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Reorientation of antiferromagnetism in cobalt doped FeSn
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FeSn is an itinerant antiferromagnet that hosts electronic Dirac states and ordered magnetic moments lying
within its Fe Kagome-lattice planes. We present magnetization measurements of single crystals of (Fe1−xCox)Sn,
revealing the evolution and suppression of this magnetic order with Co substitution. We interpret the dramatic
changes in magnetic anisotropy to indicate a reorientation of the moments from perpendicular to parallel to
the hexagonal c axis and confirm this with neutron diffraction. It has been proposed that the Dirac nodes
observed in FeSn should become gapped if the moments rotate as our data suggests. We identify Co-substituted
compositions that adopt both antiferromagnetic configurations at different temperatures. This system provides a
unique opportunity to study how the details of magnetic order impact Dirac electron states.
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I. INTRODUCTION

Topological materials have been a significant focus of the
condensed-matter community for the last decade, reviving
interest in a number of seemingly simple compounds (e.g.
Bi, Bi2Se3, TaAs) [1,2]. Magnetic order has provided another
method of tuning the curious electronic states present in
these compounds [3–5]. FeSn is an excellent example of a
compound where electronic degeneracy may be tuned with
magnetic order [6,7].

FeSn adopts a B35 hexagonal structure (P6/mmm, No.
191) composed of Sn-filled Fe-Kagome layers (see inset of
Fig. 1) separated by sheets of Sn [8,9]. FeSn is an itinerant
antiferromagnet below TN = 365 K [9–16]. This phase is
characterized by nearly collinear Fe-moments ⊥ [001] within
the Kagome layers which are aligned antiparallel to their
neighboring layers along the c axis [8,11–13] (sketched in left
inset of Fig. 1).

Dirac nodes have been identified in the electronic structure
in FeSn [6,7]. This is significant because this electronic degen-
eracy is present in its magnetically ordered state. Lin et al. [6]
proposed that the Dirac nodes at the H-point in FeSn become
gapped if the antiferromagnetic moments were rotated to an
axial orientation.

CoSn is isostructural with FeSn [9,17] but does not order
magnetically [15]. These compounds do form a complete
solid solution, (Fe1−xCox)Sn, with evolving magnetic prop-
erties investigated in Ref. [9] above room temperature.

In this paper, we investigate the systematic evolution of
the anisotropic magnetic properties of (Fe1−xCox)Sn single
crystals below 380 K. The results suggest a cobalt substitution
induces a reorientation of ordered magnetic moments from the
antiferromagnetic arrangement in FeSn and ultimate suppres-
sion of magnetic order (summarized in Fig. 1). The dramatic
temperature variation of magnetization suggests that the anti-
ferromagnetic moments rotate continuously from a planar to
an axial orientation via an intermediate tilted phase producing
a pair of sharp features. We confirm this moment rotation

with neutron diffraction. Based on the prediction in Ref. [6],
we propose an illustrative angular resolved photoemission
experiment to observe the gapping-out and re-establishment
of the Dirac nodes in a single (Fe0.94Co0.06)Sn sample. This
composition exhibits all three antiferromagnetic phases (axial,
tilted, and planar) below the Néel temperature.

II. METHODS

Crystals of (Fe1−xCox)Sn were grown by flux growth from
a melt of 98 or 97 at. % tin in alumina crucibles by cooling
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FIG. 1. Magnetic phase diagram of (Fe1−xCox)Sn showing sup-
pression and reorientation of antiferromagnetism with Co substi-
tution. The planar magnetic order observed in FeSn remains the
ground state for x < 0.09. Right of the transition delineated by T2

samples adopt a tilted phase with moments rotating smoothly from
an in-plane orientation before locking into the axial phase at the
transition T1. The top insets depict the transition-metal moments of
the proposed magnetic phases. The bottom inset shows a projection
of the FeSn crystal structure.
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from 800 to 600 ◦C over 200 h. See Appendix A for details of
the growth and resulting crystals.

These crystals were characterized by powder x-ray diffrac-
tion (PANalytical X’pert Pro, with Cu-Kα radiation). The
refined lattice parameters are presented in Appendix B and
confirm a complete solid solution between FeSn and CoSn as
reported in Ref. [9]. Chemical compositions were determined
with a Brucker Quantax 70 energy dispersive spectrometer
on polished crystals in a Hitachi TM3000 scanning electron
microscope. These compositions are used throughout this
paper.

