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a b s t r a c t

The hexagonal ErMn6−xFexSn6 solid solution (0.2 < x < 4) has been studied by magnetisation measure-
ments and neutron diffraction. The ordering temperature of the T = (Mn,Fe) sublattice almost continuously
increases from T = 386 K for x = 0.2 to T = 498 K for x = 4. The T sublattice orders in the successive magnetic
structures helimagnetic H1, antiferromagnetic AF2, helimagnetic H2 and antiferromagnetic AF1 with
eywords:
are earth alloys and compounds
ransition metal alloys and compounds
agnetically ordered materials
agnetisation

increasing iron content. While structures AF2 and H1 were already observed in ternary Mn compounds
and AF1 in ternary iron compounds, the structure H2 is of a new kind characterized by an AF slab around
the Er(1a) site. At low temperature, a change of the easy direction of the Er moment from easy plane
to easy axis is observed. The iron-rich compounds display a ferromagnetic order of the Er sublattice. A
new kind of magnetic structure characterized by a sine-wave modulated arrangement with a propagating
vector Q = (0, 0, qz) is also observed. The evolution of the magnetic properties (enhancement of the AF

ublat
eutron diffraction character of the (Mn,Fe) s

. Introduction

The RT6Sn6 compounds (R = heavy rare earth element, T = Fe,Mn)
ave been extensively studied in relation with the complicated

nterplay between the magnetic properties of the R and T sublat-
ices [1–11]. The manganese compounds crystallize in the simple
exagonal structure HfFe6Ge6 which can be viewed as a stack-

ng of two different slabs: the Mn–Sn–Sn–Sn–Mn slab and the
n–(Sn,R)–Mn slab. On another hand the iron compounds crys-

allize either in the hexagonal structure or in various more or less
omplicated orthorhombic structures [12]. The structural evolution
n the iron compounds seems to be related to a geometrical effect
ince the smallest R elements (Tm–Lu) give rise to the stabilisation
f the hexagonal structure whereas the orthorhombic structures
re stable in systems containing the largest R elements (Gd–Er).
rom this analysis, it was expected that the relatively small erbium
tom would lead to a hexagonal ErMn6−xFexSn6 solid solution with
rather large homogeneity range.

These compounds order magnetically into ferromagnetic Mn or

e Kagomé planes but the interplane couplings in the manganese
nd iron compounds are quite different. The three-dimensional
rder in the manganese stannides is either ferrimagnetic (Gd–Ho,
r below 62 K), helimagnetic H1 (Er above 62 K, Tm below 324 K)
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tice and magnetocrystalline anisotropy of erbium) is discussed.
© 2009 Elsevier B.V. All rights reserved.

or antiferromagnetic AF2 (Tm above 324 K) [1–6]. In the three
kinds of magnetic structure, it is observed that the arrangement
of the Mn moments in the Mn–Sn–Sn–Sn–Mn slab is parallel or
almost parallel while a more or less large angle between the
Mn moments prevails in the Mn–(Sn,R)–Mn slab. In the contrary,
the hexagonal iron compounds are characterized by antiferro-
magnetic Fe–Sn–Sn–Sn–Fe and Fe–(R,Sn)–Fe slabs (AF1) and the
orthorhombic iron compounds also display an antiparallel arrange-
ment between the pseudo-hexagonal Fe planes [7–11].

For this reason it was interesting to undertake a neutron diffrac-
tion study on a manganese iron solid solution in order to check the
evolution of the magnetic arrangements. Moreover, a recent mag-
netic study on the HoMn6−xFexSn6 solid solution (0 ≤ x ≤ 1.2) has
shown, in spite of the limited studied range, consequent changes of
the magnetic behaviour [13].

2. Experimental procedures

The samples have been prepared in an induction furnace starting from stoichio-
metric amounts of the elements. The resulting ingot is annealed at 1123 K during one
week and checked by X-ray powder analysis (Xpert Pro diffractometer Cu K�). The
weak impurity lines detected are those of elemental tin, (Mn,Fe)Sn2 (CuAl2-type)
and (Mn,Fe)2−xSn (Ni2In-type).

The magnetisation measurements have been performed on a MANICS magneto-

susceptometer in the temperature range 4.2–600 K and in fields up to 1.5 T.

The neutron diffraction patterns have been recorded on the D1B diffractometer
at the Institut Laue Langevin (Grenoble) using the wavelength (� = 2.520 Å). Long
duration patterns have been recorded at 300 and 2 K and short duration patterns in
the 2–300 K temperature range. The structures have been refined using the Fullprof
software [14].

