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Abstract

We have determined the magnetic structures of the Er and Fe sublattices
in ErFesSng by high-resolution neutron powder diffraction and Mdssbauer
spectroscopy on the '%°Er, 3"Fe and '!°Sn isotopes. The crystal space group
is orthorhombic Cmcm. The Fe sublattice is antiferromagnetic with a Néel
temperature of 560(5) K and it orders along the [100] direction with a magnetic
space group Cpm’'c’'m’ and a propagation vector [010]. The Fe magnetic
moment at 1.5 K is 2.4 £ 0.6 ug. The Er sublattice orders independently
of the Fe sublattice at 4.8 £ 0.4 K and comprises a ferromagnetic mode along
[100] and an antiferromagnetic mode along [010], with a propagation vector
[0%0] i.e. cell-doubling along [010]. The magnetic space group of the Er
sublattice within the magnetic unit cell is Pbc’'m’, a subgroup of Cmcem. At
1.5 K the ferromagnetic and antiferromagnetic components of the Er** magnetic
moment (determined by a combination of neutron diffraction and magnetization
measurements) are 5.9 + 0.1 and 4.9 £ 1.5 up, respectively, yielding a net Er
moment of 7.7 £+ 1.5 ug. The Er** magnetic moment derived from '°°Er
Mossbauer spectroscopy is 8.5(1) up.

1. Introduction

The magnetic moments on the rare-earth (R) and Fe sublattices in the RFesGeg and RFesSne
intermetallic compounds order independently of one another in those compounds where the
R3* ion has a magnetic moment [1-4]. The Fe sublattice orders antiferromagnetically with a
Néel temperature (7)) which remains essentially constant across a series with 7y ~ 485 K in
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RFecGeg and ~555 K in RFesSng. Neutron powder diffraction shows that the easy direction
of magnetic order of the Fe sublattice is [100] in the orthorhombic setting [5-8].

For R = Gd-Er, the rare-earth sublattice orders at much lower temperatures, ranging
from 45 K for GdFesSng to 3 K for ErFesGeg, without affecting the Fe order. The magnetic
independence of the R and Fe sublattices is related to the layered structure of these compounds
which are formed by placing rare-earth atoms between the hexagonal Fe planes of the parent
FeGe or FeSn (B35) structure. Binary FeGe/FeSn consists of ferromagnetic Fe planes coupled
antiferromagnetically to each other [9, 10] and there is a net cancellation of the Fe—R magnetic
exchange at the interplanar R sites in RFesGeg and RFesSng, effectively isolating the rare-earth
from the ordering of the iron moments. The magnetic ordering of the R sublattice in RFesGeg
and RFegSng, two orders of magnitude lower in temperature than the Fe ordering, is most
likely the result of an RKKY-type coupling between R moments. The magnetic behaviour of
these series of compounds has recently been reviewed by Cadogan and Ryan [11].

In this paper we determine the magnetic structures of the Er and Fe sublattices in ErFesSng
using high-resolution neutron powder diffraction, complemented by '®°Er, 'Fe and '"“Sn
Maossbauer spectroscopy.

2. Experimental methods

The ErFesSneg sample was prepared by arc-melting stoichiometric amounts of the pure elements
under Ti-gettered argon. The sample was subsequently annealed at 850 °C for two weeks,
sealed under vacuum in a quartz tube. Powder x-ray diffraction was carried out using Cu Ko«
radiation on an automated Nicolet-Stoe diffractometer. The Néel temperature of the Fe
sublattice in ErFesSng was measured by differential scanning calorimetry (DSC), at a heating
rate of 40 K min~!, on a Perkin-Elmer DSC-7, using the heat capacity peak at Ty to signal
magnetic ordering. Magnetization and ac susceptibility were measured on a Quantum Design
PPMS.

Fe and '"Sn Mossbauer spectroscopy was carried out in conventional, constant-
acceleration, transmission mode with standard >’CoRh and '""™Sn:BaSnO; sources,
respectively. In both cases, the spectrometer was calibrated against a 99.99% «-Fe foil and
the 3’CoRh source.

