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a b s t r a c t

We report the study of Zr1-xCexFe10Si2 (x¼ 0.0, 0.3 and 0.6) compounds, with tetragonal ThMn12

structure, by means of neutron diffraction and M€ossbauer spectroscopy to understand the role of Ce in
the increasing magneto-crystalline anisotropy. Fitting of the 57Fe M€ossbauer spectra to the three Fe
atomic positions, namely 8i, 8j and 8f, indicate that Ce displaces Fe from the 8i to the 8j positions and in
parallel increases the quadrupole splitting (QS) in position 8f, correlating with the increase of the
magneto-crystalline anisotropy. However, the hyperfine field Bhf remains constant for all Ce sub-
stitutions. The full occupancy of the 8j positions by Fe at Ce¼ 0.6 can explain the instability of the
ThMn12 structure for similar and higher Ce concentrations. Neutron diffraction experiments show the
evolution of the magnetic moment and crystal structure as a function of temperature, showing Ce to
cause an increase of the lattice parameters and tetragonal distortion. A large anomaly of the expansion
coefficient, due to the spontaneous magnetostriction, is also disclosed. These results support a pure
geometric influence of Ce on the magneto-crystalline anisotropy through a selective distortion of the
lattice.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The critical and strategic character of rare earth (RE) elements as
raw materials [1] has motivated an increased interest in the search
for new rare-earth-lean and rare-earth-free hard magnetic mate-
rials for permanent magnets, with a performance not necessarily
better than Nd2Fe14B, but also sufficient to fill the gap between
ferrite and Nd-Fe-B magnets [2]. Tetragonal R(Fe,M)12 compounds,
with the ThMn12 structure (1:12 for short), where R stands for rare
earth and M is a transition metal or s-p element stabilizing the
structure, are already rare-earth-lean and some of them present
room-temperature ferromagnetism and a large uniaxial magneto-
crystalline anisotropy [3]. Among them, special attention has
been paid to those with cerium, the most abundant and least crit-
ical rare earth [4e8]. Zhou et al. [5] reported an unexpectedly high
Curie temperature Tc of the CeFe10Si2 compound with the 1:12
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structure, despite the unfavorable effect of the mixed-valence state
of the Ce atoms on the Tc of the Ce-Fe compounds. Furthermore, in a
recent work, it was found that the 1:12 structure is easily obtained
in the (Zr1-xCex)1.1Fe10Si2 alloys, with 0� x� 0.6, while for x> 0.6 a
pure 1:12 phase is no longer stable and a secondary phase, with
hexagonal Th2Ni17-type structure appears [9]. The rare-earth-free
alloy ZrFe10Si2 shows a relatively high saturation polarization
(JS¼ m0MSz 1.1 T) but a rather modest anisotropy constant
(K1¼0.74MJm�3), not enough for high-energy permanent mag-
nets but superior to barium ferrites. Zr0.4Ce0.6Fe10Si2, however,
presents the same magnetization, a K1 value of 1.03MJm�3, a Curie
temperature in excess of 300 �C and a magnetic hardness param-
eter of 1.05 [9], meeting the requirements for high-energy per-
manent magnets proposed in Ref. [10]. The role of Ce on the
structure and magneto-crystalline anisotropy of these compounds
is worth analyzing, as it can give hints for other possible 1:12, RE
lean/free compounds with increased anisotropy.

In this work, we study the effect of Ce substitution in (Zr1-
xCex)1.1Fe10Si2 (x¼ 0.0, 0.3 and 0.6) on the magneto-crystalline
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Summary of magnetic and structural parameters of (Zr1-xCex)1.1Fe10Si2 at RT: Ms:
saturation magnetization, Ha: anisotropy field, a,c: lattice parameters.

Ce content Ms (A$m2 kg�1) m0Ha (T) a (Å) c (Å) a/c

x¼ 0.0 120 2.03 8.274 4.701 1.760
x¼ 0.3 120 2.31 8.303 4.707 1.764
x¼ 0.6 120 2.50 8.354 4.724 1.768
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anisotropy, through its influence on the crystalline and magnetic
structure, determined by means of two nuclear techniques, 57Fe
M€ossbauer spectroscopy (MS) and neutron powder diffraction
(NPD), which are correlated with the magnetic properties.

