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Neutron Diffraction and Mössbauer Study of the
Magnetic Structure of HoFe6Sn6
J. M. Cadogan, Suharyana, D. H. Ryan, O. Moze, and W. Kockelmann

Abstract—We have used Time-of-Flight (ToF) neutron powder
diffraction, and both 57Fe and119Sn Mössbauer spectroscopy, to
study the independent magnetic ordering behavior of the Fe and
Ho sublattices in HoFe6Sn6. The crystal structure of HoFe6Sn6
is orthorhombic (space group Immm). The Fe sublattice orders
antiferromagnetically with a Néel temperature of 559(5) K, de-
termined by differential scanning calorimetry. The ToF neutron
diffraction patterns obtained at 30 K and 295 K show that the an-
tiferromagnetic ordering of the Fe sublattice is along [100] with a
propagation vectorq = [010]. The magnetic space group of the
Fe sublattice is and the Fe magnetic moment at 30 K
is 2.31(5) . This magnetic structure is confirmed by our 119Sn
Mössbauer spectra in which 37% of the Sn nuclei experience a sub-
stantial transferred hyperfine field from the Fe sublattice while the
remaining 63% of the Sn sites show no magnetic splitting, due to
the cancellation of transferred hyperfine fields from the Fe neigh-
bors, in full agreement with our Wigner–Seitz cell calculations for
each of the eight Sn sites in the HoFe6Sn6 structure. The Ho sub-
lattice orders ferromagnetically at 9(1) K. ToF data obtained at 4 K
show that the Ho moments are aligned along [001] i.e., perpendic-
ular to the Fe ordering. The magnetic space group of the Ho sub-
lattice is . The refined Ho magnetic moments at 4 K are
4.4(2) and 5.2(2) at the 2a and 4h sites, respectively.

Index Terms—Magnetic structures, Mössbauer spectroscopy,
neutron diffraction, rare-earth intermetallics.

I. INTRODUCTION

I T IS WELL established that the Fe and R sublattices
in the RFeGe and RFeSn intermetallic compounds

( , Y) exhibit independent magnetic behavior
with roughly two orders of magnitude difference between the
antiferromagnetic ordering temperature of the Fe sublattice
(450–550 K) and the ordering temperature of thesublattice
( 30 K) [1]–[4]. The order is predominantly ferromagnetic
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with some R atoms showing additional antiferromagnetic
components [5]–[8]. This magnetic independence seems to be
a consequence of the special position of thesites whereby
there is a net cancellation of the exchange fields from the
surrounding Fe planes. Theordering is then most likely due
to an RKKY-type of indirect exchange.

In this paper we present the results of a Time-of-Flight
(ToF) neutron diffraction study of HoFeSn from which we
determine the magnetic ordering modes of both the Fe and Ho
sublattices.

II. EXPERIMENTAL METHODS

The HoFeSn samples were prepared by arc-melting
stoichiometric amounts of the pure elements under Ti-gettered
argon. Samples were subsequently annealed at 900C for two
weeks, sealed under vacuum in quartz tubes. Powder x-ray
diffraction patterns were obtained using Cu–Kradiation
on an automated Nicolet–Stoe diffractometer. Thermogravi-
metric analysis was carried out on a Perkin–Elmer TGA-7
in a small magnetic field gradient to look for evidence of
ferro- or ferri-magnetic ordering in either the HoFeSn
compound or in any impurity phases which might be present.
The Néel temperature of the Fe sublattice in HoFeSn was
measured on a Perkin–Elmer DSC-7, using the heat capacity
peak at as the signature of magnetic ordering. Mössbauer
spectra using the Fe and Sn resonances were collected in
constant–acceleration mode using a conventional transmission
spectrometer. Magnetization measurements were made at
2 K on a Quantum Design SQUID magnetometer in applied
magnetic fields up to 9 T.

Time-of-Flight (ToF) neutron powder diffraction patterns
were collected on the ROTAX diffractometer at the ISIS spal-
lation neutron source, Didcot, UK. Data were collected from
two separate scattering detector banks, a low-angle “forward”
bank located at 2 and a high-angle “backward” bank
located at 2 . Data were collected at 4 K, 30 K, 295 K
and 593 K. All neutron diffraction patterns were analyzed using
the Rietveld method with the GSAS program [9].

III. RESULTS AND DISCUSSION

The annealed sample of HoFeSn was virtually
single-phase, with a small amount of cubic HoSnpresent
as an impurity in the amount of 3 wt.%, as determined from
the fits to the neutron diffraction patterns. The impurity was
included in all data refinements. The Néel temperature of the
Fe sublattice in HoFeSn is 559(5) K. The crystal structure
of HoFe Sn is orthorhombicImmm(#71) [10] in which there
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Fig. 1. Neutron powder diffraction pattern ofHoFe Sn at 593 K (top), 30 K
(middle) and 4 K (bottom).

are two Ho sites, four Fe sites and eight Sn sites. The lattice
parameters (at 295 K) determined by neutron diffraction are

Å, Å and Å;.
The refinement “ -factors (%)” are: ,

and .

A. Fe Sublattice Ordering

In Fig. 1 we show the neutron diffraction patterns of
HoFe Sn obtained at 593 K, 30 K and 4 K, obtained in

TABLE I
REFINED ATOMIC POSITIONS(ATOMIC SITE GIVEN IN BRACKETS) AND

ISOTROPICTHERMAL PARAMETERS (B ) IN HoFe Sn AT 593 K

forward-scattering mode. The 593 K pattern, being above
of the Fe sublattice, comprises only nuclear scattering. The
295 K pattern is omitted since it is virtually identical to the
30 K pattern. The refined atomic position parameters are given
in Table I.