The source for the '®Er Mdssbauer spectroscopy was made by neutron irradiation
of Hop4YoeH, at the SLOWPOKE Reactor Laboratory, Ecole Polytechnique Montréal, to
produce ~1 GBq initial activity of the 27 h '*Ho parent isotope. The '®Er spectrum
was obtained at 2 K in a helium-flow cryostat and the source was heated to ~5 K to
avoid line broadening. The 80.6 keV '®*Er gamma rays were detected using a high-purity
germanium detector. The spectrometer was operated in sine mode and calibrated using the
819.4 T magnetic splitting in ErFe, at 1.4 K. This calibration field is the average of the '*°Er
Méssbauer measurement of 820.5(8) T by Hodges et al [12] and the '®’Er NMR measurement
of 818.4 £ 10 T by Berthier and Devine [13]. (It is implicit here that the so-called hyperfine
anomaly, which can give rise to very small differences in the hyperfine fields experienced
by different isotopes, is negligible. In any event, such a difference is probably within the
experimental error of these field determinations.) The source linewidth on the ErFe, calibration
was 2.49(4) mm s~! and the spectrum was fitted using a non-linear least squares routine to the
full nuclear hyperfine Hamiltonian. To facilitate comparison with other techniques we note
that a Mossbauer splitting of 1 mm s~! in '%°Er corresponds to 64.973 MHz, 43.052 x 10727 J
or 3.1182 mK.

Neutron powder diffraction experiments were carried out on ~6 g samples on the E9
fine resolution powder diffractometer (FIREPOD) at the BENSC reactor, Hahn—-Meitner
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Figure 1. DSC trace of ErFegSne obtained at a heating rate of 40 K min~'.

Institute, Berlin, Germany. The neutron wavelength was 1.5831(1) A. A detailed description
of FIREPOD has been published by Tobbens and Stiiler [14]. An additional pattern at a
longer wavelength of 2.447(1) A was obtained on the E6 focusing diffractometer at BENSC.
All diffraction patterns were analysed using the Rietveld method and the GSAS program [15].
The symmetry-related restrictions placed on the allowed magnetic structures of the Er sublattice
in ErFesSng were checked using the SARA representational analysis program of Wills [16].

3. Results and discussion

3.1. Crystal structure

The annealed sample of ErFesSng was virtually single phase with a trace of ErSn; present in
an amount <2 wt%, as determined from the fits to the neutron diffraction patterns. The crystal
structure of ErFesSng is orthorhombic with the space group Cmcm (no 63), in agreement
with the work of Chafik El Idrissi ef al [17]. There are two Er sites, five Fe sites and ten
Sn sites. The lattice parameters and atomic positions of ErFesSng were determined by high-
resolution neutron powder diffraction at 5.3 K. The lattice parameters are a = 8.8737(4) A,
b = 37.1808(29) Aand ¢ = 5.3780(4) A. The conventional refinement R-factors (%)
are R(Bragg) = 8.6, R(F-struct.) = 7.7, R(wp) = 6.9, R(exp) = 2.1 and R(mag) = 11.9.
The refined atomic position parameters are given in table 1. During the neutron diffraction
fitting procedure we employed three refinable isotropic thermal parameters (Uis,), one for each
element, rather than trying to refine individual Ui, values for each of the 17 atomic sites in
the ErFegSng structure. The refined values of Ui, at 5.3 K are 0.0173(22), 0.0064(7) and
0.0011(8) A? for Er, Fe and Sn, respectively.

3.2. Magnetic ordering

In figure 1 we show the DSC trace of ErFesSng. The Néel temperature of the Fe sublattice is
560(5) K, which compares well with the value of 553 K determined by Rao [18]. Our previously
determined Néel temperature of the Fe sublattice in YFesSng is 558(5) K [8], consistent with
the fact that the R>* ion has effectively no influence on the ordering of the Fe sublattice.

In figure 2 we show the in-phase and out-of-phase components of the ac susceptibility of
ErFesSng obtained at a frequency of 377 Hz and an ac magnetic field of 45 A m~! (RMS).
The magnetic ordering of the Er sublattice below 5 K is clear. The peak in x,.(T) occurs at
3.3 K and the deviation from linear Curie—Weiss behaviour commences at 4.6 K.
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Figure 2. In-phase (x’) and out-of-phase (x”) components of the ac susceptibility of ErFesSne,
measured at 377 Hz and 45 A m~! (RMS).
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Figure 3. Magnetization of ErFesSng obtained at 2 K.