Magnetization measurements were performed on single
crystals in a Quantum Design Magnetic Property Measure-
ment System (MPMS) from 2–380 K in plastic drinking
straws. An applied field of 1 kOe was chosen as it was gener-
ally below a change in slope observed in some magnetization
vs field data [10,18]. Four-probe electrical resistivity was
measured on crystals shaped into bars contacted with Pt wire
and Ag epoxy (H20E) giving contact resistances of 1–4 �.
Samples were measured between 2 and 390 K with the ac-
transport option of a 9 T Quantum Design Physical Property
Measurement System (PPMS). Heat capacity measurements
were carried out in the same PPMS using the Quantum Design
heat capacity option. Apiezon N-grease was used between
1.8 and 300 K using dense addenda steps (2.5 K) above
190 K to mitigate the effects of grease characteristics in this
temperature range [19,20]. Apiezon H-grease was used to
measure heat capacity from 200 to 380 K.

Neutron diffraction was carried out on a 3.6-mg single
crystal of (Fe0.94Co0.06)Sn with the TOPAZ single-crystal
diffractometer at the Spallation Neutron Source [21,22]. Sam-
ple temperature was controlled by a nitrogen cryostream
and the time-of-flight data from the 25 spherically arranged
detectors was processed with Mantid [23]. All plots presented
were generated with the same crystal orientation.

III. RESULTS

First, we will discuss the physical properties of an illus-
trative dilute-Co sample compared to undoped FeSn. The top
panel of Fig. 2 presents the anisotropic magnetization versus
temperature data. The Néel transition in FeSn is evident as
a maximum in the magnetization. Cooling below this, the
signal remains nearly constant (≈ 0.036 emu/g) along [001]
but is suppressed in-plane. This magnetic anisotropy (M‖/M⊥
≈ 1.3 as T → 0 K) arises from the relative ease of the planar
Fe-moments (oriented ⊥ [001]) [8,11–13] to cant to follow a
field along [001] [24].

The magnetic behavior of the cobalt-substituted crystal
(brown curves) is strikingly complicated, producing cliff and
inverted shark-fin shaped magnetization curves. Again, both
orientations display a maximum in magnetization signaling
the onset of antiferromagnetism at 340 K but the anisotropy
is reversed just below. Unlike pure FeSn, the susceptibility
⊥ [001] retains the larger, constant value while the response
along [001] drops dramatically on cooling until T1 = 255 K
(minimum M‖/M⊥ = 0.4). This can be explained by the
development of axial ordered-moments (‖ [001]) which re-
spond more to an applied field in the ab plane than along
[001]. The magnetization of isostructural FeGe shows simi-

FIG. 2. Magnetization, resistivity and heat capacity versus tem-
perature of (Fe0.96Co0.06)Sn (brown curves). Magnetization versus
temperature (top) shows dramatic variations in magnetic anisotropy
compared to FeSn (thinner, black curves). Sharp features at
T1 = 255 K and T2 = 155 K signal transitions between antifer-
romagnetic orders with distinct orientation of magnetic moments
labeled with colored bars. Resistivity (ρ, middle) and heat capacity
(bottom) do not present discernible features at T1 or T2.

lar anisotropic response [25–27] and has been demonstrated
to adopt this axial antiferromagnetic order between 55 and
410 K [28–30].

This anisotropy is dramatically and continuously reversed
between T1 and T2 = 155 K , below which the response is
relatively constant (M‖/M⊥ = 1.8). Note that the values of
magnetization along [001] and sign of anisotropy of both
samples are comparable at low temperatures, suggesting a
similar planar antiferromagnetic order. Finally, the magneti-
zation curves of (Fe0.96Co0.06)Sn are continuous through both
T1 and T2 implying second-order transitions [31]. The curious
progression of magnetic response of Co-doped FeSn with
temperature clearly signal changes in its magnetic order.