Comparison of the neutron diffraction patterns taken above
and below indicate that the magnetic ordering of the Fe re-
sults in the appearance of extra peaks which may be indexed as

(nuclear scattering peaks obey
for the Immmspace group). This is most clearly seen at

Å, the extra peak being indexed as (131), (160). Thus,
the Fe order may be described asanti-I i.e., Fe moments re-
lated by the body-centering I-translation are
antiparallel.

There are eight possible magnetic space groups associated
with the Immmcrystal space group [11] and we have previ-
ously discussed in detail the derivation of the magnetic space
group for the Fe sublattice in our paper on the isostructural
YFe Sn compound [12], which has the same crystal space
group as HoFeSn , namelyImmm. This derivation is based on
a consideration of the point symmetries of the four Fe sites in
the HoFeSn structure and we refer the reader to our previous
paper for this discussion. Thus, we deduce that is the
magnetic space group for the Fe sublattice in HoFeSn . Fur-
thermore, the Fe 4f site’s magnetic point group of is only
admissible with the Fe magnetic moment parallel to the 2-fold
axis which shows that the magnetic ordering direction of the Fe
sublattices in HoFeSn is the [100] “ ” axis. We assume that
the magnetic moments of the four Fe sites are collinear which is
reasonable given the strength of the Fe–Fe exchange interaction
(we recall that K).

The fit to the 30 K neutron diffraction pattern with the Fe
moments placed along the [100] direction and a propagation
vector of [010] is shown in Fig. 1. The refined Fe magnetic
moments at 295 K and 30 K are 2.04(5) and 2.31(5) ,
respectively.

The ordering of the Fe moments along the orthorhombic
-axis is fully consistent with the magnetic order found in the
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Fig. 2. Sn Mössbauer spectrum ofHoFe Sn obtained at 295 K.

parent FeSn compound, as explained in our previous paper on
YFe Ge [13].

As in our previous study of the Fe sublattice order in
YF Sn [12], we have used Sn Mössbauer spectroscopy
to confirm the Fe sublattice magnetic ordering mode deduced
from our neutron scattering experiments. Sn is nonmagnetic and
so any hyperfine magnetic field observed at theSn nucleus
is due to surrounding magnetic moments i.e., a transferred
hyperfine field. We have determined the nearest-neighbor
environments of the eight Sn sites in HoFeSn by calculating
their Wigner–Seitz cells using the BLOKJE program [14].
Our magnetometry and ac-susceptometry measurements (not
shown here) indicate that the Ho sublattice in HoFeSn orders
magnetically at 9(1) K. Thus, above10 K only the Fe sublat-
tice is magnetically ordered and the Wigner–Seitz calculations
show that all Sn sites have six Fe nearest-neighbors. However,
the magnetic structure of the Fe sublattice in HoFeSn ,
determined from our neutron diffraction data, indicates that
Sn sites 1–6 have three Fe moments along [100] and three Fe
moments antiparallel along [100], resulting in a zero transferred
hyperfine field. Sn sites 7 and 8 have all six Fe moments parallel
which should result in a substantial transferred hyperfine field
at the Sn site. Sn sites 7 and 8 account for exactlyof the
Sn sites.

In Fig. 2 we show the Sn Mössbauer spectrum of YFeSn
obtained at 295 K. The spectrum comprises both magnetically-
split and nonmagnetic components and the fit to the spectrum
shows that 37(1)% of the Sn sites have a transferred hyperfine
field of 22.3(1) T whereas the remaining 63(1)% of the Sn sites
experience no net transferred hyperfine field. These results are
in excellent agreement with the magnetic structure of the Fe sub-
lattice in HoFeSn , deduced from the ToF neutron diffraction.

B. Ho Sublattice Ordering

The neutron diffraction patterns of HoFeSn , shown in
Fig. 1, clearly confirm that the Ho sublattice magnetically

orders between 4 K and 30 K. The strong magnetic peak
appearing at Å in the 4 K pattern is indexed as
(110), i.e., , and is due to the Ho sublattice
ferromagnetic order. The fitting of the 4 K pattern shows that
the Ho ordering direction is perpendicular to that of the Fe
sublattice ( axis). We find the best fit is with the Ho moments
along the -axis. The refined Ho magnetic moments at 4 K are
4.4(2) and 5.2(2) at the 2a and 4h sites, respectively.
These moments are significantly lower than the “free-ion”
value of 10 which reflects the fact that the measurement
was made at . The magnetic space group of the
Ho sublattice in HoFeSn is . The refined Fe moment
at 4 K is 2.32(5) .

IV. CONCLUSION

The Fe sublattice in HoFeSn is antiferromagnetic with a
Néel temperature of 559(5) K. The direction of magnetic order
is [100] with a propagation vector of [010]. The Fe magnetic
moment (at 295 K) is 2.04 . The magnetic space group of
the Fe sublattice is . Sn Mössbauer spectroscopy
confirms the Fe sublattice magnetic structure determined from
the ToF neutron diffraction patterns. The Ho sublattice orders
ferromagnetically at 9(1) K along the [001]-axis, i.e., perpen-
dicular to the Fe order. The refined Ho magnetic moments at 4 K
are 4.4(2) and 5.2(2) at the 2a and 4h sites, respectively.
The magnetic space group of the Ho sublattice is .
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