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Abstract

®

CrossMark

We have determined the magnetic structure of the intermetallic compound Gd,Fe,Si,C using
neutron powder diffraction, 1>Gd and 3 Fe Mossbauer spectroscopy. This compound
crystallizes in a monoclinic (C2/m) structure and its magnetic structure is characterized by
antiferromagnetic order of the Gd sublattice along the b-axis, with cell-doubling along the
c-axis. The propagation vectorisk = [0 0 %]. At 3.6 K the Gd moment reaches 6.2(2) ug.
Finally, >"Fe Mossbauer spectroscopy shows no evidence of magnetic ordering of the Fe

sublattice.
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1. Introduction

The R;Fe;Si,C (R = rare earth) intermetallic compounds
crystallise in a monoclinic structure with the space group
C2/m (#12). These compounds are an example of a rare-earth
intermetallic series that is stabilised by a small element, in this
case carbon, and were discovered in 1988 [1] as a by-product
of the search for new permanent magnet materials after the
discovery of Nd,Fe 4B and related compounds.

The R, Fe and Si atoms occupy 4i sites with the point
symmetry m, generated by (x O z). The stabilising C
atoms occupy the 2a site (0 0 0), with the point symmetry
2/m. The magnetic order of the R,Fe,;Si;C compounds is
antiferromagnetic, with a maximum Néel temperature of 45 K
being reported for Tb,Fe,Si,C [2]. On the basis of a neutron
diffraction study of Nd,Fe,Si,C and Tb,Fe;,Si,C in 1993 [3],
it was suggested that the magnetic order in this series involves
an antiferromagnetic cell-doubling along the crystal c-axis
(k =100 %]) with both the R and Fe sublattices being ordered,
somewhat unusually almost perpendicular to each other.

The Néel temperature of Gd,Fe,Si,C was reported to be
9 K [2] which represents a spectacular failure of the de Gennes
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scaling, given that the Tb compound orders at 45K. In a
recent report on Gd, Fe, Si, C [4] two quite prominent magnetic
signals in magnetometry and susceptibility measurements
were observed at 38 K and 58 K although only the lower ‘event’
was observed in heat capacity measurements. The strong
magnetic signal at 58 K was tentatively suggested to represent
the magnetic ordering of Gd,Fe;Si,C.

Given the ambiguities inherent in these bulk measure-
ments, we have carried out a new determination of the in-
trinsic magnetism of Gd,Fe,Si,C using the local probes of
155Gd and °"Fe Mossbauer spectroscopy, complemented with
neutron powder diffraction.

2. Experimental methods

The Gd,Fe,Si,C sample was prepared by arc-melting the high
purity elements under an atmosphere of high-purity argon
following the procedure outlined by Pottgen et al [5]. The
resulting ingot was wrapped in tantalum foil, sealed under
vacuum in a quartz tube and annealed at 1000 °C for 2 weeks,
followed by water-quenching. Sample characterisation by

© 2015 IOP Publishing Ltd  Printed in the UK
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Table 1. Crystallographic data (at 298 K) for Gd,Fe,Si,C determined by x-ray powder diffraction.

Atom Site Point Symmetry X z

Gd 4i m 0.548(4) 0.299(8)

Fe 4i m 0.214(8) 0.150(14)

Si 4i m 0.17(2) 0.72(3)

C 2a 2/m 0 0
Monoclinic C2/m (#12)

a = 10.6806(8)A b = 3.9539(3)A ¢ = 6.8155(4) A B = 129.47(4)°

RBragg == 73

RF == 81

Note: Both atomic sites, the 2a and the 4i, have a y positional parameter equal to zero.

x-ray powder diffraction (XRD) was carried out at room
temperature using a Rigaku Miniflex600 with Cu-K, radiation.

