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Stannides TmMn6-xFexSn6, with hexagonal HfFe6Ge6-type structures, were studied by x-ray and neutron
diffraction, magnetic measurements, and by 119Sn Mössbauer spectroscopy. Transition metal atoms form kagome
networks in (001) planes with an intraplanar ferromagnetic coupling of their moments. At temperatures >∼20
to 50 K, Mn-rich stannides (x = 0.4, 0.6, 1.2) have an AFII easy-plane antiferromagnetic (AFM) structure, with
interplanar couplings + + − − along the c axis. The thulium sublattice orders magnetically at low temperature.
The complexity of the resultant neutron diffraction patterns arises from a mixture of several magnetic phases,
some being incommensurate. The Tm sublattice does not order >1.6 K in Fe-rich stannides (x = 4.25, 4.5, 5.0).
Fe-rich stannides have an AFI AFM structure, this time with interplanar couplings + − + −. The M = Mn/Fe
magnetic moments are directed along the c axis for x = 5 at any temperature. Further, neutron diffraction shows
that moments rotate from the c axis toward the basal plane >4.2 K with maximum rotation angles of ∼70° and
∼55° reached at ∼50 and ∼80 K for x = 4.25 and 4.50, respectively. Transferred hyperfine fields at tin sites
of TmMn6-xFexSn6 stannides are the moduli of 119Sn vectorial hyperfine magnetic fields that are modeled for
the AFI and AFII magnetic structures, assuming a random substitution of Mn with Fe. Models involve sums
of dipolar-type and of isotropic vector components with simple assumptions about the model parameters. The
transferred hyperfine magnetic fields at 119Sn nuclei are measured by Mössbauer spectroscopy. The hyperfine
magnetic fields of Sn atoms, whose six transition metal nearest neighbors are ferromagnetically coupled, are
predicted and observed to vary linearly with their number of Fe first nearest neighbors. The hyperfine magnetic
fields on Sn atoms sandwiched between two AFM coupled kagome planes are expected proportional to |p2 − p1|,
where one of the two kagome planes contains p1 Fe first nearest neighbors and the other p2. Tin atoms with a
ferromagnetic first nearest neighbor shell experience negative hyperfine fields in Mn-rich stannides, whereas
they experience positive hyperfine fields in the Fe-rich stannides. This change is explained by a change of sign
of the isotropic hyperfine magnetic fields which occurs when going from Mn- to Fe-rich stannides.

DOI: 10.1103/PhysRevB.104.184433

I. INTRODUCTION

The hexagonal HfFe6Ge6-type structure of RM6Sn6 stan-
nides, space group P6/mmm (Fig. 1), is first characterized by
three crystallographic sites, namely, 2c, 2d, and 2e, which are
equally occupied by Sn atoms. Second, the crystallographic
site 6i is occupied by M transition metal atoms, where M
is Mn or Fe herein. Finally, the crystallographic site 1a is
occupied by rare-earth atoms R (Fig. 1, Table S1 in the
Supplemental Material [1]). Manganese atoms form kagome
networks (Fig. S1 in the Supplemental Material [1]) in (001)
planes (ab planes), also called kagome planes from now on.

Some recent studies (Refs. [2–12] and Sec. I in the Supple-
mental Material [1]), deal with transition-metal-based kagome
magnets, a class of materials which is of fundamental impor-
tance. They include, among others, RM6Sn6 stannides. These
studies focus on the physical consequences of the interplay
between lattice geometry and electron correlation.
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Most previous studies of RM6Sn6 stannides focused on
crystallographic characteristics (Fig. 1) and on magnetic
properties and structures. In addition, 119Sn Mössbauer spec-
troscopy yielded detailed information on hyperfine magnetic
fields in stannides, notably in RMn6Sn6 and RFe6Sn6 (R =
Li, Mg, Sc, Pr-Sm, Gd-Lu, U) [13–26]. Here, 119Sn hyperfine
magnetic fields provide invaluable information on the local
evolution of magnetic structure.

This paper is devoted to TmMn6-xFexSn6 stannides, ei-
ther Mn-rich (x = 0.4, 0.6, 1.2) or Fe-rich (x = 4.25, 4.5,
5.0). A TmMn6-xFexSn6 stannide might form for any x,
as TmMn6Sn6 and TmFe6Sn6 both crystallize with the
HfFe6Ge6-type structure. Our aim was, first, to follow the ef-
fect of the substitution of Mn with Fe on magnetic structures,
as studied by magnetic measurements and neutron diffrac-
tion and, second, its effect on transferred hyperfine magnetic
fields at 119Sn nuclei. Complex magnetic structures are ob-
served at low temperatures in Mn-rich stannides because
of the ordering of the Tm magnetic moments. By contrast,
magnetic structures are simpler in Fe-rich stannides because
the Tm magnetic moments do not order >1.6 K. Two sim-
ple “high-temperature” antiferromagnetic (AFM) structures,
named AFII and AFI, are observed from neutron diffrac-
tion patterns. They are characterized by an ordering of the
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FIG. 1. (a) HfFe6Ge6-type structure of Tm(Mn, Fe)6Sn6.
(b) Sn2c, Sn2d, and Sn2e tin sites with their first (Mn,Fe) and Tm
neighbors.

transition metal moments which are ferromagnetically cou-
pled in their (0 0 1) kagome planes [24]. These moments lie
in the kagome planes in the Mn-rich stannides and are per-
pendicular to them, at least at 4.2 K, in the Fe-rich stannides
(Fig. 2). Successive ferromagnetic (0 0 1) kagome planes are
coupled along [0 0 1] according to sequences + + − − and
+ − + − for AFII and AFI, respectively [20,25] (Fig. 2).

Above 324 K, TmMn6Sn6 exhibits an easy-plane AFII
AFM structure [25]. An easy-axis AFI-type structure is
observed instead in TmFe6Sn6, at T >∼ 1.6 K, as in most
HfFe6Ge6-type RFe6Sn6 stannides [25]. The Fe moments
μFe = 2.40(4)μB at 2 K are directed along the c axis.

In practice, TmFe6Sn6 is slightly understoichiometric in
Tm, with a composition Tm1-δFe6Sn6 (δ ≈ 0.1) [25]. X-
ray diffraction patterns at room temperature (RT, nominally
295 K) indicate that Mn-rich TmMn6-xFexSn6 stannides are
essentially stoichiometric in Tm, while the Fe-rich ones,
Tm1-δMn6-xFexSn6, are slightly understoichiometric in Tm
with δ ≈ 0.05 (Table S2 in the Supplemental Material [1]).

The nominal composition TmMn6-xFexSn6 will still be used
hereafter.

The transferred magnetic hyperfine fields at 119Sn nuclei
are interpreted with a model whose physical basis finds a
justification in first-principles electronic structure calculations
[13,17]. It combines both dipolar and isotropic magnetic field
components with the additional assumption of a random dis-
tribution of Mn and Fe on the 6i sites. The predicted hyperfine
magnetic fields are then compared with hyperfine magnetic
fields obtained from 119Sn Mössbauer spectra. However, it
is very difficult to confidently differentiate the effects of
complex low-temperature magnetic structures on the 119Sn
Mössbauer spectra from those of the disordered substitution of
Mn with Fe (Fig. 2 and Fig. S7 in the Supplemental Material
[1]). To circumvent these difficulties, the magnetic structures
AFI and AFII were given a major role to compare experimen-
tal and predicted hyperfine magnetic fields.

II. EXPERIMENTAL METHODS

A. Materials

The samples were prepared in an induction furnace start-
ing from stoichiometric mixtures of elements: Tm from
Alphaceasar, 99.9%; Fe from Cerac, 99.95%; Mn from
Chempur, 99.99%; and Sn from Chempur, 99.99%. As-cast
ingots were annealed at 1123 K for 1 week and quenched
in water. Phases were identified by x-ray powder analysis
(Xpert Pro diffractometer CuKα). Low-intensity peaks due
to “impurities” were attributed, respectively, to elemental tin,
Mn1-xFexSn2 (CuAl2-type), (Mn, Fe)2-xSn (Ni2In-type) and,
in Fe-rich stannides, to CeNiSi2-type Tm(Mn, Fe)xSn2. All
impurities represent ∼5 wt. %.