In figure 3 we show the magnetization of a powder sample of ErFesSng measured at 2 K
in magnetic fields up to 9 T. The variation of the magnetization with applied field suggests that
the Er sublattice order comprises both ferromagnetic and antiferromagnetic components. The
spontaneous magnetization of ErFesSng at 2 K, derived by extrapolating the magnetization to
zero applied field, is 27.2(5) J T kg™, which corresponds to an Er sublattice ferromagnetic
component /formula unit (fu) of 5.9(1) ug/fu and hence an Er** ferromagnetic component of
5.9(1) up at2 K. Rao [18] determined a magnetization of 5.3(1) up/fu from an extrapolation
of magnetization data at 1.7 K, obtained in applied fields up to 5 T.
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Figure 4. Neutron powder diffraction pattern of ErFesSng obtained at 5.3 K with & = 1.5831(1) A.
The Bragg position markers represent (top) the ErSnz impurity phase and (bottom) the ErFesSng
nuclear and Fe magnetic scattering, respectively.

3.3. Neutron diffraction

3.3.1. Fe sublattice ordering. In figure 4 we show the neutron powder diffraction pattern
of ErFeeSng obtained at 5.3 K, at which temperature only the Fe sublattice is magnetically
ordered.

As in the case of YFesGeg [7], which has the same crystal space group (Cmcm) as
ErFesSne, the magnetic ordering of the Fe sublattice in ErFesSng results in the appearance of
extra peaks with the condition / + k = odd (nuclear scattering peaks obey 4 + k = even for
the Cmcm space group). This is most clearly illustrated by the appearance of a strong, purely
magnetic, (120) peak at 26 = 21°. Thus, we describe the Fe order as anti-C i.e. Fe moments
related by the C translation +(% %0) are antiparallel.

We described the procedure for determining the magnetic ordering mode of the Fe
sublattice in the Cmcm space group in detail in our paper on YFecGeg [7] and we refer
the reader to our previous work. The reader is also referred to the comprehensive treatment of
the Cmcm space group by Prandl [19].

We obtained the best fit to the 5.3 K neutron diffraction pattern of ErFesSng with the Fe
moments placed along the [100] direction with a propagation vector [010]. This ordering is a
common feature of the RFesGeg and RFeqSng series [5—8]. The refined Fe magnetic moment
in ErFesSng at 5.3 K is 2.4(6) up. The magnetic space group of the Fe sublattice in ErFegSne
is antiferromagnetic Cpm'c'm’.

As in our previous studies of YFesSng [8] and HoFesSng [20], we have used ''”Sn
Mbossbauer spectroscopy to confirm the Fe sublattice magnetic ordering mode deduced from
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Table 1. Atomic positions in ErFesSne.

Atom  Site x y z
Er 4c 0 0.8086(11) 1/4
Er 4c 0 0.0680(9) 1/4
Fe 8d 1/4 1/4 0
Fe 8e 0.2437(22) O 0
Fe 8g 0.2473(25)  0.1899(6) 1/4
Fe 8g 0.2519(15)  0.4386(7) 1/4
Fe 16h  0.2497(16)  0.1254(5) 0.0129(30)
Sn 4c 0 0.2282(13) 1/4
Sn 4c 0 0.7246(11) 1/4
Sn 4c 0 0.1453(12) 1/4
Sn 4c 0 0.6456(12) 1/4
Sn 4c 0 0.8972(13) 1/4
Sn 4c 0 0.3983(13) 1/4
Sn 4c 0 0.4777(14) 1/4
Sn 4c 0 0.9770(12) 1/4
Sn 8g 0.3414(23)  0.8124(8) 1/4
Sn 8g 0.3279(23)  0.0578(6) 1/4

our neutron scattering experiments and we will present this argument in section 3.4.2 during
our discussion of our Mossbauer work on ErFegSng.

3.3.2. Er sublattice ordering. In figure 5 we show the neutron powder diffraction pattern of
ErFesSng obtained at 1.5 K. The degree of magnetic scattering is very weak and the appearance
of extra peaks associated with the magnetic ordering of the Er sublattice is only clear at
260 = 11.95°.