Resistivity measurements on a crystal of (Fe0.94Co0.06)Sn
from the same batch (middle of Fig. 2) reflect little
of the changes evident in magnetization data. The sam-
ple shows metallic behavior between 2 and 390 K with
R(300 K)/R(2 K) = 2.5 with I ⊥ [001]. This resistance
ratio is dramatically lower than pure FeSn (≈ 154) [10]. This
is primarily a consequence of a substantially larger residual
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FIG. 3. Evolution of axial magnetization of (Fe1−xCox)Sn single
crystals. Transitions of each curve are highlighted by matching
colored symbols: TN diamonds, T1 ×’s, T2 triangles, and T3 squares.
Transitions were defined by the intercept of extrapolations of the
curve on either side as shown for x = 0.21. Samples with x � 0.46
display a deviation of field-cooled and zero-field-cooled magnetiza-
tion marked with a square as exemplified by x = 0.46 below 35 K.

resistance (FeSn ≈ 1.6 and Co-doped ≈ 158 μ�cm for I
⊥ [001]) likely due to disorder on the transition metal site.
There is a clear kink in the resistance curve corresponding
to TN = 340 K. Plotting the derivative emphasizes this feature
but neither resistance or its derivative show any feature cor-
responding to T1 and T2. This suggests that these changes in
magnetism have little impact on the electronic scattering and
structure (near the Fermi energy).

The heat-capacity measurements of (Fe0.94Co0.06)Sn at the
bottom of Fig. 2 also show frustratingly little sensitivity to the
events at T1 and T2. We clearly observe a second-order jump
in Cp at TN similar to that observed in FeSn [10]. There are no
discernible jumps in the Cp(T ) curve at T1 or T2, suggesting
very little entropy is associated with these transitions.

Now we turn to the striking variation of this magnetic be-
havior across the FeSn-CoSn series. The systematic evolution
of H ‖ [001] magnetization curves are presented in Fig. 3 for
selected compositions. First, consider the monotonic suppres-
sion of TN (indicated by diamonds) with increasing cobalt up
to x = 0.46. When cooled below this temperature crystals with
x > 0.03 show a steep drop in c-axis susceptibility in contrast
to pure FeSn (x = 0). Once again, we propose that this signals
an antiferromagnetic phase with axial moments developing
immediately below TN.

FIG. 4. Neutron diffraction data from a (Fe0.94Co0.06)Sn crystal.
Slices of the H0L plane are presented at 100 and 280 K, revealing
peak intensities at half-integer L consistent with the planar and
axial moment configurations, respectively. Indices are based on the
paramagnetic unit cell. Bins with more than 30 000 counts are green.

As observed with x = 0.06, the magnetization trend re-
verses sharply on cooling through T1 (marked with ×’s). The
c-axis magnetization increases until it reaches the magnitude
of the x = 0 curve and abruptly levels off for x = 0.04 and 0.06
at T2 (marked with triangles). We interpret this as the tilted
phase with a continuous evolution of moment orientations
from the axial (‖ [001]) to the planar phase identified in
undoped FeSn on cooling. The magnetization of x = 0.13
never attains the magnetization of the lower-x samples below
T1. In our model, this indicates that the moments never lock
into a purely planar orientation in this sample.

The data from the three highest-x samples display a di-
vergent behavior to a low temperature maximum on cooling
(marked with squares). This is discussed in Appendix C and
we focus here on the changes in antiferromagnetism at lower-
Co concentrations.

Finally, neutron diffraction data from a crystal with x
= 0.06 at 100 and 280 K are presented in Fig. 4 (additional
temperatures in Appendix D). In both cases, magnetic Bragg
peaks at half-integer L signal commensurate antiferromag-
netic order with a propagation vector (00 1

2 ) (r.l.u. in the
paramagnetic cell). Critically, the peaks at (00 1

2 ) and (00 3
2 )

(indicated with arrows) are significantly weaker (500 and 20
times, respectively) at 280 K than 100 K. We infer that the
ordered moments are parallel to [001] at 280 K based on these
nearly absent peaks. This confirms our picture of ordered
moments developed from the magnetization data.

IV. DISCUSSION

We interpret the graceful evolution of magnetization curves
presented in Fig. 3 to signal a reorientation of antiferromag-
netic moments from planar to axial as presented in Fig. 1.
These two phases have been identified in FeSn [11] and FeGe
[26,28–30], respectively. Between x ≈ 0.03 to 0.2, samples
pass through an intermediate (tilted) phase where the moment
orientations smoothly rotate between the two orientations.
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In this picture, the transitions at T1 and T2 correspond to
the unlocking/locking of moments to the axial and planar
orientations.