B. Magnetization measurements and neutron diffraction

The thermal variation of the magnetization was measured
with a MANICS magnetosusceptometer at a temperature in-
creasing from 300 to 700 K in an applied field of 0.05 T.
The low temperature (5–350 K) magnetization measurements
were performed upon field cooling with a physical property
measurement system (PPMS) from Quantum Design in DC
field up to 9 T.

FIG. 2. Magnetic structures of the studied TmMn6-xFexSn6 compounds (further, AFI structures with canted moments are observed in the
Fe-rich case, Sn atoms are not shown).
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Neutron diffraction patterns were obtained with the D1B
diffractometer at the Institut Laue Langevin (Grenoble) at a
wavelength λ = 2.520 Å. Structural and magnetic parameters
were refined using FULLPROF software [27]. They are detailed
in the Supplemental Material [1].

C. 119Sn Mössbauer spectroscopy

Here, 119Sn Mössbauer spectra were measured in trans-
mission geometry with a spectrometer operating in the con-
ventional constant-acceleration mode. Spectra were recorded
at various temperatures from 4.2 to 300 K in a JANIS (Re-
search Company Inc.) liquid helium cryostat. Polycrystalline
absorbers, with natural abundance of 119Sn isotope and area
density of ∼10 mg cm−2, were used. The source, kept at RT,
was Ba 119mSnO3 with a nominal activity of 10 mCi. A palla-
dium foil of 0.05 mm thickness was used as a critical absorber
for tin x rays. Velocity calibration was performed against a
12-μm-thick α-Fe foil at RT using a source of 57Co in Rh.
Here, 119Sn isomer shifts (ISs or δ) are referred to BaSnO3 at
RT.

Here, 119Sn Mössbauer spectra of TmMn6-xFexSn6 were
fitted with a standard least-squares method, making as-
sumptions which are briefly described in Sec. IV A in the
Supplemental Material [1]. A hyperfine magnetic field dis-
tribution was calculated for TmMSn6 at 4.2 K (Sec. X B
in the Supplemental Material [1]) with a constrained Hesse-
Rübartsch method [28]. In TmMSn6 (M = Mn or Fe), point
symmetries at sites 2c, 2d, and 2e, are, respectively, 6m2, 6m2,
and 6mm. They imply that the Z principal axes of the electric
field gradient tensors (h = c, d, e) are parallel to the c axis
and that the associated asymmetry parameters are all equal to
zero (Sec. IV B in the Supplemental Material [1]). The effects
of electric field gradients on the fitted hyperfine magnetic
fields are further discussed in Sec. IV B in the Supplemental
Material [1].

Only absolute values of 119Sn hyperfine magnetic fields
were measured in our experimental conditions. These mea-
sured fields are the only hyperfine parameters we discuss
in this paper. Theoretical results are available for hyperfine
magnetic fields transferred at Sn sites in RMn6Sn6 with R =
Mg, Zr, Hf [17] and for LiMn6Sn6 [13]. We infer from this
information the signs of the measured hyperfine magnetic
fields.

III. CRYSTALLOGRAPHIC FEATURES OF TmMn6-xFexSn6

The hexagonal HfFe6Ge6-type structure (space group no
191: P6/mmm) depicted in Fig. 1 may be made from two
distinct slabs. The latter are characterized by rather different
magnetic interactions in ternary RMn6Sn6 stannides [20]: a
Mn-[R-Sn(2c)]-Mn slab and a Mn-Sn(2e)-Sn(2d)-Sn(2e)-Mn
one [Fig. 1(a)]. The Sn(2d) and Sn(2c) sites are in mirror
planes perpendicular to the c axis. Hereafter, tin atoms will
be denominated indifferently as Sn(2h) “atoms” or “sites”
where h = c, d, e refers to the sites they occupy (2c, 2d, 2e)
(Fig. 1).

Tin atoms at (2c) and (2d) sites in RMn6Sn6 are at the
centers of trigonal prisms of Mn atoms [Fig. 1(b)]. Their
first Mn neighbors form equilateral triangles in two parallel

kagome planes. By contrast, the neighbors of Sn(2e) atoms
are located at the vertices of regular hexagons of a single
kagome plane, as sketched in Fig. 1(b). In RMn6-xFexSn6, all
three tin sites have six M transition metal atoms as first nearest
neighbors, and the 2c, 2d, and 2e Sn sites have 3, 0, and 1 R
neighbors, respectively. These structural features have, among
others, the following two consequences:

(a) Only Sn(2e) and Tm atoms contribute significantly to
the structure factors of ( 2 + 1) lines. They are, for
instance, proportional to ( fSn − fTm) for = 0 for any x. Be-
cause the coherent scattering lengths bSn and bTm have similar
values, 6.225 fm and 7.07 fm, respectively, substantial inten-
sities of the ( 1) neutron diffraction lines are essentially due
to magnetic contributions.

(b) The 119Sn hyperfine magnetic fields at the three tin sites
depend on the local configurations of the magnetic moments
of their first M nearest neighbors, located in two kagome
planes for Sn(2d) and Sn(2c) sites and in a single kagome
plane for Sn(2e) sites (Fig. 1). Although the two former planes
are undistinguishable, we choose for convenience to denote
as K+ the kagome plane first met when going from a given
Sn(2h) atom (h = c, d) in the [001] direction and as K−
the one first met in the opposite direction (Fig. S5 in the
Supplemental Material [1]).

Rietveld refinements of XRD patterns (CuKα) of the
studied TmMn6-xFexSn6 stannides reveal a slight understoi-
chiometry in Tm (≈5%) within the Fe-rich alloys (Table S2
in the Supplemental Material [1]), which is reminiscent of that
observed in the ternary TmFe6Sn6 parent stannide [25].

IV. MAGNETIC PROPERTIES OF TmMn6-xFexSn6

Figure 3 shows the thermal variation of the magneti-
zation of TmMn6-xFexSn6 stannides, either Mn-rich (x =
0.4, 0.6, 1.2) or Fe-rich (x = 4.25, 4.5, 5.0). Table S3 in
the Supplemental Material [1] gives values of some mag-
netic characteristics of these stannides. Néel temperatures are
clearly evidenced in Mn-rich stannides through pronounced
local maxima that are much more marked than in Fe-rich
stannides. The magnetization jump observed ∼270 K in Mn-
rich stannides arises from the ferromagnetic (Mn, Fe)2−xSn
impurity. The low-temperature thermal variations of the
magnetization of TmMn6-xFexSn6 alloys are presented in
Fig. 3(b). Here, TmMn5.4Fe0.6Sn6 shows a two-step increase
of the magnetization upon cooling, while TmMn4.8Fe1.2Sn6

displays a pronounced ferromagnetic transition. In con-
trast, the other stannides show only minor magnetization
changes at low temperature. The magnetization curves of
TmMn5.6Fe0.4Sn6 and TmMn1.75Fe4.25Sn6 comprise a smooth
peak ∼25 K. In addition, a slope change occurs ∼8 K for
TmMn1.5Fe4.5Sn6 and TmMn1.75Fe4.25Sn6.

The field dependences of the magnetization at 4.2 K are
shown in Fig. 3(c) for the six studied stannides. They were
measured immediately after recording the isofield data. The
curves of the alloys with x = 0.4 and 0.6 are characterized
by a marked irreversible upturn at a critical field close to
μ0Hcrit ∼ 0.9 T and by a nonzero remnant magnetization.
This is likely due to the anisotropy of the magnetically
ordered Tm sublattice. The TmMn4.8Fe1.2Sn6 stannide ex-
hibits a spontaneous magnetization, suggesting that μ0Hcrit
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FIG. 3. Thermal variation of the magnetization of
TmMn6-xFexSn6 (μ0Happl = 0.05 T): (a) full temperature range and
(b) low-temperature range. (c) Field dependence of magnetization at
4.2 K.

would be <0.05 T, the field under which the thermomag-
netization data were recorded. The three Fe-rich stannides
do not exhibit any remnant magnetization, but the curves
of TmMn1.75Fe4.25Sn6 and TmMn1.5Fe4.5Sn6 display a pro-
nounced reversible field-dependent transition. This suggests
field-induced modifications in the M sublattice.