In figure 6 we show a section of our set of neutron diffraction patterns obtained in the
temperature range 1.8-5.3 K. The development of the purely magnetic (1 %0) peak at29 ~ 12°,
arising from the antiferromagnetic order of the Er sublattice, is clear, albeit weak. The peak at
26 ~ 21° is the purely magnetic (120) peak, arising from the antiferromagnetic order of the Fe
sublattice (which occurs at 560(5) K). The purely magnetic (1 %O) peakat26 = 11.95°indicates
a doubling of the magnetic cell along the crystal b-axis, associated with the antiferromagnetic
component of the Er order. There are also magnetic contributions to nuclear peaks and the
combination of our neutron scattering and magnetization data shows that the Er magnetic order
comprises both ferromagnetic and antiferromagnetic components, a situation similar to that
recently found in HoFesSng [20]. In figure 7 we show the integrated intensity of the (1 %O) peak
as a function of temperature. These data show that the Er sublattice magnetic ordering occurs
between 4.3 and 5.3 K and we therefore take the ordering temperature of the Er sublattice in
ErFesSng to be 4.8(4) K.

As shown by Prandl [19], all of the magnetic space groups directly derived from the
crystal space group Cmcm yield purely uniaxial magnetic modes, either ferromagnetic or
antiferromagnetic, at the Er 4c site. Thus, one possible approach to the treatment of the Er
magnetic order would involve the Er order belonging to two different representations of the
Cmcm family, one ferromagnetic and one antiferromagnetic. The assignment of the Er order
to two different Cmcm-type representations is not without precedent and the reader is referred
to the classic paper on ErCrO3 by Bertaut and Mareschal [21] and the review by Bertaut [22]
for a discussion of this phenomenon. Furthermore, Garcia-Matres et al [23] recently observed
such mixing of irreducible representations in Tm;BaNiOs and they pointed out that about 10%
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Figure 5. Neutron powder diffraction pattern of ErFesSng obtained at 1.5 K with 2 = 1.5831(1) A.
The Bragg position markers represent (top to bottom) the ErSnz impurity phase, the ErFegSng Er
magnetic scattering and the ErFesSne nuclear and Fe magnetic scattering, respectively.
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Figure 6. Sections of the neutron powder diffraction patterns of ErFesSne obtained in the
temperature range 1.8-5.3 K with A = 1.5831(1) A. The peak marked ‘Er’ is the purely
antiferromagnetic (1%0) peak from the Er sublattice and the peak marked ‘Fe’ is the purely
antiferromagnetic (120) peak from the Fe sublattice.
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Figure 7. Temperature dependence of the integrated intensity of the antiferromagnetic (1 %0) Er
peak in ErFesSne.

of the magnetic structures listed in the 1976 compendium of magnetic structure by Olés et al
[24] are mixed representations.

Alternatively, one may consider the Er sublattice order in a lower-symmetry space group
than Cmcm. The cell doubling corresponds to a loss of the C translation of the underlying
crystal space group and the magnetic space group must be of lower symmetry than the crystal
group Cmcm. In an attempt to find a space group to produce the two groups of eight Er sites
in the doubled magnetic cell we considered the orthorhombic space groups which are numbers
1674 in the International Tables for Crystallography [25]. We can rule out those groups with
fewer than eight general positions since each Er 4c site produces eight atoms in the doubled
cell. Secondly, we may rule out all but 16 of the remaining groups due to the absence of C,
I, A and F translations among these eight Er atomic positions. At this point we are left with
groups 47-62 and the need for a +(0%O) translation leaves only five groups, namely Pnna
(52), Pccn (56), Pbcm (57), Pbca (61) and Pnma (62). Unfortunately, none of these groups
has a suitable site with the required multiplicity of eight.

However, if we subdivide the eight Er sites arising from the doubling of a crystal 4c site
into two groups of four, one group in the x = 0 plane and the other in the x = % plane, then
each site is represented by the atomic positions (x, y, z), (—x, % +y,2), (x, % -, % +2z)and
(—x,—y, % +z) which is the 4d site in the Pbcm (57) space group. As a consistency check we
note that Pbcm is a type IIA maximal non-isomorphic subgroup of the original Cmcm space
group.