Neutron diffraction results reveal the antiferromagnetic
propagation vector is (00½) in the planar, tilted, and axial
phases. This indicates moments simply rotate while retaining
the same ferromagnetic in-plane and antiferromagnetic out-
of-plane correlations in all three phases.

Next, we want to address the weak intensity at (00 1
2 )

and (00 3
2 ) in the 280 K plot of Fig. 4. If the moments are

aligned along [001], as we assert, there should not be elastic
peaks with these scattering vectors. One explanation for this
unexpected intensity is inelastic scattering by low-energy,
transverse magnons because TOPAZ doesn’t have energy
discrimination for elastic scattering. We suspect that the static
moments are completely axial between 255 and 340 K based
on the magnetization data in Fig. 2.

We rationalize the absence of distinct features in resistance
versus temperature at T1 and T2 in Fig. 2 by remembering the
itinerant character of antiferromagnetism in this system. The
changes in the electronic structure that occur at TN appear to
have a limited effect on resistivity, producing only a subtle
kink. Reorientation of the ordered moments is expected to
modify the crossing of specific electronic bands well below
the Fermi energy [6]. This would have little impact on the
terms that determine electrical resistivity [32]. In addition,
these subtle band modifications do not release significant
entropy, explaining the absence of features in the heat ca-
pacity data below TN. Resistance or heat-capacity features
are absent at a similar moment reorientation identified in
YbFe6Ge6 [33].

The reorientation we propose has important implications
for the electronic bands. The planar antiferromagnetic state
of FeSn has been shown to host Dirac fermion features
in its electronic structure [6,7]. Lin et al. go on to note
that these nodes should gap out if the moment orientation
is axial (as they are no longer protected crystallographic
symmetry) [6].

This is exactly the situation we believe is present in
(Fe1−xCox)Sn. In fact, compositions near x = 0.06 provide
exciting samples for study as they appear to pass through
all three phases on cooling; axial (gapped nodes), tilted
(gapped?), and planar (ungapped). We propose that angular-
resolved photoemission experiments could observe the gap-
ping of the Dirac nodes in the axial phase. After cooling
further, this gap should reclose as the moments adopt the
planar configuration below T2.

This system can also provide insights into controlling and
understanding magnetic anisotropy in itinerant systems. This
has an important implication for discovery and engineering of
ferromagnets [34,35] and the understanding of antiferromag-
netism in other correlated systems [36,37].

Finally, Fig. 1 depicts how TN is suppressed by Co substitu-
tion, trending to 0 K somewhere near x = 0.6. Tuning a phase
transition to 0 K is a common theme in condensed-matter
physics [38,39]. Along these lines, new features are observed
in magnetization data for composition in the neighborhood of
x ≈ 0.6 below 40 K discussed briefly in Appendix C. We plan
to investigate this carefully in the future to understand what is
happening in this regime.

V. CONCLUSIONS

We examined the curious evolution of magnetic properties
of (Fe1−xCox)Sn single crystals. Based on our results, we
determine that the magnetic moments reorient from the planar
orientation, identified in FeSn, to axial with cobalt substitu-
tion. These phases are separated by a tilted phase where the
moments smoothly rotate between the two configurations. The
planar antiferromagnetic state in FeSn has been demonstrated
to host Dirac nodes which are proposed to gap-out if the
moments align along the c axis. We propose that a sample that
adopts each phase at different temperatures (e.g., x = 0.06) is
an ideal candidate for a photoemission experiment to test for
gapped and ungapped nodes in each case.
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APPENDIX A: CRYSTAL GROWTH

Sn shot (Alfa Aesar Puratronics, 99.9999% metals ba-
sis), Fe granules (Alfa Aesar, 99.98% metals basis), and Co

FIG. 5. Hexagonal lattice parameters of (Fe1−xCox)Sn as a func-
tion of composition determined by energy disperse spectroscopy.
Reported data from Djega-Mariadassou et al. [9] are plotted for
comparison.
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FIG. 6. Neutron diffraction results from a single crystal of (Fe0.94Co0.06)Sn collected with the TOPAZ instrument. H0L slices of the
diffraction data are presented for temperatures in each of the phases identified in this sample. The crystal orientation and exposure are the same
for all. The upper scale was adjusted to emphasize antiferromagnetic peaks and bins with more than 30 000 counts are colored green.

powder (Alfa Aesar, 99.998% metals basis) totaling 6.5 g
were loaded into a 2 mL Canfield Crucible Set [41]. This was
sealed in a fused-silica ampoule under vacuum.