2. Experimental

Alloyswith nominal compositions of (Zr1-xCex)1.1Fe10Si2 (x¼ 0.0,
0.3 and 0.6) were obtained by arc-melting 99.99% pure compo-
nents. The alloys were heat-treated at 1000 �C during 24 h under
vacuum in order to homogenize their composition and crystalline
structure. Samples for magnetic measurements, neutron powder
diffraction and M€ossbauer spectroscopy were hand-milled in an
agate mortar. The magnetic properties were measured with a
vibrating sample magnetometer EZ7-VSM from MicroSense. Hys-
teresis loops of oriented powders were recorded at room temper-
ature with a maximum magnetic field of 1.8 T. X-ray diffraction
patterns were obtained using a Cu Ka radiation. NPDwas performed
in the D20 high-intensity two-axis diffractometer sited in the
reactor of the Institute Laue Langevin in Grenoble. Experiments
were performed with l¼ 2.41 Å and 2q ranging from 0� to 150.75�

with a step size of 0.05�, between room temperature and 850 K. MS
was performed at room temperature in the transmission geometry
using a conventional constant-acceleration spectrometer with a
57Co-Rh source. The MS results were analyzed by a least square
method with the NORMOS program [11].

3. Results and discussion

3.1. Effect of Ce substitution on the crystalline and magnetic
structure at room temperature

Magnetic properties of oriented fine powders were determined
at room temperature (RT) to obtain the anisotropy field of the al-
loys. The orientation of the powders, as determined by preliminary
X-ray diffraction, indicates the c axis as the easy axis. Initial
magnetization curves parallel ( ׀׀ ) and perpendicular (⊥) to the
orientation of the powders are shown in Fig. 1a. Saturation
magnetization (Ms), obtained by the law of approach to saturation
from the M(H) ׀׀ curves, is the same for all compositions
(~120 Am2 kg�1) whilst Ce increases the anisotropy field from
2.03 T for x¼ 0 up to 2.5 T for x¼ 0.6. K1 and K2 anisotropy con-
stants are determined from the initial magnetization curves
perpendicular to the easy axis by the equation: HMs ¼ 2K1

�
M
Ms

�
þ

4K2

�
M
Ms

�3

, whereM is the magnetization at H applied field. Values
Fig. 1. a) RT isotherms for field-oriented powders in parallel ( ׀׀ ) and perpendicular (⊥) d
(Zr0.7Ce0.3)1.1Fe10Si2 and (c) (Zr0.4Ce0.6)1.1Fe10Si2 samples.
of K1 are quite similar for all compounds (0.51± 0.02MJm�3)
whilst K2 increasesmonotonously, being 0.24, 0.38 and 0.42MJm�3

for x¼ 0.0, 0.3 and 0.6, respectively. XRD patterns obtained in
isotropic samples at RT are presented in Fig. 1b. They correspond to
the pure 1:12 tetragonal phase with space group (I 4/m m m). The
distortion of the crystal lattice induced by Ce results into an
expansion of the lattice parameters. Table 1 summarizes the mag-
netic and structural properties.

It can be seen that the a-axis expansion due to Ce (z1%) is
exactly twice that of the c-axis, resulting in an overall increase of
the tetragonal distortion (a/c ratio) of about 0.5%. This may be at the
origin of the 25% increase of the magneto-crystalline anisotropy, as
shown in Table 1.

It is well known that the stabilization of the ThMn12-type
structure in Fe rich phases requires the addition of a third element
[3]. Elements like Mo or Ti substitute Fe atoms located exclusively
in 8i position, resulting in a reduced number of different chemical
neighbourhoods for the Fe positions [3] and the (spectral) contri-
bution corresponding to each Fe crystallographic position split in a
set of spectra to account for such different chemical neighbour-
hoods. In our case, Si atoms substitute Fe atoms at all positions,
giving a large quantity of different Fe chemical neighbourhoods,
which cannot be resolved in practice. Fig. 2, however, shows that Si
atoms do not induce large changes in the hyperfine field values, and
the M€ossbauer spectra corresponding to each crystallographic Fe
position can be properly described by a single but wider sextet,
which simplifies the fitting. Results of the fitting are summarized in
Table 2.

For an optimum fitting of the MS a paramagnetic component
has been considered. This contribution is always below 2%, and the
hyperfine parameters are different for each compound. Due to the
extremely low amount of paramagnetic phase, hyperfine parame-
ters are only a rough estimation, but still they can be assigned to
traces of cubic Zr6Fe16Si7 structure, which has been observed to
coexist with (Zr1-xCex)1.1Fe10Si2 when x¼ 0.0, or assigned to the
CeFe2Si2 when x¼ 0.6, which is also a paramagnetic phase at RT
irections to the easy axis of magnetization and b) XRD at RT for (a) Zr1.1Fe10Si2, (b)



Fig. 2. M€ossbauer spectra at RT for (a) Zr1.1Fe10Si2, (b) (Zr0.7Ce0.3)1.1Fe10Si2 and (c) (Zr0.4Ce0.6)1.1Fe10Si2 samples.