V. NEUTRON DIFFRACTION

A. Mn-rich TmMn6-xFexSn6 stannides

Figure 4 shows the thermal evolution of the neutron diffrac-
tion patterns of the three Mn-rich TmMn6-xFexSn6 solid
solutions (x = 0.4, 0.6, 1.2).

At high temperature, >∼20–50 K, the three patterns dis-
play only the (0 0 1

2 ) and (0 0 3
2 ) peaks characteristic of the

AFM AFII structure in addition to the nuclear peaks. The AFII
structure is built upon ferromagnetic kagome layers with the
moments in the kagome plane (Fig. 2). The interlayer coupling
is ferromagnetic through the M-Sn(2e)-Sn(2d)-Sn(2e)-M slab
and AFM through the M-[Tm-Sn(2c)]-M, yielding the + +
− − sequence (i.e., a magnetic cell twice as large as the
chemical one along the c axis). This structure, which oc-
curs only >324 K in TmMn6Sn6 [24], is thus stabilized by
the substitution of Mn with Fe in Mn-rich solid solutions.
The refined parameters near T ∼ 90 K are given in Table S4
in the Supplemental Material [1], while the corresponding
neutron patterns are shown in Fig. S4 in the Supplemental

FIG. 4. Thermal evolutions of the neutron diffraction patterns of
Mn-rich TmMn6-xFexSn6 compounds (x = 0.4, 0.6, 1.2) and of Fe-
rich TmMn6-xFexSn6 compounds (x = 4.25, 4.5, 5.0).

Material [1]. Near T ∼ 90 K, the M moment magnitude
refines to μM ∼ 2.2 μB, as generally observed in Mn- or Fe-
based 1-6-6 stannides [16,17,20,21]. The refined Fe content is
close to the nominal one.

The features of the low-temperature patterns strongly de-
pend on the Fe content (Fig. 4). They are related to the
magnetic ordering of the Tm sublattice. The diffraction pat-
terns arise from a mixture of several magnetic phases. Because
the study of 119Sn hyperfine magnetic fields (Sec. VI) only
deals with magnetic structures where only the M sublattice is
ordered, the detailed analysis of the low-temperature neutron
diffraction patterns is beyond the scope of this paper. We limit
ourselves to a brief comment on these patterns (Fig. 4).

Upon cooling <∼20 K, the patterns of TmMn4.8Fe1.2Sn6

mainly display an increase of the (1 0 0) and (1 0 1) peak
intensities and the emergence of an additional peak without
significant change in the intensity of the (0 0 1

2 ) and (0 0
3
2 ) peaks. The additional peak can be indexed as a (101)+
satellite with a propagation vector (0 0 qz ≈ 0.34). Upon
cooling, the neutron patterns of TmMn5.4Fe0.6Sn6 also show
the appearance of incommensurate peaks without significant
change in the intensity of the AFII peaks but with no magnetic
intensity on the top of the (1 0 1) nuclear peaks. We observe
the successive growths of the (1 0 1)+ satellite (qz ≈ 0.28)
below approximately T = 29 K and of the (101)+ satellite
(qz ≈ 0.24) below approximately T = 20 K. This feature is
likely related to the two-step variation of the magnetization
at low temperature (Fig. 3). By contrast, the low-temperature
patterns <∼50 K of TmMn5.6Fe0.4Sn6 are characterized
by a strong reduction of the intensities of the AFII peaks
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FIG. 5. Temperature dependence of the refined angle θ between
the moment direction and the c axis for TmMn6-xFexSn6 with x =
4.25 and 4.50.

concomitant with the growth of a set of magnetic satellites
that can be indexed with a propagation vector (0 0 qz ≈ 0.24).

B. Fe-rich TmMn6-xFexSn6 stannides

The thermal evolutions of neutron diffraction patterns of
the three Fe-rich TmMn6-xFexSn6 solid solutions (x = 4.25,
4.5, 5.0) are shown in Fig. 4.

No superlattice lines are observed. All diffraction peaks
can be indexed based on the HfFe6Ge6-type cell. All patterns
are characterized by a significant intensity of the (1 0 1) line,
though the corresponding nuclear structure factor is very weak
(see Sec. III). This line is characteristic of the AFI AFM
structure usually adopted by the Fe moments in RFe6Sn6. This
structure consists of ferromagnetic kagome planes stacked
along the c axis with the + − + − sequence (Fig. 2). The
missing (0 0 1) peak in TmMn1.0Fe5.0Sn6 indicates that the
magnetic moment is aligned along the c axis. In contrast, the
patterns of the two other Fe-rich stannides (x = 4.25 and 4.50)
show that the (0 0 1) intensities vary strongly with tempera-
ture. These variations show that the moment direction deviates
markedly from the c axis. The refinements were carried out
with a variable angle θ between the direction of the moments
and the c axis. The temperature dependence of the angle θ is
presented in Fig. 5. The refined parameters and R factors are
given in Table S5 in the Supplemental Material [1], while the
observed and calculated patterns are shown in Fig. S5 in the
Supplemental Material [1].

The patterns of the three Fe-rich stannides do not exhibit
any additional significant change at low temperature, suggest-
ing that the Tm sublattice is not ordered, at least >1.6 K,
as in TmFe6Sn6 [25]. Therefore, the weak low-temperature
anomalies in their magnetization curves (Fig. 3) are due to
magnetic impurities (Sec. IV).

VI. 119Sn HYPERFINE MAGNETIC FIELDS IN
RMn6-xFexSn6 (R = rare earth)

Random vectors are denoted hereafter in bold underlined
italic fonts, while their realizations are in bold italic fonts.

The hyperfine magnetic field model, which is described below,
was first successfully applied to 119Sn hyperfine magnetic
fields measured in distannides MSn2 (M = Mn, Fe) [29–33].
They were seen later to be consistent with theoretical results
outlined below.

A. Some literature results about 119Sn transferred hyperfine
magnetic fields in HfFe6Ge6-type RMn6Sn6 stannides

Explanations of the various contributions to the 119Sn hy-
perfine magnetic fields in HfFe6Ge6-type RMn6Sn6 stannides
(R = Li, Mg, Zr, Hf) were obtained from first-principles
electronic structure calculations [13,17]. Hybridization be-
tween metalloid p states and transition metal d states leads
to bonding and antibonding hybrids situated at the bottom and
at the top of the transition metal d band, respectively [17].
The s symmetry states of Sn atoms exhibit two regions with
different polarization signs, going from negative at low energy
to positive at an energy larger than the Fermi energy. Bonding
states with a preferential occupation by minority spin states
corresponds to the low-energy part, while the reverse holds for
antibonding states at higher energy. The total Fermi contact
contribution, which arises from the finite spin density of 5s
electrons at 119Sn nuclei, is the sum of a negative contribution
due to the bonding states and of a positive contribution due to
the antibonding states. Theoretical calculations show that the
transferred hyperfine magnetic fields in the previous RMn6Sn6

stannides are negative, i.e., their directions are opposite to the
directions of the magnetic moments of the first Mn neighbors
(or to the directions of their sums) [17].

In addition to the Fermi contact term, transferred hyper-
fine magnetic fields include a negligible orbital contribution
[17] and a small lattice dipolar contribution (<1 T), due to
the moments of neighboring atoms. The transferred hyper-
fine magnetic fields include also a local dipolar contribution
arising from the nonspherical valence p spin density of tin
hybridized with the spin-polarized d states of transition metal
atoms. The latter dipolar part of the transferred field, which is
simply explained as being due to the spin density of valence
p electrons localized in each Mn-Sn bond, can be as large as
several Tesla for Sn atoms. The lattice dipolar field due to the
first nearest magnetic moments and the previous local dipolar
field are formally identical. A hand-waving argument is as
follows: the local term defined above is by far larger than the
lattice term because of the typical r−3 distance dependence of
dipolar fields. The dipolar field we consider is represented by
the left term of Eq. (1). A priori, it is not collinear with the
contact field.