Neutron powder diffraction experiments were carried out
on the C2 800-wire powder diffractometer (DUALSPEC) at
the NRU reactor, Chalk River Laboratories, Ontario, Canada,
using a neutron wavelength (1) of 1.3286(2) A A pattern
was also collected at 3.6 K with A = 2.3789(2)A to confirm
that no low-angle peaks had been missed with the shorter
wavelength. No extra peaks were found. Diffraction patterns
were obtained over the temperature range 3.6—60 K. Natural
gadolinium is the strongest neutron absorber in the periodic
table and its scattering length is dependent on the neutron
energy, as tabulated by Lynn and Seeger [6], from which
we derived the scattering length coefficient appropriate to
our neutron wavelength (A = 1.33 AE = 462 meV),
namely 10.5-12.7i fm. The sample mounting arrangement for
this strongly-absorbing sample is a large-area, flat-plate, as
outlined in a previous paper [7] and successfully used by us in
neutron diffraction studies of other Gd-based compounds (e.g.
[8-10]). The key magnetic reflections in the low temperature
diffraction patterns of Gd,Fe,Si,C occurred below 260 = 40°
so no absorption correction was applied, however the data
were truncated at this angle to minimise the potential impact
of angle-dependent absorption effects.

All diffraction patterns were analysed using the Rietveld
method and the FullProf/WinPlotr program [11,12]. The
determination of the symmetry-allowed magnetic structures
employed Representational Analysis with the Basireps
program (part of the FullProf/WinPlotr suite [11, 12]) and all
notation used in our paper follows that used in Basireps.

The 50 mCi '3Sm source for the >>Gd Mossbauer work
was prepared by neutron activation of '3*SmPd;. The source
and sample (about 450 mg) were mounted vertically in a
helium flow cryostat and the Mossbauer drive was operated
in sinusoidal mode. The 86.55keV y-photons (excited and
ground state spins of % and %, respectively) used for '3Gd
Mossbauer spectroscopy were isolated from the x-rays emitted
by the source with a high-purity Ge detector. The drive system
was calibrated using a laser interferometer with velocities
cross-checked against both >’ CoRh/a-Fe at room temperature
and ' SmPd3/GdFe, at 5 K. The >’Fe Mossbauer spectra were
obtained using a standard 20 mCi 3’ CoRh source.

The '3Gd Mossbauer spectra were fitted using a non-
linear least-squares minimization routine with line positions
and intensities derived from an exact solution to the full
Hamiltonian [13]. The 3"Fe spectra were doublets so a full

Hamiltonian approach is not required as an analytic solution
is possible.

3. Results

3.1. X-ray diffraction

The lattice parameters of Gd,Fe,Si,C obtained by refinement
of the x-ray diffraction pattern obtained at 298 K and shown
in[4] are given in table 1 and are in excellent agreement with the
values reported by Paccard and Paccard [1]. Despite numerous
attempts, we were unable to avoid the production of small
amounts (estimated at less than 2 wt.% based on refinement of
the x-ray diffraction pattern) of an impurity phase matching
Gd;C [14] (reported as GdC 33 to reflect the observed range
of Gd:C ratios). As we shall see later in section 3.4, there is
also a small amount of an Fe-bearing impurity phase which
was not detected by XRD but accounted for around 3% of the
>7Fe Mossbauer spectral area. On the basis of the measured
isomer shift, we tentatively ascribe this to FeSi [15].

