shown in the two insets in Fig. 2. The positions of the
peaks with respect to the fluorescence spectrum indicate
that both the Ce L5 pre-edge (5.720 keV) and the Fe K pre-
edge (7.109 keV) contain the quadrupole (E2) transition.
For Ce L this signifies a transition 2p;/, — 4f and at the
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FIG. 2. Azimuthal dependence of resonant magnetic x-ray
scattering intensities of the reflections (%,%,%) (black points)
and (3,3, 3) (open points) at Ce L3 edge (upper panel) and Fe K
edge (lower panel), taken at 12 K in the o-7 channel. The lines
are the calculations of the angular dependence of the resonant
intensities with the Ce and the Fe moment directions aligned as
shown in Fig. 3. The insets show the energy dependence of the
magnetic Bragg reflection (3,3, 3) at the Ce L5 edge (upper) and
Fe K edge (lower), and the broken lines show the absorption
coefficients determined by fluorescence yield at the Ce L; edge
and the Fe K pre-edge.

Fe K edge a transition 1s — 3d. The observed intensities
are sensitive to moment directions of the Ce 4f and Fe 3d
states. For the specular reflection (%,%,%) no azimuthal
dependence is found at the Ce L5 edge in the o-7 channel,
indicating a polarization parallel to the [111] crystallo-
graphic direction (solid points in upper panel of Fig. 2). In
addition, no signal was found in the -0 channel, so that
the dominating term in the E2 cross section is F(, as
expected, and this makes the calculation of the azimuthal
dependence of the intensity straightforward [12]. A veri-
fication of the direction of the Ce 4f moments may be
made by examining the off-specular reflection (3,3, 3), as
shown by the open points in the upper panel. In this case
the scattering vector makes an angle a = 58.25° with
the Ce magnetic moment direction (assumed parallel
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to the local [111] direction), and so with changing the
azimuthal angle ¢ there is a precession of this moment.
The line through the points is a simple geometrical cal-
culation for the scattered intensity assuming the Ce 4f
moments are parallel to the [111] direction. Clearly the fit
is excellent, leaving little ambiguity to the directions of
the Ce 4f moments.

The results at the Fe K edge, which refer to the Fe 3d
moments, are more difficult to understand at this stage.
Although weaker than the signal at the Ce L5 edge, the
azimuthal dependence of the (3,3,3) reflection is not
independent of ¢y. We shall return to this point.

The small Ce moments of ~0.2up as measured by
polarized neutron scattering [14] are thought to be in-
duced by the molecular field of the surrounding Fe sub-
lattice. We now arrive at an apparent contradiction: the
presence of neutron-diffraction intensities ([3], and ob-
served in the elastic channel of the experiments reported
in Fig. 1) along the (111) vectors, e.g., (%,%,%), proves
unambiguously that not all the Fe moments can lie along
the [111] direction. Furthermore, the Fe Mossbauer spec-
trum of doped CeFe, cannot be interpreted in terms of a
collinear arrangement of Fe atoms along [111].

In an effort to resolve this apparent paradox we care-
fully measured the integrated intensities in the neutron-
diffraction pattern from a single crystal of the same
doped CeFe, material in the AF state. The elastic
neutron-diffraction experiment was performed using the
4-circle spectrometer D10 at the Institut Laue Langevin,
Grenoble (France). A set of 330 AF magnetic reflections
belonging to the four different magnetic domains was
indexed at 1.5 K in the AF phase. The magnetic domains
were found to be equipopulated, and for a given magnetic
domain, a set of 72 magnetic reflections was used in the
least square refinement. Previously, with powder diffrac-
tion patterns at most five reflections could be measured
with sufficient accuracy for the refinement [3]. Not sur-
prisingly, this earlier work was not able to refine noncol-
linear models and suggested that the Fe moments were
collinear at an angle ® ~ 20° with the (111) propagation
axis within each domain [3]. In the data analysis we have
considered two models, A and B, in which all the Fe atom
sites are equivalent and collinear (cubic, space group
Fd3m), as supposed previously [3], or inequivalent and
noncollinear (rhombohedric, space group R3m). The re-
sults of our refinement are shown in Table I. Note that
model B, Fig. 3, has a net molecular field of a given Fe
sublattice along (111), which then defines the direction of
the Ce 4f moments.

We now return with this model to the Fe K edge data as
a function of the azimuthal angle, ¢, in Fig. 2. The solid
line is a model for the azimuthal dependence assuming
the magnetic structure of Fig. 3, ie., with the 3e-Fe
moments along [111] and the apical 1bh-Fe moment
along [110]. Clearly the data are consistent with this
model.
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TABLE L Neutron elastic scattering refinement at A =
236 A of the atomic magnetic moments u  of
Ce(Co g7Feg03), in the AF state for two models described in
the text. The atomic positions (pos.) refer to the fcc unit cell
and @ is the angle between the magnetic moment and the (111)
propagation axis.