Both the separation between bonding and antibonding
states and the 5s spin polarization increase when the Mn-Sn
distance decreases. The M-Sn(2h) distances at 300 K, for
h = c, d, e, in TmMn6-xFexSn6 stannides studied herein, are
respectively ≈2.57, 2.61, and 2.86 Å in Mn-rich stannides
and ≈2.57, 2.56, and 2.80 Å in Fe-rich stannides, for any x in
the two investigated Fe ranges. Thus, the measured hyperfine
magnetic field at the Sn(2e) site is expected to be smaller than
those measured at Sn(2d) and/or at Sn(2c) sites. However,
this occurs only if the sums of the first M nearest neigh-
bor moments of the last two sites differ from zero [Eq. (1)
below].
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B. An explicit simple model of 119Sn transferred hyperfine
magnetic fields applied to various stannides

The present study of hyperfine magnetic fields in stan-
nides, with a HfFe6Ge6-type structure, is restricted to “high”
temperatures for which only M (Mn, Fe) magnetic moments
are ordered. The studied stannides with AFI and AFII struc-
tures might be looked at as “pseudo-binary alloys” of Mn
and Fe atoms in parallel kagome planes, probed locally by
119Sn atoms. The 119Sn hyperfine magnetic fields B(2h)

M in
TmMn6-xFexSn6 pseudobinary alloys are modeled by Eq. (1).
On the left is a vector sum of anisotropic dipolar hyperfine
magnetic fields, and on the right is a vector sum of Fermi
contact isotropic hyperfine magnetic fields, both due to the
six M first nearest neighbors of the considered tin site:

B(2h)
M =

6∑
i=1

AaMi(2h)

[
uMi(μMi · uMi ) − 1

3
μMi

]

+
6∑

i=1

AisMi(2h)μMi. (1)

The hyperfine magnetic fields we measured are the moduli
of B(2h)

M . The conversion constants AaMi(2h), AisMi(2h), (h =
c, d, e), from magnetic moments into, respectively, anisotropic
and isotropic hyperfine magnetic fields depend on the studied
stannide, on the considered tin site, and on the nature of
its ith M nearest neighbor. Figure S5 in the Supplemental
Material [1] exemplifies some constituents of Eq. (1). As men-
tioned above, the 119Sn hyperfine magnetic fields are negative
in HfFe6Ge6-type RMn6Sn6 stannides [17], as are then the
isotropic coefficients AisMn(2h).

C. Anisotropic and isotropic constants in HfFe6Ge6-type
RMn6Sn6 stannides

The anisotropic fractions of the total transferred hyperfine
magnetic fields are measured to be almost negligible fractions,
∼3 to 4%, of the total hyperfine magnetic fields for Sn(2d)
and Sn(2c) sites in RMn6Sn6-xXx (R = Y, Tb, Er, and X =
In, Ga) [21]. As the hyperfine magnetic fields are negative
(Sec. VI A), the AaMn(2h) and the AisMn(2h), which have the
same sign for all Sn sites [21], are negative.

In a series of 14 RMn6Sn6 stannides with ferromag-
netically coupled Mn moments in (001) kagome planes,
transferred hyperfine magnetic fields at Sn(2d) sites range
from 30 to 33.4 T at T � 7 K. In these stannides, R atoms
are not all rare earth elements (R = Li, Mg, Zr, Hf, Sc, Y,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu [13,17,18]). Further, Mn
magnetic moments have similar values at low temperature,
μMn ∼ 2.5(3)μB, and similar relative orientations. This rather
narrow distribution of hyperfine magnetic fields is consistent
with the smallness of anisotropic constants as compared with
isotropic constants. Although large, the previous hyperfine
magnetic fields are much smaller than the one of 57 T mea-
sured at 119Sn impurities on Gd sites in hexagonal GdCo5 at
5 K [34].

D. Additional assumptions about AisM (2h) and AaM (2h)
constants in TmMn6-xFexSn6

The lack of experimental or theoretical information about
possible local distortions produced by the substitution of Mn
with Fe in TmMn6-xFexSn6 pseudobinary alloys, particularly
in the Fe-rich range, leads us to make additional assumptions
on the parameters associated with the six Sn(2h)-M bonds of
any tin site:

(a) The anisotropic and isotropic constants AaMn(2h) and
AisMn(2h) are supposed to be identical for all Sn(2h)-Mn
bonds, as are AaFe(2h) and AisFe(2h) for all Sn(2h)-Fe bonds.
The latter are a priori different from the former, and all may
depend on x.

(b) All the projections of unit vectors carried by Sn(2h)-Mn
bonds (Fig. 1 and Fig. S5 in the Supplemental Material [1]) on
the c axis are assumed to have the same lengths. The same
assumption holds for all the projections onto the ab plane.
Similar assumptions apply to all Sn(2h)-Fe bonds, but the
lengths differ a priori from the previous ones. These lengths
are denoted, respectively, as uzM (2h) (c axis) and uabM (2h) (ab
plane).

Experimental hyperfine magnetic fields (Sec. VIII) suggest
that anisotropic and isotropic constants differ for Mn- and
Fe-rich stannides. However, as x/6 varies only by ∼0.13 and
∼0.29 in Mn- and Fe-rich stannides, respectively, the previous
constants are seen to be essentially independent of x in each
range. Finally, the projections of the above unit vectors may
vary, though moderately, with temperature, at most 300 K.

E. Probabilities of configurations of M atoms around
Sn atoms in TmMn6-xFexSn6

Here, Sn(2h), (h = c, d, e), have all six M first nearest
neighbors. For a random distribution of M atoms on kagome
lattices, the probability P(p) that a Sn(2h) atom [named here-
after Sn2h(p)] has p Fe atoms and 6-p Mn atoms as nearest
neighbors is simply given by a classical binomial distribution
which is written as

P(p) =
(

6
p

)(
x

6

)p(
1 − x

6

)6−p

(p = 0, 1, ..., 6), (2)

where (6
p) is a binomial coefficient. Table S6 in the

Supplemental Material [1] gives the most significant values
of P(p) for the different pseudobinary alloys we studied. The
number of configurations of p Fe neighbors of Sn(2c) or
Sn(2d) atoms contained in a single kagome plane A(1)(p) or
in two kagome planes A(2)(p) is further given in Table S7 in
the Supplemental Material [1].

VII. PREDICTED 119Sn HYPERFINE MAGNETIC FIELDS
IN RMn6-xFexSn6 STANNIDES

The considered magnetic structures are described from a
stacking of parallel kagome planes, each with ferromagneti-
cally coupled transition metal atoms M (Secs. V A and V B),
whose moment magnitudes μM are either equal to μMn or to
μFe.
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A. General expressions of hyperfine magnetic fields in RM6Sn6

1. Anisotropic hyperfine magnetic fields in RM6Sn6

The contribution of K+ to anisotropic hyperfine magnetic
fields at Sn(2h) sites B(2h)

aM (K+) is calculated in Sec. V A in the
Supplemental Material [1] from the left sum in Eq. (1) to be

B(2h)
aM (K+) = Aaeff,M (2h)

[
α(2h)

2

]
(μM − 3μzM ), (3)

where α(2h) = 1, 1, 2 for h = c, d, e, respectively, and μzM is
the projection of the magnetic moment μM on the [001] axis.
Further, Aaeff,M (2h) = AaM (2h)[1−3u2

zM (2h)], where u2
zM (2h)

is the square of the length of the projection on the c axis of a
unit vector carried by any Sn(2h)-M bond.