3.2. Neutron diffraction

In figure 1 we compare the neutron diffraction patterns
obtained at 60 K (paramagnetic) and at 3.6 K (magnetically
ordered). We also show the difference between these
two patterns, representing the magnetic contribution. It is
immediately apparent that the diffraction data are dominated
by an intense, purely magnetic peak occurring at 20 = 7.3°
d = 1044 A). This peak indexes as (0 0 %), indicating
a cell-doubled antiferromagnetic structure. In figure 2
we show the refinement of the neutron powder diffraction
pattern of Gd,Fe;Si,C, obtained at 60 K where Gd,Fe,Si,C
is paramagnetic and the pattern therefore comprises only
nuclear scattering. The refined lattice parameters at 60 K are
a = 10.682(24) A, b = 3.938(6) A, ¢ = 6.807(13) A and
B = 129.62(14)°. The conventional R-factors for this
refinement are Rpree = 17.7and Rp = 11.4. In figure 3
we show the refinement of the neutron powder diffraction
pattern of Gd,Fe;Si,C, obtained at 3.6 K. The refined lattice
parameters at 3.6 K area = 10.667(17) A, b = 3.936(4) A,
c = 6.804(10)A and B = 129.56(11)°. Atthis temperature,
Gd,Fe;Si,C is magnetically ordered. As mentioned earlier,
this pattern is dominated by the intense, purely magnetic peak
occurring at 20 = 7.3° (d = 10.44 A) which indexes as
©o %), indicating a doubling of the cell along the c-axis.
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Figure 1. Comparison of the neutron powder diffraction patterns of
Gd,Fe,Si,C obtained at 60 K (black, middle) and 3.6 K (blue, top)
at a neutron wavelength of A = 1.3286(5) A. The lowest plot (red)
shows the difference between these two patterns (3.6-60 K), scaled
up by a factor of 2. A row of Bragg markers shows the positions of
the magnetic peaks. The patterns have been displaced vertically for
clarity.
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Figure 2. Refined neutron powder diffraction pattern of
Gd,Fe,Si>C obtained at 60 K (A = 1.3286(5) A). The row of
Bragg position markers shows the nuclear peaks positions for this
C2/m cell.

In order to consider all possible magnetic structures allowed
for Gd,Fe,Si,C, we carried out Representational Analysis for
the Gd 4i site (We note here that these representations are
also applicable to the Fe which also occupies a 4i site). The
decomposition of the magnetic representation, fork = [00 %],
comprises four representations:

Titag = 1T +20 + 2T + 1T 1))
and the basis vectors of these irreducible representations are
given in table 2. The allowed Gd magnetic order is either b-
axial or ac-planar and the best refinement to the 3.6 K neutron
diffraction pattern was obtained with the Gd moments aligned
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Figure 3. Refined neutron powder diffraction pattern of

Gd,Fe,Si,C obtained at 3.6 K (. = 1.3286(5) A). The two rows of

Bragg position markers show the nuclear (top) and magnetic
(bottom) peak positions.

Table 2. Representational Analysis for the Gd and Fe 4i sites in
Gd,Fe;,Si,C with a propagation vector [0 0 1].

Atom #1 Atom #2
Representation Ordering Mode Ordering Mode
I [0 + 0] [0 + 0]
I, [+0+] [—0—]
I's [+0+] [+0+]
Iy [0 + 0] [0 — 0]

Note: The respective basis atomic positions are
(x, 0, z) and (x, 0, 2).

antiferromagnetically along the b-axis, corresponding to the
I'y representation. The refined Gd magnetic moment at 3.6 K
is 6.2(2) ug. The conventional R-factors for this refinement
are Rprage = 21.4, Rp = 14.9 and Ry, = 27.6.

The temperature dependence of the intensity of the purely
magnetic (00 %) peak is shown in figure 4. A simple fit to these
data using a squared J = 7/2 Brillouin function, to reflect the
variation of magnetic scattering intensity with the square of
the magnetic moment, yields a Néel temperature of 37.4(5) K.

3.3. 15 Gd Méssbauer spectroscopy

In figure 5 we show our set of '>3Gd-Mossbauer spectra
recorded over the temperature range 5-60 K. At 60 K the %> Gd
spectrum is clearly paramagnetic, yielding a quasi-doublet due
to the small value of the ratio of the excited state to ground
state electric quadrupole moments of the '>Gd nucleus (0.32b
and 1.6 b, respectively). The ground-state electric quadrupole
coupling constant eQV,. at 60 K is —1.13(5) mms~!. Below
40K the spectrum broadens and eventually a clear magnetic
splitting develops. At 5K, the hyperfine magnetic field at the
153Gd nucleus is 29.6(3) T, the electric quadrupole coupling
constant eQV,, is —1.20(5)mms~! and the electric field
gradient asymmetry parameter 7 is 1.