This ampoule assembly was heated in a box furnace to
1100 ◦C over 9 h then held for 12 h to pull the transition metals
into solution. Next the furnace was cooled to 1000 ◦C in 3 h
and held for 48 h. During this time, the furnace was opened
and each ampoule was shaken to stir the melt [10,42]. Next the
furnace was cooled to 800 ◦C over 28 h then slowly cooled to
600 ◦C over 200 h to grow the crystals. Finally, the ampoule
was removed from the furnace and inverted into a centrifuge

to rapidly fling off liquid Sn. The properties of FeSn can vary
with quench temperature [10], therefore we emphasize that
all samples were quenched from 600 ◦C by this centrifuge
procedure.

The crystals obtained by this procedure ranged from 0.5
to 2 mm stubby, hexagonal rods and plates for Fe-rich com-
positions to 0.05 by 6 mm hexagonal needles at the Co-rich
end. All crystals exhibited bright, metallic facets and were
brittle with cleavage along (001). The mass of (Fe1−xCox)Sn
crystals obtained decreased with Co additions as the solubility
of Co in Sn is higher than Fe [43–45]. This is why we used
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98 and 97 at. % Sn for Fe and Co rich batches, respectively.
Residual Sn on the surface of crystals could be removed by
soaking in a 37% HCl solution for 1-3 h. This procedure
had to be watched carefully because the (001) facets of the
(Fe1−xCox)Sn crystals were etched noticeably and blackened
while the other facets remained shiny.

APPENDIX B: LATTICE PARAMETERS

Figure 5 shows that lattice parameters of the FeSn-CoSn
solid solution series determined by powder x-ray diffraction.
The lattice shrinks in both the a and c directions with Co
additions in agreement with the Djega-Mariadassou et al. [9].

APPENDIX C: LOW-TEMPERATURE PHASE

A low-temperature peak is observed in the magnetization
versus temperature for crystals with higher cobalt concentra-
tions (Fig. 3). This behavior is clearly distinct from TN in the
x = 0.46 sample. In x = 0.46, 0.59 (not shown), and 0.76
the maximum is associated with a divergence (marked with
squares) in the field-cooled and zero-field cooled magnetiza-
tion curves (shown only for x = 0.46).

Potential explanations for this low-temperature magnetic
response include impurities, spin glass behavior or a new
magnetic phase. Spin-glass behavior or another magnetic
ground state are possibilities as either could be the result of
the suppression of antiferromagnetic order toward a quantum

critical point with Co-doping. Determining the origin of this
magnetic response is a short-term goal.

APPENDIX D: NEUTRON DIFFRACTION

Neutron-diffraction results from a single crystal of
(Fe0.94Co0.06)Sn are presented as H0L slices in Fig. 6 at
four key temperatures. Peaks are indexed with respect to
the paramagnetic FeSn unit cell. In the paramagnetic state
(350 K), only nuclear Bragg peaks appear with integer H
and L. On cooling through TN = 340 K, magnetic peaks
appear with half-integer L in the 280 K plot. This signals
the development of antiferromagnetic order with propagation
vector 00½ r.l.u. and a doubling of the hexagonal unit-cell
along the c axis. The peaks on the 00L line are very weak
compared to (10½) because of the orientation of the magnetic
moments in the axial phase. At 200 K, the antiferromagnetic,
half-integer L peaks on the 00L line are significantly stronger
as moment component perpendicular to [001] develops in the
the tilted phase. Finally, at 100 K strong intensity is observed
at all low-Q antiferromagnetic peaks.

Initially, one might expect the fully planar moments we
propose at 100 K to create reduced intensity peaks with
scattering vectors nearly perpendicular to (00L). There are at
least three orientations for domains for the planar antiferro-
magnet. Strong intensity is still observed at (20½) because
this scattering vector has a component perpendicular to the
ordered moments in some of these domains.
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