2. Total hyperfine magnetic fields in RM6Sn6

(M is either Mn or Fe)

The moments μM of M atoms, in a single kagome plane
or in two successive kagome planes, are assumed to make an
angle θ with the c axis at a temperature T made explicit in
Eqs. (4) and (5). The latter equations hold for those Sn(2h)
sites which are sandwiched between two ferromagnetically
coupled kagome planes and, in all cases, for Sn(2e) sites
which are bound to a single plane. In addition to h = e,

(a) h = c, d in ferromagnetic RM6Sn6 stannides (examples
are given in Ref. [21]), and

(b) h = d in RM6Sn6 stannides with the AFII AFM struc-
ture (Fig. 2).

An orthonormal coordinate system with unit vectors
(ux, uy, uz), where uz = [001] (Fig. S5 in the Supplemental
Material [1]), is defined in Sec. V in the Supplemental Mate-
rial [1]. The total angle-dependent hyperfine magnetic fields
at Sn(2h) sites defined above at a temperature T, B(2h)

M,T (θ ), are
obtained in the (ux, uy, uz) reference system from Eqs. (1)
and (3) to be

B(2h)
M,T (θ ) = B(2h)

M,T (90◦) sin θux + B(2h)
M,T (0◦) cos θuz. (4)

Equation (4) and some of its applications are discussed in
Sec. V B in the Supplemental Material [1]. For Sn atoms, with
six identical nearest neighbors (M = Mn or Fe), Eqs. (1) and
(3) yield the explicit expressions of B(2h)

M,T (90◦) and B(2h)
M,T (0◦)

as

θ = 90◦ ⇒ B(2h)
M,T (90◦) = [6AisM (2h) + Aaeff,M (2h)]μM (T )

θ = 0◦ ⇒ B(2h)
M,T (0◦) = [6AisM (2h) − 2Aaeff,M (2h)]μM (T ).

(5)

In general, the direction of the total hyperfine magnetic
field, calculated from Eq. (1), deviates from the moment di-
rection in collinear magnetic structures except if they are easy
plane or easy axis (Fig. 2).

B. Hyperfine magnetic fields in stannides TmMn6-xFexSn6

Hyperfine magnetic fields at tin sites in TmMn6-xFexSn6

change when 6 Mn neighbors are replaced by 6-p Mn neigh-
bors and p Fe neighbors (p = 0, …,6). Therefore, the vector
hyperfine magnetic field at a given tin site Sn(2h) is a random
vector B(2h)

M , which takes a set of vector values associated
with the many possible ways of distributing 6 Mn and Fe first

nearest neighbors around the given tin site for the given Fe
content.

The anisotropic hyperfine magnetic field B(2h)
aM is a

sum of six random vectors X Mi (i = 1, …,6) associ-
ated with dipolar hyperfine magnetic fields (HMFs). The
two possible values of each of the 6 X Mi are X Mi =
AaMi(2h)[uMi(μMi · uMi ) − μMi/3], where Mi is either Mn or
Fe [Eq. (1)]. The random hyperfine magnetic field at site
Sn(2h) is then B(2h)

M = ∑6
i=1 [X Mi + AisMi(2h)μMi], where the

last term is the isotropic hyperfine magnetic field which de-
pends on a random magnetic moment μMi either equal to μMni
or to μFei. Further calculations are described in Sec. VI A in
the Supplemental Material [1].

For those Sn(2h) atoms which have either 6 Mn or 6 Fe first
nearest neighbors, the magnetic hyperfine fields we consider
have well-defined values. For M being either Mn or Fe ev-
erywhere in the next three relations, we write the anisotropic
fields from Eq. (1)

B(2h)
aM =

6∑
i=1

AaM (2h)
[
ui(μM · ui ) − μM

3

]
=

6∑
i=1

X Mi, (6)

the isotropic fields B(2h)
isM = 6AisM (2h)μM , and the total hyper-

fine magnetic fields

B(2h)
M = B(2h)

aM + B(2h)
isM . (7)

All sites (6i) occupied at random by M atoms in
TmMn6-xFexSn6 are statistically equivalent. However, from
the point of view of tin “probes,” the statistical equivalency
of their 6 M first nearest neighbors depends further on local
magnetic structures. The assumptions done in Sec. VI D lead
us to distinguish two main cases, relevant for the AFI and AFII
magnetic structures, for which the six first nearest neighbor
sites of the considered tin atoms are

(1) statistically equivalent. This is the case for Sn(2e) sites
whose 6 M first nearest neighbors are always ferromagneti-
cally coupled and are thus interchangeable. This is also the
case of tin sites sandwiched between two ferromagnetically
coupled kagome planes [case (a) of Sec. VII A 2]; or

(2) statistically inequivalent. This holds for tin sites sand-
wiched between two kagome planes, which are not themselves
ferromagnetically coupled. The six neighboring sites are then
split into two groups of three equivalent sites, each in a fer-
romagnetic kagome plane. Then it is necessary to know not
only the total number p of Fe first nearest neighbors but also
their repartition among the two neighboring kagome planes
(p1, p2).

For a given Fe content x and a random substitution of Mn
atoms with Fe atoms, the average hyperfine magnetic fields at
Sn(2h) atoms are calculated in Sec. VI in the Supplemental
Material [1] as a function of p [and if required of (p1, p2)].
A comparison of experimental fields with the moduli of their
calculated counterparts is thus possible.

1. Six statistically equivalent first nearest neighbor sites

Experimental results (Sec. VIII) show only a weak hyper-
fine magnetic field dependence on x for a given number p of
their Fe nearest neighbors for stannides which belong to the
same class, i.e., either to the Mn- or Fe-rich class. The calcu-
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lated average hyperfine magnetic fields B(2h)
M (p) (x is omitted)

yield predicted hyperfine magnetic fields B(2h)
pred(p), the mod-

ulus of B(2h)
M (p) which are just those to which experimental

hyperfine magnetic fields B(2h)
exp (p) have to be compared.

With the set of assumptions described in Sec. VI D, the
average anisotropic and isotropic hyperfine magnetic fields
and thus the average total hyperfine magnetic fields at sites
Sn2h(p), where p is a fixed number, are calculated in Sec. VI A
in the Supplemental Material [1]. Equations (24)–(26) in
the Supplemental Material [1] give explicitly the separate
anisotropic (subscript aM) and isotropic (isM) contributions
to the total (M ) hyperfine magnetic field of Sn(2h) atoms
which have p Fe first nearest neighbors B(2h)

aM (p), B(2h)
isM (p), and

B(2h)
M (p). The average total field (Eq. (26) in the Supplemental

Material [1])

B(2h)
M (p) = B(2h)

Mn − p

[
B(2h)

Mn − B(2h)
Fe

]
6

(8)

is then a weighted sum, linear in p, of the two hyperfine
magnetic fields B(2h)

Mn and B(2h)
Fe [Eq. (7)] of Sn(2h) atoms with,

respectively, 6 Mn and 6 Fe first nearest neighbors. Ideally,
the latter fields are or would have to be measured both at the
same temperature for the given Fe content.

2. Two groups of three statistically equivalent first
nearest neighbor sites

For Sn(2h) atoms sandwiched between two kagome planes
AFM coupled, the index h is h = c, d for the AFI structure,
while it is h = d for the AFII structure (Fig. 2). The numbers
of Fe atoms in kagome planes K− and in K+ (Fig. S5 in
the Supplemental Material [1]) are denoted, respectively, as
p1 and p2 = p − p1 (Table S7 in the Supplemental Material
[1]). In easy-axis AFI and easy-plane AFII, the isotropic and
anisotropic contributions to total hyperfine magnetic fields are
collinear. Further, if the anisotropic hyperfine magnetic fields
are negligible as compared with the isotropic ones, then the
predicted experimental hyperfine magnetic fields reduce to
(Eq. (28) in the Supplemental Material [1])

B(2h)
pred(NFe) = NFe|AisMn(2h)μMn − AisFe(2h)μFe|, (9)

where NFe = |p2 − p1| plays the role of an “effective” number
of Fe nearest neighbors. Relations, which include anisotropic
terms, are given in Sec. VI B in the Supplemental Material
[1]. In all cases, the calculated hyperfine magnetic fields vary
linearly with NFe.