Table 2
M€ossbauer hyperfine parameters for (Zr1-XCeX)1.1Fe10Si2 compounds. ISO ¼ Isomer Shift, QS¼Quadrupole Splitting, Bhf¼ hyperfine field, WID¼ line width. The Fe content is
referred only to the 1:12 phase, so the total Fe in 8i, 8j and 8f positions add to 100% to make clear the preferential occupancies of Fe and Si. Natural Width of the line
isz 0.27mm/s. Values in bold are referred in the text below.

Ce content Fe position % Fe ISO (mm/s) QS (mm/s) Bhf (T) WID (mm/s)

x¼ 0.0 8i 38 0.07 0.14 24.5 0.44
8j 35 �0.09 �0.01 21.0 0.44
8f 27 0.11 0.11 21.0 0.47
Paramagnetic <2 0.03 0.21 e 0.32

x¼ 0.3 8i 35 0.08 0.16 24.6 0.46
8j 39 �0.09 �0.02 21.1 0.45
8f 26 0.13 0.16 21.1 0.45
Paramagnetic <1 0.20 0.20 e 0.27

x¼ 0.6 8i 32 0.09 0.17 24.6 0.42
8j 40a �0.07 �0.06 21.1 0.52
8f 28 0.12 0.23 21.2 0.49
Paramagnetic <1 0.40 0.17 e 0.27

a 40% Fe means all available 8j sites are already occupied by Fe.
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[9,12]. Aminimum amount of such phases were also detected in our
NPD patterns (see Fig. 3b).

Note that the maximum Fe occupancy at any crystallographic
site of the 1:12 structure is 4 atoms, i.e. 40% of the 10 Fe atoms per
formula unit. Table 2 shows that the preferred Si occupancy is the 8f
site for all samples, but for x¼ 0 there is also Si in the other two
positions. Ce progressively displaces Fe from the 8i to the 8j posi-
tions, so Si is in turn displaced from the 8j to 8i sites. For x¼ 0.6,
there is no Si in 8j position. Such preferential atomic occupancy has
Fig. 3. a) M(T) curves for all oriented samples with the magnetic field (10mT) app
an influence on the magneto-crystalline anisotropy, as confirmed
by the increase of the quadrupole splitting (QS) in position 8f.
Moreover, the tendency of Ce to displace Fe to the 8j position can
lead to instability of the 1:12 phase since, although the displace-
ment of Fe from 8i is linear, it is not linear for 8j, leading to a for-
mation of a secondary phase when x is slightly below 0.6. Once
such positions are fully occupied a further increase of Ce cannot be
accommodated by the same crystal structure, because no more Fe
can be displaced to the 8j position.
lied along the a- and c-axis. b) Magnified NPD patterns for all samples at RT.
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3.2. Temperature evolution of the magnetic and structural
properties

Once the effect of Ce-substitution on the room temperature
structural and magnetic properties was analyzed, a detailed study
of their properties as a function of temperature was carried out.
Measurements of magnetization as a function of temperature were
performed on oriented samples (Fig. 3a), with the field applied
along the easy axis (c) and the hard axis (a) of magnetization. Fig. 3a
shows clear differences on M(T) depending on the field orientation
for all samples. In particular for x¼ 0.6, and only for this compo-
sition, when the field is applied along the a-axis (dash dot line) the
magnetization shows two transitions; the first one around 450 K
could be associated with a possible secondary magnetic phase at
this temperature. The second transition is the Curie point of the
1:12 tetragonal phase (~560 K). The transition at 450 K was not
clearly evidenced when the field was applied along the c-axis. We
can explain this behavior in terms of a small amount of a secondary
magnetic phase, probably a 2:17 hexagonal phase, which has been
reported to appear for x> 0.6 [9], and having Tc ~ 473 K. Some of the
2:17 phase diffraction peaks can be distinguished in the NPD
pattern (Fig. 3b). This phase could be hidden in the MS since its
contribution is small and, once distributed into several sextets, can
be blurred in the background noise. However, the WID for the 8j
position for x¼ 0.6 is larger (0.52mm/s) than in the others, hinting
for an extra ferromagnetic contribution at RT in this compound.

NPD patterns at temperatures between 300 and 850 K were
recorded for all samples. The diffraction pattern for the sample
(Zr0.7Ce0.3)1.1Fe10Si2 in the ferromagnetic (320 K) and paramagnetic
state (650 K) is shown in Fig. 4. It presents the ThMn12-type
tetragonal structure at both temperatures. By subtracting the
ferromagnetic and paramagnetic patterns, magnetic contributions
are observed for [110] and [220] diffraction peaks, which indicates
that the magnetic moment lies along the direction perpendicular to
these diffraction planes, i.e., along the c axis. Although the insuffi-
cient magnetic contribution to the diffraction makes the extraction
of magnetic moments unreliable, the magnetic intensity decreases
monotonously up to Tc, and therefore the easy direction is un-
changed in all the temperature range.