The temperature dependence of the hyperfine magnetic
field at the '3°Gd site splitting is shown in figure 6. A simple
fitto these datausinga J = 7/2 Brillouin function, appropriate
to the Gd* 4f7 S-state ionic configuration, yields a Néel
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Figure 4. Temperature dependence of the intensity of the (0 0 %)
magnetic peak in Gd,Fe,Si,C. The fitted curve is a squared J = 7/2
Brillouin function.
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Figure 5. '3 Gd Mossbauer spectra of Gd,Fe,Si,C covering the
temperature range 5-60 K.

temperature of 38.9(1) K, in very good agreement with the
value deduced from our neutron diffraction data. No magnetic
splitting is observed above this temperature. Itis clear from the
use of adirect local probe of the Gd magnetic behaviour that the
Néel temperature of Gd,Fe;Si,C is 39(1) K which matches the
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Figure 6. Temperature dependence of the hyperfine magnetic field
at the '3Gd nucleus in Gd,Fe,Si,C. The fitted curve isa J = 7/2
Brillouin function.

specific heat signal previously reported [4]. The strong signal
at 58 K seen in ac-susceptibility data [4] does not come from
the primary Gd,Fe, Si,C phase and must therefore be due to the
presence of a minor ferromagnetic impurity, possibly the Gd;C
phase identified in the previously reported x-ray diffraction
pattern [4]. However, since Gd;C is reported to have a Curie
temperature around room temperature [16], if this is indeed the
source of the ferromagnetic response seen at 58 K, the phase
cannot be stoichiometric.

The normal J = 7/2 temperature dependence of
both the 'Gd hyperfine field and the intensity of the
magnetic scattering at the (0 0 %) position combined with
the ~30T hyperfine field measured at 5K, strongly suggest
that gadolinium has a conventional S = 7/2, L = 0 ground
state configuration in Gd,Fe,Si,C, and should therefore carry
a full 7 up local moment. We explored the possibility of
incommensurate magnetic structures, however these did not
lead to improved fits or a larger gadolinium moment. We
are left therefore with two possibilities: (i) the reduced Gd
moment derived here from the neutron diffraction work reflects
a limitation imposed by working with small, highly absorbing
samples, or (ii) there is a small moment on the iron atoms that
should be included in the fits. The solution serves to emphasise
the need to combine data from long-range (neutron diffraction)
and local (Mossbauer spectroscopy) probes of the magnetic
ordering.

To investigate the possibility that the iron atoms also
exhibited an ordered moment, we carried out refinements of the
3.6 K neutron diffraction pattern allowing magnetic moments
on both the Gd and the Fe sites and using all combinations of
irreducible representations shown in table 2. The fact that both
the Gd and the Fe atoms occupy sites of the same symmetry
precludes the resolution of the question concerning the possible
magnetic order of the Fe. Given the quality of the diffraction
data on this highly-absorbing sample, we were able to obtain
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Figure 7. >’Fe Mossbauer spectra of Gd,Fe,Si,C recorded at 70 K
and 6 K.

refinements of comparable quality to the Gd-only refinement.
However, in all cases the Fe magnetic moment refined to
rather large values in the range 2-3 ug. In no case did the
combined-moment refinements yield a better x> value than the
Gd-only refinement. We are therefore forced to conclude that
the neutron diffraction data alone are insufficient to resolve the
question over the magnetic order of the Fe sublattice. At this
point, we turned to another direct, local probe of the magnetic
behaviour, namely 3’ Fe Mossbauer spectroscopy.

3.4. 5"Fe Méssbauer spectroscopy

In figure 7 we show our 3’Fe-Mossbauer spectra recorded
at room temperature and at 6 K. The room temperature
spectrum is a well resolved quadrupole-split doublet with a
quadrupole splitting of 0.575(3) mm s~' and an isomer shift of
—0.012(2) mms~! relative to a-Fe. The slight asymmetry in
the doublet is due to an impurity contribution amounting to a
relative sub-spectral Mossbauer area of 3%. The isomer shift
(relative to a-Fe) of this minor component is 0.40(3) mm s~!
and on the basis of the isomer shift and lack of a measurable
quadrupole splitting we can rule out potential impurities such
as GdFe;,Si, [17-19], GdFeSi [20-22] and Gd,FesSis [23, 24].
One possibility is FeSi which was reported to have an isomer
shift of 0.28 mm s~! and a very small quadrupole splitting [15]
and it may be that this minor impurity is FeSi with some
incorporated C.