Finally, the dispersion of the distribution of the modulus
of the random magnetic hyperfine field B(2h)

M contributes to
Mössbauer line broadening, possibly asymmetrical to some
extent.

VIII. EXPERIMENTAL 119Sn HYPERFINE MAGNETIC
FIELDS of TmMn6-xFexSn6 AND THEIR INTERPRETATION

As we measure only absolute values of hyperfine magnetic
fields, we define for convenience A−

isM (2h) = −AisM (2h) and
A−

aM (2h) = −AaM (2h) (M = Mn, Fe, h = c, d, e).
Section IV B in the Supplemental Material [1] discusses

the validity of hyperfine magnetic fields as obtained from
Mössbauer spectra with the assumption that first-order per-

turbation theory holds. It leads us to conclude that anisotropic
and isotropic constants are confidently calculated for tin sites
whose hyperfine magnetic fields are large enough. The latter
are measured at tin sites whose first nearest neighbors are
ferromagnetically coupled, i.e., Sn(2e) in all stannides and
Sn(2d) in Mn-rich stannides (easy-plane AFII structure).

A. Three Mn-rich stannides (x = 0.4, 0.6, 1.2) in the easy-plane
AFII state (T � 30 K)

The easy-plane AFII-type structure (Fig. 2), which exists
only >324 K in TmMn6Sn6 [24], is stabilized by the substi-
tution of Mn with Fe. Figure 6 shows observed and calculated
119Sn Mössbauer spectra of three TmMn6-xFexSn6 stannides
with x = 0.4, 0.6, and 1.2, recorded respectively at 55, 46, and
30 K in the AFII state, while those observed at 4.2 K, with
magnetically ordered Tm moments, are shown in Fig. S6 in
the Supplemental Material [1]. All parameters obtained from
least-squares fits are collected in Table S8 in the Supplemental
Material [1].

Positive ratios AaMn(2h)/AisMn(2h) <≈ 7% in
RMn6Sn6-xXx compounds (R = Y, Tb, Er; X = In, Ga)
are reported in Ref. [21] for Sn(2d) and Sn(2c) sites.
They range between ∼20 and ∼70% for site Sn(2e).
The isotropic contribution is thus expected to be still
the main part of the total hyperfine magnetic field in
Mn-rich stannides. As AisMn(2h) is negative, AaMn(2h) is
also negative. Both constants are conveniently written as
A−

uM (2h)(u = is, a, aeff ).

1. An estimate of A−
isMn(2d) from the hyperfine

magnetic fields of TmMn6Sn6

The hyperfine magnetic field of Sn(2d) atoms in
TmMn6Sn6, which has thus 6 Mn neighbors (p = 0), B(2d)

exp (0),
lies most likely between 30 and 33.4 T. Indeed, Table S8 in the
Supplemental Material [1] shows that the measured B(2d)

exp (0)
appear to be independent of x, with a mean of 31.3 ± 0.3
T at temperatures of 30, 46, and 55 K. The latter mean
is 31.7 ± 0.3 T at 4.2 K. All these values are close to
B(2d)

exp (0) = 32.1(3) T measured in ZrMn6Sn6 at 100 K, which
has an AFII magnetic structure >≈70 K, with μMn = 2.11μB

[17]. The predicted hyperfine magnetic field at Sn(2d) nu-
clei B(2d)

pred(0) is [6A−
isMn(2d) + A−

aeff,Mn(2d)]μMn (θ = 90◦), as
deduced from Eq. (5). Neglecting the anisotropic contribu-
tion gives A−

isMn(2d) = B(2d)
exp (0)/(6μMn) = 2.3(3)T/μB, with

μMn ∼ 2.3(3)μB at 2 K (neutron diffraction) and B(2d)
exp (0) =

31.5 T.

2. Sn(2d) and Sn(2e) atoms in Mn-rich TmMn6-xFexSn6

Here, Sn2h(p) atoms (h = d, e) with p Fe neighbors are
characterized, among others, by their experimental hyperfine
magnetic fields B(2h)

exp (p) and by their relative areas f2h(p)
(Table S6 in the Supplemental Material [1]) or equivalently
by their relative fractions.

The sextets with the largest hyperfine magnetic fields
∼31.5 T are attributed consistently to Sn(2d) sites with 6
Mn neighbors (Sec. VIII A 1). Sextets with external peaks at
∼−18 and ∼+21 mm/s are observed for x = 0.4, 0.6, and 1.2
but not for ZrMn6Sn6 (Fig. 6). They are attributed to Sn(2d)
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FIG. 6. Observed and calculated 119Sn Mössbauer spectra of
(1) ZrMn6Sn6 at 100 K (top) and (2) TmMn6-xFexSn6 (x = 0.4; 0.6;
1.2) with AFII easy-plane structures.

atoms, surrounded by 5 Mn and 1 Fe atoms. Additional sextets
are associated with Sn(2d) atoms with 4 Mn and 2 Fe neigh-
bors. The hyperfine magnetic fields B(2d)

exp (p) remain almost
constant with x for any of the observed values of p. Similarly,

the various subspectra associated with Sn(2e) atoms, whose
hyperfine magnetic fields range from ∼13 to ∼21 T, are iden-
tified notably from a comparison of the variations with x of
their relative areas to the expected values.

The hyperfine magnetic field changes with p are predom-
inantly due to isotropic contributions of the six first nearest
neighbors of Sn atoms, as suggested by first-principles calcu-
lations ( [17] and Sec. VI A). We consider first the isotropic
contribution where the common direction of M moments is
taken as the reference direction. The following equations are
formally identical for Sn(2d) and Sn(2e), which have both six
ferromagnetically coupled neighbors. The predicted absolute
value of the isotropic hyperfine magnetic field for a given Fe
content x and a given temperature is deduced from Eq. (24) in
the Supplemental Material [1] to be

B(2h)
pred(p) = B(2h)

pred(0) − p�Ais(2h), (10)

where �Ais(2h) = A−
isMn(2h)μMn − A−

isFe(2h)μFe.
In Mn-rich alloys, the predicted hyperfine magnetic fields

at Sn2d(p) and Sn2e(p) sites vary linearly with p, in agreement
with experiment (Fig. 7). Figure 7 indicates further that the
hyperfine magnetic fields are essentially independent of x
(x � 1.2).

Table S8 in the Supplemental Material [1] shows that 0 <

B(2h)
exp (p) < B(2h)

exp (0) for h = d and e and the values of p whose
associated spectral areas are significant (0 < p � 3, x � 1.2).
Thus, the �Ais(2h) are positive, i.e., A−

isMn(2h)μMn >

A−
isFe(2h)μFe [A−

isMn(2h) > 0] for Mn-rich stannides. The
Sn2d(p) hyperfine magnetic fields are larger than those of
Sn2e(p) atoms with slopes −�Ais(2d) = −3.4(1)T and
−�Ais(2e) = −2.5(1)T. This suggests that the isotropic con-
stants A−

isMn(2e) would be at most ∼0.7 A−
isMn(2d), as the effect

of an anisotropic contribution on the total hyperfine magnetic
field would have to be considered for site Sn(2e) [21].

If we take A−
isMn(2d) = 2.3(3)T/μB (Sec. VIII A), then

the measured slope yields an estimate of A−
isFe(2d) ∼ 0.8T/μB

for μFe = μMn ∼ 2.3μB. The isotropic constant AisFe(2d) ob-
tained in that way is thus negative, as is AisMn(2d).