The evolution the intensity and position of [301] and [002]
diffraction peaks, which are related with the a- and c-lattice pa-
rameters respectively, are shown in Fig. 5a. Both peaks show
different trends. The [301] peak shifts linearly with temperature,
while the [002] displacement is more complex. To study the
Fig. 4. Neutron powder diffraction for x¼ 0.3, at the ferromagnetic (320 K) and the
paramagnetic state (650 K). The difference show the magnetic peaks are only [110] and
[220].
expansion of the lattice parameters with temperature, NPD pat-
terns were fitted using the Fullprof suite in sequential mode. Re-
sults for a- and c-lattice parameters are shown in Fig. 5b and c,
respectively, for all samples. In agreement with Fig. 5a, a shows a
continuous increase with increasing temperature; c, however,
keeps almost constant when the temperature is below 550 K. For
higher temperatures, c starts to increase following a linear trend.
The change in the c-lattice parameter occurs at the Curie point of
our samples.

Linear thermal expansion coefficients (aL) were estimated from
high temperature data, in the paramagnetic state (above 600 K).
Extrapolated to RT, aL along the a-axis are 1.69� 10�5, 1.45� 10�5

and 1.48� 10�5 K�1 for x¼ 0.0, 0.3 and 0.6 respectively, and along
c-axis 0.98� 10�5, 1.00� 10�5 and 1.00� 10�5 K�1. Although the aL
values are quite similar for different compositions, they depend
considerably on the crystalline orientation, being around a 50%
higher along the a-than along the c-axis. These values are close to
those reported in similar systems (Y(Fe,Mo)12) [13] which show a
mainly linear thermal expansion.

Extrapolating the linear behavior of c at high temperatures
below Tc (solid line in Fig. 5c), we can obtain the difference on the c
lattice parameter (Dc) due to the anomaly. These differences are
represented in Fig. 6 and follow a clear M3 law.

The c-axis lattice anomaly is clearly a magnetic one, as appears
only below Tc. It is directed along the magnetic moment direction
and, hence, can be assigned to a large positive spontaneous
magnetostriction of l¼Dc/cz 1500 ppm at RT. This is of the same
order of magnitude of the (Tb-Dy)Fe2 (TERFENOL-D) with
lz 2000 ppm at RT, the highest magnetostrictive compound
known to date [14,15].

The direct dependence of Dc vs. (Ms)3 (Fig. 6) indicates a pure
single ion contribution to the magnetostriction, indicating also the
same origin for the uniaxial anisotropy, for all the compounds. Such
analysis of the thermal dependence of the magnetostriction was
proposed by O'Handley [16,17] in the 80's and successfully used for
studying magnetostriction in amorphous ferromagnets [18]. The
single ion term is due to the interaction between the Fe electron
orbitals and the crystal electric field and scales as M3, while a
possible two ions contribution, which could arise from anisotropic
exchange between different magnetic atoms, like Fe and Ce, will
follow a M2 law [16].

4. Conclusions

In this study, we have found that the increase of magnetic
anisotropy in Zr1-xCexFe10Si2 (from m0Ha¼ 2.0 T, for x¼ 0.0, up to
2.5 T for x¼ 0.6) correlates with the increase of the cell volume and
the tetragonal distortion (a/c) of the lattice produced by the Ce
substitution of Zr. However, no change in the magnetization is
observed. Mossbauer spectroscopy has shown that Ce displaces Fe
from the 8i to the 8j position in the 1:12 structure and increases the
crystal electric field gradient in the 8f position of Fe, leaving the
hyperfine field unchanged in all Fe positions. The complete filling of
8j positions by Fe, for x slightly below 0.6, leads to the instability of
the 1:12 phase upon a further increase of Ce, as when x¼ 0.6, which
cannot be accommodated by the same crystal structure, facilitating
the formation of the 2:17 phase.

An analysis on the thermal expansion was also carried out
observing a c-lattice anomaly below Tc, which is assigned to a giant
magnetostriction of about 1500 ppm in all the compounds at RT.
The M3 dependence of the magnetostriction reveals a pure single
ion (or crystal field) origin of both the magnetostriction and the
anisotropy in these compounds. The results so far indicate a pure
geometric origin of the magnetic anisotropy. Therefore, we can
expect that any ion similar in size to Ce (as will be mischmetal for



Fig. 5. a) Neutron powder thermodiffraction for the sample with x¼ 0.3. b) a- and c) c-lattice parameters as a function of temperature for all samples.

Fig. 6. Evolution of Dc for x¼ 0.6 as a function of temperature compared with the
corresponding M3(T) curve. The inset shows the M3 dependence of Dc for all the alloys.
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instance) can lead to the same increase in anisotropy of the pure
ZrFe10Si2 compound.
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