Model A Model B
Atom pos. Site m 0] Site yn )]
(Fd3m) (mp) (deg) (R3m) (up) (deg)
Ce iit 8a  0.08(6) 17 2¢  0.13(11) 180
331 8a  0.08(6) 197 2¢ 013(1) O
Fe 00§ 164 149(3) 197 1b  L12(7) 90
1y led 1493 17 3¢ 16120 0
103 164  1.493) 17 3e 1612 O
042 16d 1.493) 17 3¢ 1612) 0
RF? 22 8.2
X2 55 15

Several Mossbauer studies have shown that the number
and type of inequivalent iron sites in the RFe, compounds
depend on the orientation of the direction of magnetiza-
tion with respect to the local [111] axes [15]. According to
Fig. 3, and assuming that the hyperfine field (Hy) is
parallel to the ion’s moment (Hy¢ || mp.), one would

|
[110]
S e
[111]

_ crystallographic unit cell

anti-ferromagnetic unit cell

FIG. 3 (color). Magnetic structure in the AF state determined
combining neutron and x-ray scattering results (model B in
Table I). The Fe sublattice has two inequivalent sites, with % of
Fe having the magnetic moment direction parallel to [111] (red
arrows) and }T of Fe parallel to the [110] direction (blue arrows).
The Ce magnetic moments point along the [111] direction
(green arrows).
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expect the occurrence of two inequivalent Fe sites, i.e., a
superposition of two sextets of intensity ratio 3:1 with
0 = 70.5° and 90°, respectively, (@ is the angle between
the direction of magnetization and the local symmetry
axes). This model is however too crude; it cannot repro-
duce the spectra recorded in the AF state of the Co doped
CeFe, [16] on account of anisotropic dipolar contribu-
tions to Hp; which play an important role as shown
previously [15]. All four Fe ions on the tetrahedra could
be inequivalent and the angle 6’ between Hy; and the local
symmetry axes deviate from the nominal 6 angles given
above. In addition, the rhombohedral distortion and the
substitution of Fe by Co lead to further spreads of Hy; and
0’ [17]. The spectra were thus fitted allowing a distribu-
tion of both Hy; and 6’ while keeping the same value for
the quadrupole splitting (§e*qQ = —0.55 mm/s). A
good fit to the 4.2 K data was obtained with (Hys) =
145 kOe (oy = 15.6 k0e) and (0') =76° (oy = 8°).
The (#') value and its standard deviation o, are consis-
tent with the model of Fig. 3 ((#) = 75.4°). They rule out
collinear magnetic structures with wg. along either the
main axes of a cube or a (112) direction [3] (for the latter
case () = 58.3°).

In the AF state the noncollinear nature of the Fe
arrangement (Fig. 3) may be seen as a consequence of
geometric frustration [18—20] with the cube diagonal
distortion axis driven by the orbit-lattice coupling of
the 4f states, as is found in other RFe, materials [1]. On
the other hand, the lack of a distortion in the F state is then
mystifying in light of both polarized-neutron [14] and
dichroism [21] experiments which indicate the presence
of an orbital Ce moment. One possibility is that the F state
in pure and doped CeFe, comprises a set of dynamic,
microscopic, volumes [22] based on the AF (111)
model-B structure introduced above, having planes of
ferromagnetic moments (1.61u/Fe) at the 3e positions
interleaved with antiferromagnetic apical planes at the 15
position (1.12u5/Fe). Such a model may reconcile both
the inhibition of a lattice distortion in the F state, which is
then released by macroscopic domain growth on entering
the AF phase, and the saturated moment of ~1.2uz/Fe
observed under high magnetic fields (1.61 X 3/4 =
1.2 /Fe) [23].

Mossbauer experiments, which show the Fe site hyper-
fine field does not change on passing from the F to the AF
state, indicate an invariant local moment averaged over
~107% s giving a lower limit to the dynamics. These
manifestations of slow moment dynamics in pure and
doped CeFe, may also shed light upon discrepancies
between the results of neutron [14] and dichroism [21]
measurements noted previously [24]. Resonant x-ray
magnetic dichroism, which senses the polarization on
the Ce site on a time scale of ~107!3 s, yields systemati-
cally higher estimates for orbital polarization closer to
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those given in band structure calculations than neutron
scattering,

Hopefully, these experiments and their interpretation
will stimulate further experimental and theoretical stud-
ies probing the dynamical nature of the magnetic state in
such materials.

We thank Flora Yakhou for help during the RXMS
experiments at the ID20 beam line and Bernard
Hennion for valuable support on the 1T1 TAS spectrome-
ter at Laboratoire Léon Brillouin.
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