The effect of an anisotropic contribution on the total hy-
perfine magnetic field must be considered for site Sn(2e),
albeit the isotropic contribution still dominates the total hy-
perfine magnetic field in Mn-rich stannides all the more
that the anisotropic term is A−

aeff,M (2e)/6 in the definition of
A−

M (2e) [Eq. (11)]. The latter constant is convenient to ex-
press B(2e)

pred(0) = 6A−
M (2e)μMn from Eq. (5) for θ = 90◦. From

Eq. (8) and Eqs. (24) to (26) in the Supplemental Material [1],
the predicted experimental hyperfine magnetic field is written
finally as B(2e)

pred(p) = B(2e)
pred(0) − p�AM (2e). We define, for all

Sn sites,

A−
M (2h) = A−

isM (2h) + A−
aeff,M (2h)

6
(θ = 90◦)

�AM (2h) = A−
Mn(2h)μMn − A−

Fe(2h)μFe. (11)

The difference between �Ais(2e) and �AM (2e) is that the
latter includes both isotropic and anisotropic constants. For a
given x, hyperfine magnetic fields at Sn(2e) sites are then pre-
dicted to vary linearly with the number p of Fe neighbors, in
agreement with experiment (in Tesla) B(2e)

exp (p) = 21.2−2.5p
(Table I, Fig. 7). However, the two experimental values,
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FIG. 7. Measured 119Sn hyperfine magnetic fields (HMFs) on the one hand for sites Sn(2d) and Sn(2e) in Mn-rich TmMn6-xFexSn6 (x =
0.4, 0.6, 1.2) AFII compounds (left and middle figures) and on the other for sites Sn(2e) in Fe-rich (x = 4.25, 4.5) AFI compounds (right
figure). Experimental HMFs are plotted vs the number p of Fe neighbors of tin atoms. Line equations are given in Table I.

B(2e)
exp (0) and the slope, do not suffice to evaluate the four in

number isotropic and anisotropic constants which appear in
�AM (2e) [Eq. (11)], so that only A−

Mn(2e) and A−
Fe(2e) can be

evaluated.
In Mn-rich stannides, A−

Mn(2e) = 21.2/(6μMn) =
1.53(7) T/μB is obtained from B(2e)

exp (0). From the slope
2.5 T, we calculate further that A−

Fe(2e) = 0.44(8) T/μB.
Electronic structure calculations [17] show that the negative
isotropic terms are dominant in Mn-rich stannides.
Thus, AMn(2e) = −1.53(7)T/μB and (Sec. VIII A)
AFe(2e) = −0.44(8)T/μB.

3. Sn(2c) sites

Only qualitative information, further discussed in
Sec. VIII B 2 in the Supplemental Material [1], can be
derived because the hyperfine magnetic fields of these sites
are small, ∼3.5 T (Table S8 in the Supplemental Material [1]),
and their quadrupole splittings are large, ∼2 mm/s (Sec. IV B
in the Supplemental Material [1]).

TABLE I. 119Sn Mössbauer spectra of TmMn6-xFexSn6 stannides
were recorded for the experimental combinations (Fe content x,
temperature T) given in the left column. Hyperfine magnetic fields
of Sn(2d) and Sn(2e) sites, obtained from these spectra, vary linearly
with p, their number of Fe first nearest neighbors (Fig. 7). Equations
of the fitted lines are in the middle column and in the right column
for Sn(2d) and Sn(2e), respectively. Errors on all parameters range
typically from 0.2 to 0.4 T (Mn-rich) and from 0.5 to 1 T (Fe-rich).

TmMn6-xFexSn6 Sn(2d) Sn(2e)
(x, T) B(2d)

exp (p) (T) B(2e)
exp (p) (T)

Mn-rich 0 � p � 3 0 � p � 3
(x = 0.4, T = 55 K) 31.2 − 3.4p 21.2 − 2.5p
(x = 0.6, T = 46 K)
(x = 1.2, T = 30 K)

Fe-rich 3 � p � 6
(x = 4.25, T = 4.2 K) 1.5 + 3.3p
(x = 4.50, T = 4.2 K)
(x = 4.25, 51 K) −4 + 3.3p
(x = 4.50, 72 K)
(x = 5, 4.2 K) 3.7p

B. Fe-rich stannides (x = 4.25, 4.5, 5, 6)

Fe-rich stannides have an AFI AFM structure (Fig. 2) ob-
served in a range of Fe content like the one, x > 3.5, measured
in ErMn6-xFexSn6 [24]. In TmMn1Fe5Sn6 and TmFe6Sn6,
M magnetic moments are aligned along the c axis, while
this occurs at very low temperatures for x = 4.25 and 4.5
(Fig. 5).

Here, 119Sn Mössbauer spectra of the two stannides with
x = 4.25, 4.5, recorded at three different temperatures, are
shown in Fig. 8. Two spectra recorded at 4.2 and 300 K are

FIG. 8. Observed and calculated 119Sn Mössbauer spectra of
TmMn6-xFexSn6 compounds (x = 4.25 and 4.5) with AFI antiferro-
magnetic structures at various temperatures.
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shown in Fig. S7 for x = 5 and in Fig. S8 for x = 6 (Sec. X B
in the Supplemental Material [1]).

Because of the AFI structure, spectra consist mainly of an
intense and broad central component clearly constituted of
various subspectra with small hyperfine magnetic fields, due
to Sn(2c) and Sn(2d) sites and of broad outer wings (Sec. IV B
in the Supplemental Material [1]) with larger hyperfine mag-
netic fields associated with Sn(2e) sites. Tm atoms, which are
not magnetically ordered >1.6 K (Sec. V B), do not contribute
to the measured hyperfine magnetic fields.

Only Sn(2e) atoms have six magnetic neighbors ferromag-
netically coupled in a single kagome plane. For x = 6, all tin
sites have 6 Fe nearest neighbors, AFM coupled for Sn(2c)
and Sn(2d) sites, with NFe = 0, which give rise to the two
central doublets of Fig. S9 in the Supplemental Material [1].
The magnetic components of TmFe6Sn6 spectra are due to
Sn(2e) sites whose first nearest neighbors are ferromagneti-
cally coupled. Figure S10 in the Supplemental Material [1]
shows in addition the hyperfine magnetic field distribution at
the Sn(2e) sites calculated at 4.2 K. Its asymmetry is further
discussed in Sec. X B in the Supplemental Material [1].

The overlaps of subspectra in the central parts of Möss-
bauer spectra recorded for x = 4.25 and 4.5 require us to
constrain their relative areas during the whole fitting process
(Sec. IV A in the Supplemental Material [1]). Here, Sn(2c)
and Sn(2d) peaks form a broad central component from which
it is difficult to extract usable values of their hyperfine mag-
netic fields, as B(2c)

exp and B(2d)
exp are only ∼4–5 T.

The three tin sites are further considered in Secs. IX B and
X in the Supplemental Material [1]. We limit the following
discussion to Sn(2e) sites, whose hyperfine magnetic fields
are large and quadrupole splittings are small (Sec. IV B in the
Supplemental Material [1]). Reliable values of model param-
eters can then be derived from experimental results.

An overall decrease of the Sn(2e) hyperfine magnetic fields
in TmMn6-xFexSn6 (x = 4.25, 4.5), clearly seen without fit-
ting, on the wings of the spectra of Fig. 8, takes place when
T increases from 4.2 to 51 K (x = 4.25) or to 72 K (x = 4.5).
This decrease is due primarily to the increase of the angle θ

from ≈7.5(6)◦, respectively, to ≈69° and ≈53° (Fig. 5), as
further discussed in detail in Sec. IX B in the Supplemental
Material [1].

1. Model parameters obtained from hyperfine magnetic
fields measured at 4.2 K

The linear equations, which express B(2e)
M (p), are obtained

from Eqs. (5) and (8):

B(2e)
M (p) = B(2e)

M (0) + p[AFe(2e)μFe − AMn(2e)μMn], (12)

where AM (2e) = AisM (2e) − Aaeff,M (2e)/3 (θ = 0◦) and

B(2e)
M (0) = 6AMn(2e)μMn. As shown below, |AMn(2e)| is an

order of magnitude smaller than |AFe(2e)|. Therefore, the
sign of AMn(2e) does not matter, all the more that observable
subspectra come from Sn atoms with >3 Fe neighbors
(p � 3, Table S6 in the Supplemental Material [1]). The
hyperfine magnetic fields predicted from Eq. (12) are then
written as

B(2e)
pred(p) = 6εAMn(2e)μMn

+ p[|AFe(2e)|μFe − εAMn(2e)μMn], (13)

where ε = sign[AFe(2e)]. The experimental hyperfine mag-
netic fields vary linearly with p, B(2e)

exp (p) = B(2e)
exp (0) +

p�B(2e)
exp , with positive slopes, both at 4.2 K, for x = 4.25, 4.5,

and 5, and at moderate temperatures (51 and 72 K; Fig. 7 and
Table I).