To determine the magnetic structure of the Er sublattice in ErFesSng we carried out a
group theory analysis of the possible magnetic space groups and magnetic ordering modes
derived from the Pbcm space group. There are eight magnetic space groups associated with
the Pbcm crystal space group, as shown in table 2.

The behaviour of the magnetic moments within these magnetic space groups can be
deduced by considering the character table of the mmm group which underpins these magnetic
space groups (table 2). The point group of the Er 4d sites in the doubled cell is m, and the
admissible magnetic point groups of the Er 4d site are therefore the following.

e - - m with the Er magnetic moment perpendicular to the mirror plane i.e. along the c-axis.
e - - m’ with the Er magnetic moment in the mirror plane i.e. in the ab-plane.

Now, if we denote the magnetic moment components of atom 1 (i.e. x, y, z) by uy, 1y and
1., we deduce the moments of the remaining three 4d atoms as shown in table 3, ignoring any
time-reversal operations at this stage. The final magnetic structures can then be derived from
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Table 2. Character table of the mmm group [26].

Representation E  Cyn (G Co I my my m; Magnetic space group
rf +1 +1 +1 +1 +1 +1 +1 +1 Pbcm

ry +1 -1 +1 -1 +1 -1 +1 -1 Pbem’

ry +1 +1 -1 -1 +1 +1 -1 =1 Pbc'm’

ry +1 =1 -1 +1 +1 -1 -1 +1 Pb'c'm

ro +1 +1 +1 +1 -1 -1 -1 =1 Pbm

ry +1 -1 +1 -1 -1 +1 -1 +1  Pbm

ry +1 +1 -1 -1 -1 -1 +1 +1 Pb'cm

ry +1 -1 -1 +1 -1 +1 +1 —1 Pbcm'

Table 3. Atomic positions and generating operations of the Er 4d sites (Pbcm setting) in ErFegSng.

Atom number X Y V4 Generating operation
1 X y 1/4  Identity
(M Ky Hz)
2 —X -y 3/4  2(001/2)0,0,z
(— s —Hy, z)
3 —x y+3 1/4 20300y, 1
(— s Ky —Hz)
4 x —y+3 34 2xb0
(M MKy, —Hz)

the character table for each possible magnetic space group by incorporating the characters of
the generating operations, which takes into account the effects of time reversal.
We note here that

o I'T,I'}, T'; and I'; yield an m, magnetic point group for the Er 4d sites so the magnetic
moment must be parallel to the c-axis in these representations and

o '], I';, T and I', yield a m’ magnetic point group for the Er 4d sites so the magnetic
moment must be perpendicular to the c-axis in these representations.

As mentioned earlier, the neutron diffraction pattern at 1.5 K and the magnetization data
indicate that the Er magnetic order must have both a ferromagnetic and an antiferromagnetic
component. Thus, we may rule out the I'7, I';, I'; and 'y representations since they do
not support such a two-component magnetic structure. We may also rule out the I';” and I
representations since they do not support a ferromagnetic component. Thus, we are left with
either I'] with antiferromagnetic order along the a-axis and ferromagnetic order along the
b-axis or I'; with ferromagnetic order along the a-axis and antiferromagnetic order along the
b-axis.

We find the best fit to the 1.5 K neutron diffraction pattern of ErFesSng to be with the Er
ferromagnetic order along [100] and the Er antiferromagnetic order along [010], corresponding
to a propagation vector of [O%O] in the original Cmcm group. (On a practical note we mention
here that GSAS does not cater for propagation vectors so we cannot directly fit Cmcm + [0%0] J)

The fitted Er ferromagnetic component moment is 2.6 + 1.0 up and the antiferromagnetic
componentis4.9+1.5 ug, yielding anet Ermomentat 1.5 Kof 5.5+1.8 . The ferromagnetic
component determined by neutron diffraction is significantly less than the 5.9(1) ug/Er derived
from magnetization (figure 3). Itis clear from the diffraction patterns shown in figures 4 and 5
that the magnetic scattering in ErFesSng is weak, and while the antiferromagnetic ordering
yields an isolated diffraction peak, the ferromagnetic scattering sits on strong nuclear peaks.
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Figure 9. Magnetic structure of the Er-2 4c sublattice in ErFesSng. Open circles are in the z = %
plane and hatched circles are in the z = % plane.