The spectrum acquired at 6 K, well below the magnetic
ordering temperature of 39 K, shows no signs of magnetic
ordering of the Fe sublattice. It is immediately clear that the Fe
is not magnetically ordered and certainly not with a moment

Gd,Fe,Si,C
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| | | |
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Figure 8. Temperature dependence of the >’Fe quadrupole splitting
in GszCzSizC.

of 2-3 up for which we would expect a hyperfine magnetic
field of at least 20 T. To fit our >’Fe spectra we treated them as
quadrupole doublets and in figure 8 we show the temperature
dependence of this ‘effective’ quadrupole splitting. The slight
increase in splitting below 40K simply reflects the presence
of a very small, unresolvable transferred hyperfine magnetic
field at the >’Fe nucleus from the surrounding, magnetically
ordered Gd sublattice. We estimate this transferred hyperfine
field to be less than 0.5 T.

3.5. Transferred hyperfine field at the %" Fe site

All that remains is to verify that the magnetic structure of
the Gd sublattice that we refined from our neutron diffraction
data will in fact produce a transferred hyperfine magnetic
field at the Fe site in the Gd,Fe,Si,C structure. To this end,
we identified the Wigner-Seitz cell around the Fe site using
the Blokje program [25]. Considering only the magnetic
neighbours around the Fe site and using the crystallographic
data presented above we find that the Fe site has two Gd
neighbours at a distance of 3.09 A, one at 3.17 A, one at
3.21 A and two at 3.24 A. The respective relative orientations
of these neighbouring Gd magnetic moments along the b-axis
are (— —), (+), (+) and (++) which will produce a transferred
hyperfine field at the Fe site. In figure 9 we show the nearest-
neighbour environment (only the magnetic Gd atoms) around
the Fe site in Gd,Fe,Si,C.

3.6. Final thoughts

It seems clear that the use of neutron diffraction alone cannot
unequivocally resolve the question over the magnetic order
of the Fe sublattice in the R,Fe,Si,C series of intermetallic
compounds. The fact that both the R and Fe atoms occupy
4i sites, and therefore have the same point symmetry, makes
it extremely difficult to distinguish the intrinsic behaviour
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3.167 A

Figure 9. Arrangement of the neighbouring magnetically ordered
Gd moments around the Fe site in Gd,Fe,Si,C (drawn using the
Vesta software [26]).

of these two potentially magnetically ordered sublattices.
However, the use of a direct, local probe, in this case
Mossbauer spectroscopy, provides definitive evidence that the
Fe sublattice in Gd,Fe,Si,C is not magnetically ordered. The
fact that the Gd ion has the largest spin angular momentum in
the rare-earth series leads us to suggest that the Fe sublattice
does not order magnetically in any member of the R,Fe,Si,C
series. A detailed analysis of the entire intermetallic series,
exploiting the complementarity of Mossbauer spectroscopy
and neutron diffraction, is clearly warranted and to this end
we are currently carrying out new experiments.

4. Conclusions

We have used a combination of '3>Gd Mossbauer spectroscopy
and neutron powder diffraction to show that the magnetic
ordering temperature of the Gd sublattice in Gd,;Fe,Si,C is
39(1) K. Below this temperature, the Gd moments are ordered
antiferromagnetically along the monoclinic b-axis in a cell-
doubled arrangement. The propagation vector describing
this orderis k = [0 0 %]. At 3.6 K, the Gd magnetic
moment is 6.2(2) ug, slightly lower than the ‘free-ion’ value
of 7 up. Finally, to resolve the ambiguity over whether or
not the Fe sublattice orders, we carried out ’Fe Mossbauer
spectroscopy. We find no evidence for any magnetic order
of the Fe sublattice and the slightly increased splitting of the
TFe spectral lines below the Néel temperature simply reflects
a small transferred hyperfine magnetic field at the 3" Fe nucleus
from the surrounding, magnetically ordered Gd sublattice.
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