The hyperfine magnetic fields B(2e)
exp (6) at 4.2 K for x =

4.25, 4.5, and 5 (20.4, 21.2, and 22 T, respectively) and the
corresponding magnetic moments at 2 K (2.35, 2.40, and
2.42μB, Table S5 in the Supplemental Material [1]) yield the
values of |AFe(2e)| = B(2e)

exp (6)/(6μFe) [Eq. (13)], whose mean
is |AFe(2e)| = 1.51(5) T/μB.

Further, the mean hyperfine magnetic field at 4.2 K, 23.2 T,
of TmFe6Sn6, as obtained from the hyperfine magnetic field
distribution (Fig. S10 in the Supplemental Material [1]),
yields |AFe(2e)| = 1.61(3) T/μB. From the slope �B(2e)

exp =
3.3 T, we get thus εAMn(2e) = 0.08(8) T/μB [Eq. (13)],
which is an order of magnitude smaller than |AFe(2e)|. The
|AFe(2e)| value at 4.2 K is shown below to be consistent
with the value derived from moment rotation between 4.2 and
∼50–70 K.

2. Model parameters obtained from magnetic
moment rotation with temperature

The variation of B(2e)
exp (6) due to the temperature-

dependent angle θ (Fig. 5) yields ρ
(2e)
eff,Fe = −0.80 ± 0.06

and −0.84 ± 0.14 for x = 4.25 and 4.5, respectively
(Sec. IX in the Supplemental Material [1]). Negative ra-
tios ρ

(2e)
Fe = Aa,Fe(2e)/AisFe(2e) contrast with positive ratios

Aa,Mn(2h)/AisMn(2h) (h = c, d, e) found for Mn-rich alloys
[21], which implies that Aa,Mn(2h) is negative, as is AisMn(2h)
[17]. Negative anisotropic and isotropic components of hy-
perfine magnetic fields are also found for 119Sn in TmFe2

[35]. The previous results suggest that the negative sign of
ρ

(2e)
Fe means that AisFe(2e) is now positive, as is then B(2e)

exp (p),
a fact made reasonable from the band structure calculations
mentioned in Sec. IX.

The previous discussion means that ε = 1 in Eq. (13)
for Fe-rich stannides. Values AisFe(2e) = 1.15(3) T/μB and
AaFe(2e) = −1.18(10) T/μB are finally calculated from ρ

(2e)
eff,Fe

in Sec. IX in the Supplemental Material [1].
In summary,
(a) for Mn-rich stannides, AFe(2e) = −0.44(8) T/μB,

AMn(2e) = −1.53(7) T/μB, and
(b) for Fe-rich stannides, AFe(2e) = 1.51(5) T/μB,

|AMn(2e)| = 0.08(8) T/μB, AisFe(2e) = 1.15(3) T/μB, and
AaFe(2e) = −1.18(10) T/μB.

The marked decrease of the magnitude of |AMn(2e)| when
going from Mn- to Fe-rich stannides agrees with the discus-
sion presented below. The magnitudes of Mn coefficients in
Fe-rich stannides are too small to decide if they are negative
or positive.

IX. DISCUSSION AND CONCLUSIONS

Magnetic structures of Mn-rich (x = 0.4, 0.6, 1.2) and
Fe-rich (x = 4.25, 4.5, 5) TmMn6-xFexSn6 stannides, with
HfFe6Ge6-type structure, were determined by magnetization
measurements and neutron diffraction. The low-temperature
magnetic properties of Mn-rich stannides (<∼20 K) are
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complex and originate from a mixture of several magnetic
phases, some being incommensurate. Our magnetic studies
show that Tm atoms are not magnetically ordered at temper-
atures >∼20 to 50 K in Mn-rich stannides (x = 0.4, 0.6, 1.2)
and >1.6 K in Fe-rich stannides. In these temperature ranges,
Mn- and Fe-rich stannides have different AFM structures,
AFII and AFI, respectively. In both cases, Mn and Fe atoms
of any kagome plane are ferromagnetically coupled. Structure
AFII is such that two successive kagome planes are either fer-
romagnetically or AFM coupled, while they are AFM coupled
for structure AFI.

The focus of the study of 119Sn hyperfine magnetic fields
was put on stannides, which have either an AFII or an AFI
magnetic structure. The hyperfine magnetic fields are modeled
as sums of anisotropic dipolar contributions and isotropic
contributions. Both are due to magnetic moments of the six
first nearest neighbors (Mn or Fe) of any tin site. The model
includes isotropic and anisotropic constants, four in number,
associated respectively with Sn-Mn and Sn-Fe bonds. With
the assumption of a random substitution of Mn with Fe, the
model predicts linear dependencies of average hyperfine mag-
netic fields:

(a) Sn(2d) atoms in Mn-rich stannides (AFII) and Sn(2e)
atoms in all stannides have six ferromagnetically coupled
neighbors, respectively, in two successive kagome planes and
a single kagome plane. Their average hyperfine magnetic
fields vary linearly with the number p of their first Fe nearest
neighbors (0 � p � 6).

(b) If a given Sn atom is sandwiched between two AFM
coupled kagome planes, then its associated average hyperfine
magnetic field is predicted proportional to NFe = |p2 − p1|,
where one of the two kagome planes contains p1 nearest
neighbor Fe atoms and the other p2. This is the case of Sn(2c)
atoms in Mn-rich stannides (AFII) and Sn(2c) and Sn(2d)
atoms in Fe-rich stannides (AFI).

Significant experimental results from 119Sn Mössbauer
spectra, associated with the largest hyperfine magnetic fields
[Sn(2d) in Mn-rich stannides and Sn(2e) in all cases], agree
with these predictions. Importantly, the slope of the line of
experimental Sn(2e) hyperfine magnetic fields vs p is nega-
tive in Mn-rich stannides and positive in Fe-rich stannides.
Experimental information enables us to determine only two

linear combinations of the four constants mentioned above. In
Fe-rich stannides, consistent values of the latter combinations
are deduced, on the one hand, from the experimental Sn(2e)
hyperfine magnetic fields vs p at 4.2 K and, on the other hand,
from the variations of the largest hyperfine magnetic fields due
to a temperature-dependent rotation of Mn and of Fe magnetic
moments.

Our experimental results for Mn-rich stannides agree with
published results which show that the isotropic constants of
Sn-Mn bonds are all negative. Further, the ratios of Sn-Mn
anisotropic constants to their associated isotropic constants
are positive. Therefore, the anisotropic constants are negative
too.

In Fe-rich stannides, the temperature-dependent rotation
of Mn and of Fe magnetic moments enables us to calculate
separately the anisotropic and isotropic constants of Sn(2e)-Fe
bonds whose ratio is concluded to be negative. A change of
sign of the isotropic constant of Sn(2e)-Fe bonds explains a
change of sign of the resulting average hyperfine magnetic
fields and the slope of their variation with p.

A rigid band approach was used to account for a change
from large negative tin hyperfine magnetic fields in RMn6Sn6

to positive germanium hyperfine magnetic fields in RFe6Ge6

[36]. Only the bonding s-d hybrids are occupied in Mn-based
stannides, while the supplementary valence electrons brought
by Fe partly populate the antibonding states in Fe-based ger-
manides [36]. This evolution leads to a change of hyperfine
magnetic field signs. An evolution from negative Sn(2e) hy-
perfine magnetic fields in Mn-rich stannides to positive Sn(2e)
hyperfine magnetic fields in Fe-rich stannides is in line with
the previous explanation. The range of Fe content in which
this change of sign occurs remains to be investigated. In a
similar way, we observe that the magnitudes of the constants
associated with Sn(2e)-Mn bonds decrease strongly when go-
ing from Mn- to Fe-rich stannides.
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