In most cases the ferromagnetic contribution to a given peak is not much more than the statistical
error in the observed intensity. We note, for example, that the misfits in the difference plot
for the 1.5 K neutron diffraction pattern shown in figure 5 are of the same order as the clear,
antiferromagnetic peak occurring at 260 = 11.95°. Thus, the ferromagnetic component of the
Er** moment is likely to be underestimated and a realistic uncertainty in the fitted value of
2.6 pup is probably at least double the 1.0 up due to statistical analysis of the fitting procedure.
The antiferromagnetic component of the Er** moment is more reliably determined as we
are able to identify purely magnetic, albeit weak, peaks in the diffraction pattern at 1.5 K,
arising from the antiferromagnetism. As we shall see in section 3.4.3, our 'Er Mossbauer
spectroscopy work provides a reliable measure of the total Er** moment, and this total moment
is fully consistent with the resultant of the antiferromagnetic component taken from neutron
diffraction and the ferromagnetic component from magnetization.

In figures 8 and 9 we show the magnetic ordering modes of the Er-1 and Er-2 4c sites,
respectively. The magnetic space group is Pbc’m’ from the I'j representation. Within the
framework of the underlying Cmcm family of magnetic groups, the ferromagnetic group is
Cmc’'m’ and the antiferromagnetic group is Cpm’cm’.

We also obtained a diffraction pattern at 1.5 K on the E6 diffractometer, using a longer
neutron wavelength of 2.447 A to look for magnetic peaks with larger d-spacings than the
(1 %0) peak. No discernible magnetic scattering contributions at d-spacings corresponding to
the (020), (0%0), (030), (0%0) or (100) peaks were observed, consistent with our determined
magnetic structure.
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Figure 10. >’Fe (top), ''?Sn (middle) and '°Er (bottom) Massbauer spectra of ErFegSng obtained
at 295 K (*’Fe and ''?Sn) and 2 K ('%Er). Note the different velocity scales of these three spectra.

3.4. Mossbauer spectroscopy

3.4.1. S Fe Mossbauer spectroscopy. In figure 10 (top) we show the ’Fe Mossbauer
spectrum of ErFesSne obtained at 295 K. The STFe Mossbauer spectra of the RFesSng
compounds have already been published by Rao and Coey [4] and our results are in excellent
agreement with theirs. Our measured >’Fe average hyperfine field By is 20.1(1) T at 295 K.
We fitted the >’Fe Mossbauer spectrum with two magnetically split sextets even though the
ErFegSng structure contains five crystallographically inequivalent Fe sites. From a Mdssbauer
point of view we may treat the Fe sites as effectively magnetically equivalent, given the
similarity of their magnetic environments. There is evidence to suggest that there is a direct
correlation between the Wigner—Seitz (WS) cell volume and By, at the Fe sites [27] and we have
calculated the WS volumes at the five Fe sites in ErFegSng using the BLOKIJE program [28].
We find that the five Fe WS cell volumes all lie in the narrow range 11.4-12.1 A3, which
supports the effective magnetic equivalence mentioned. These experimental and theoretical
findings are also in agreement with band calculations carried out on YFesSng by Rao er al [29].

Our *’Fe By, value of 22.9(3) T at 12 K translates into an Fe atomic magnetic moment of
2.0+ 5 pup at 12 K, using the field-to-moment conversion factor of 11.2+2.5 T/ up, given by
Héaggstrom et al [30], which was derived from a compilation of Mdssbauer data on a number
of Fe—Ge binary compounds. Electronic structure calculations on the RFesSng compounds
by Rao et al [29] yielded a conversion factor of 11.8 T/up for the core electron contribution
to the 3’Fe hyperfine field. Despite the large uncertainty in the field-to-moment conversion
factor, our scaled value of 2.0 & 5 up is fully consistent with the Fe moment of 2.4 4 6 up
derived from our neutron diffraction data at 5.3 K.
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Table 4. WS cells (nearest-neighbour configurations) of the Sn sites in ErFegSng.

Sn atom number ~ WS-cell volume (A3) Er Fe Sn

1 20.0 2 8 5
2 20.4 1 8 7
3 19.0 3 6 3
4 21.4 0 6 9
5 19.2 3 6 3
6 21.9 0 6 9
7 21.0 0 6 9
8 19.8 3 6 3
9 21.4 1 7 7
10 21.5 1 6 7

3.4.2. "9Sn Mossbauer spectroscopy.  Sn is non-magnetic and so any hyperfine magnetic
field observed at the ''°Sn nucleus is due to surrounding magnetic moments i.e. a transferred
hyperfine field. We have determined the nearest-neighbour environments of the ten Sn sites in
ErFesSng by calculating their WS cells using BLOKIJE [28].

Above ~5 K only the Fe sublattice is magnetically ordered and the WS calculations
shown in table 4 indicate that the Sn sites in ErFesSng have either six, seven or eight Fe
nearest neighbours. The magnetic structure of the Fe sublattice in ErFesSng, determined from
our neutron diffraction data, indicates that the Sn 4c sites (Sn; to Sng) have half of their
neighbouring Fe moments along [100] and half antiparallel along [100], resulting in a zero
transferred hyperfine field. The two Sn 8g sites (Sng and Snjg) have all their neighbouring Fe
moments parallel which should result in a substantial transferred hyperfine field at the Sn site.
The two Sn 8g sites account for exactly one-third of the Sn atoms.

In figure 10 (middle) we show the ''°Sn Méossbauer spectrum of ErFegSng obtained at
295 K. The spectrum comprises both a magnetically split and a non-magnetic component
and the fit to the spectrum shows that 36(2)% of the Sn sites have a transferred hyperfine
field of 22.2(1) T whereas the remaining 64(2)% of the Sn sites experience no net transferred
hyperfine field, in excellent agreement with our deduced magnetic structure of the Fe sublattice
in ErFesSng.

3.4.3. ' Er Mdéssbauer spectroscopy. In figure 10 (bottom) we show the ' Er Mossbauer
spectrum of ErFesSng obtained at 2 K. The excited nuclear state spin = 2 and the ground
state spin = O and the spectrum is a well resolved magnetically split quintet despite the fact
that there are two inequivalent Er sites in the ErFesSng structure. This supports our use of
a single Er magnetic moment in the fitting of the neutron diffraction data. The experimental
half-linewidth is 3.5(1) mm s, broader than the source linewidth of 2.49(4) mm s~! on the
ErFe, calibration. This broadening most likely reflects the fact that the ErFesSng structure
actually contains two crystallographically inequivalent Er sites which are unresolved by '®°Er
Méssbauer spectroscopy. Er** electronic relaxation effects persisting below the Er magnetic
ordering temperature may also play a role.

The isomer shift is 0.5(1) mm s~!, the small value being expected for a2 — 0 rotational
nuclear transition.

The electric quadrupole parameter e QVz; = 17.6(7) mm s~ at the '°Er nucleus. This
value is larger than the ‘free-ion’ value of 16.3(7) mm s~! [32], indicating a significant
contribution to the electric field gradient from the surrounding lattice charges. The principal
electric quadrupole energy term comprises two contributions, a dominant 4f term and a smaller
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lattice contribution and to a first approximation in the presence of a large magnetic hyperfine
field can be written, using standard notation, as

eQVzz = eQVy) +LeQViaic[3cos’ 6 — 1 +nsin® 6 cos 26] (1)

where 0 and ¢ are the polar angles of the '®°Er hyperfine magnetic field in the principal
axis system of the electric field gradient. The complete lack of data on the crystal field
interactions in the RFesSng series precludes a more detailed analysis of the electric field
gradient at the '®Er nucleus in ErFesSng. However, we can make the following observations:
the orthorhombic point symmetry of the Er** 4c sites (m2m) yields a non-zero asymmetry
parameter n; furthermore, the X, Y, Z principal axis system of the electric field gradient tensor
must be coincident with the crystal a, b, ¢ axes. However, we cannot determine the precise
axial correspondence between the principal axes of the electric field gradient and the crystal
axes.

The hyperfine magnetic field at the '®Er nucleus in ErFegSng at 1.4 K is 742(5) T. The
hyperfine magnetic field at a rare-earth site in an R—Fe intermetallic compound can be written
as (see e.g. [31])

By = Byy + By + B, + BY, + B + Beys 2)
where the individual terms are the following.

o By is the field due to the incomplete 4f electron shell. The dominant contribution is from
the 4f orbital angular momentum L with a weaker dipolar contribution from the 4f spin
angular momentum S. These momenta may be projected onto the total momentum to
express the field in terms of (J).

e B, is the core polarization field which arises from the deformations of the inner shells by
the 4f shell. This field is written as

Bcp = _Bcop(gf - 1)<JZ> (3)

where pr ~ 6-10 T [32, 33] and g is the Landé g-factor of the R** ion (g; = 1.2 for
Er’).

e B, is the contribution from conduction electron polarization by the spin of the parent R3*
ion.

B, = K,(Sz) = K,(g; — D(J2) )

where K, is a constant.

e BR and B'® are transferred hyperfine fields from the surrounding R and Fe sublattices,
respectively, mediated by conduction electron polarization.

e B, represents any externally applied magnetic fields.

Li et al [34] deduced a value of 770.0 & 7.4 T for the total intra-ionic hyperfine field
(i.e. B4y + B.,) in ErFe,. The Curie temperature of ErFe; is 587 K [35] and the cubic
symmetry precludes second-order crystal-field terms so the magnetic moment of the Er** ion
in ErFe; as T — 0 is effectively the full 9 ug (=g;J). In fact, Li et al [34] calculated a (Jz)
value of 7.4956 for Er** in ErFe,, including a second-order crystal-field term arising from
magnetostriction effects. The full, unquenched (J7) value is 7.5 for Er’*.

The parent conduction electron polarization field B, can be estimated from the work of
Li et al [34] who deduce a value of 9.4 & 1.4 T for K, in ErFe;.

We may estimate the transferred hyperfine field from the Er sublattice to an Er site by
noting that our magnetization measurement yields a ferromagnetic Er moment component of
5.9 ug/Er** ion. The corresponding field in ErFe, is 5.1 & 1.3 T [34] for an Er’* moment of
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9 up, and if we assume that this transferred field scales with the Er sublattice magnetization we
obtain a value of 0.7 T for BnEn" in ErFesSng, using a lattice parameter of 7.283 A for ErFe; [35].

We can assume that the transferred hyperfine field from the Fe sublattice to an Er site
is zero since the Fe sublattice is antiferromagnetic and we have amply demonstrated that the
Er and Fe sublattices are magnetically independent. Finally, we have no externally applied
magnetic fields.

Thus, our experimentally determined '®°Er hyperfine magnetic field value of 742(5) T
translates to (J) = 7.1 which corresponds to an Er** magnetic moment of 8.5(1) ug. This
value is significantly larger than the 5.5 & 1.8 up determined by neutron diffraction alone.
However, as discussed in section 3.3.2, the ferromagnetic component of the Er’** moment is
more reliably determined from our magnetization measurements (5.9 = 0.1 ug). Combining
this value with the antiferromagnetic component provided directly by neutron diffraction
(4.9 £ 1.5 up) yields a total Er** moment of 7.7 & 1.5 g, which is fully consistent with our
direct determination of 8.5(1) g for the total Er>* moment by '®Er Mossbauer spectroscopy.

4. Conclusions

The Fe sublattice in ErFesSne is antiferromagnetic with a Néel temperature of 560(5) K.
We have used high-resolution neutron powder diffraction to show that the direction of Fe
magnetic order is [100] and the Fe magnetic moment (at 5.3 K) is 2.4(6) ug. The Er sublattice
orders magnetically at 4.8(4) K and comprises a ferromagnetic component along [100] and
an antiferromagnetic component along [010]. The magnetic cell is doubled along the b-axis,
relative to the crystal cell. The two ordered components at2 K are 5.9+0.1 up (ferromagnetic
component derived from magnetization measurements) and 4.9 £ 1.5 up (antiferromagnetic
component derived from neutron diffraction). The total Er** magnetic moment deduced by
166Er Mossbauer spectroscopy is 8.5(1) up/Er** The magnetic ordering processes of the Er
and Fe sublattices are independent of each other.
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