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:Gerard.Venturini@lcsm.uhp-nancy.fr
dx.doi.org/10.1016/j.jallcom.2009.01.120
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Table 1
Cell parameters measured at room temperature and main magnetic data of the compounds ErMn6−xFexSn6.

a (Å) c (Å) c/a V (Å3) TN (K) Tc (K) TAF–H1 (K)

ErMn5.8Fe0.2Sn6 5.510(1) 8.996(2) 1.6327 236.5 386 – 341
ErMn5.6Fe0.4Sn6 5.505(1) 8.993(2) 1.6336 236.0 421 –
ErMn5.4Fe0.6Sn6 5.498(1) 8.990(2) 1.6351 235.3 445 –
ErMn5.2Fe0.8Sn6 5.493(1) 8.987(2) 1.6381 234.8 458 –
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field is close to 1.2 T and the magnetisation reaches a maximum
value of 2.5�B/f.u., close to the magnetisation of the ferrimagnetic
compound ErMn6Sn6 [5]. Therefore, it may be inferred that the
applied field induces a transition to the ferrimagnetic state. The
curves of the other compounds ErMn5.6Fe0.4Sn6, ErMn5.4Fe0.6Sn6

Fig. 2. Thermomagnetic curves of the ErMn6−xFexSn6 compounds (inset shows the
high temperature behaviour).
rMn5FeSn6 5.488(1) 8.983(2) 1.63
rMn4Fe2Sn6 5.464(1) 8.971(2) 1.64
rMn3Fe3Sn6 5.442(1) 8.955(2) 1.64
rMn2Fe4Sn6 5.425(1) 8.941(2) 1.64

. Structural data

The analysis of the X-rays powder diffraction data shows that the
ompounds ErMn6−xFexSn6 crystallize in the hexagonal HfFe6Ge6-
ype structure up to x = 4 while the compound ErMnFe5Sn6 is
sotypic of the orthorhombic ErFe6Sn6 structure. Therefore, the
eplacement of manganese by iron leads to HfFe6Ge6-type solid
olution with a rather large extent, a feature which should fairly
nable a study of the magnetic properties as a function of the iron
ubstitution. The cell parameters are gathered in Table 1 and a rep-
esentation of the crystal structure is given in Fig. 1.

. Magnetic measurements

Fig. 2 displays the thermal variation of the magnetisation of
he compounds ErMn6−xFexSn6 and the transition temperatures
re summarized in Table 1. The compounds of the whole series
rder antiferromagnetically and their Néel temperatures glob-
lly increase with the iron concentration from 386 K for x = 0.2
o 498 K for x = 4. The thermomagnetic curves clearly display a
eak at the ordering point except for ErMn5.8Fe0.2Sn6 for which
plateau region is observed. According to the magnetic behaviour
f TmMn6Sn6 [6], it is strongly suggested that the right part of the
lateau is related to the transition from the paramagnetic state to
he AF state and the left part to the transition from AF to helimag-
etic state. Other magnetic transitions are mainly observed for the
ompounds ErMn4Fe2Sn6, ErMn3Fe3Sn6 and ErMn2Fe4Sn6 whose
agnetisation curves display a strong increase upon cooling at

ow temperature. The transitions observed around T ≈ 250 K for the
ompounds ErMn5.8Fe0.2Sn6, ErMn5.6Fe0.4Sn6, ErMn5.4Fe0.6Sn6 and
rMn5.2Fe0.8Sn6 should be related to the ferromagnetic Ni2In-type
mpurities [15].

The isotherm curves recorded at 4.2 K show that the mag-

etisation of the compounds ErMn4Fe2Sn6, ErMn3Fe3Sn6 and
rMn2Fe4Sn6 displays a ferro(ferri)magnetic-like behaviour with
ore or less large remanent magnetisation (Fig. 3). For these

ompounds, the saturation value increases with the iron content
rom 2.5 to 4.5�B/f.u. The magnetisation value of the compound

Fig. 1. A view of the HfFe6Ge6-type structure.
234.3 470 –
231.9 501 37
229.7 490 26
227.9 498 20

ErMn5FeSn6 also reaches a relatively large value (2.5�B/f.u.) but
without saturation. The compound ErMn5.8Fe0.2Sn6 displays a
metamagnetic-like behaviour and hysteresis effect. The critical
Fig. 3. Magnetisation curves of the ErMn6−xFexSn6 compounds recorded at 4.2 K.
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Table 2
Refined parameters of ErMn5.8Fe0.2Sn6 at 300 and 2 K.

300 K 2 K

a (Å) 5.410(1) 5.481(1)
c (Å) 8.994(2) 8.964(2)
zFe 0.245(1) 0.246(1)
zSn 0.333(1) 0.338(1)
mFe[mMn] 0.028[0.972](4) 0.028[0.972]

Helimagnetic 1
�T1 (�B) 1.99(4) 2.32(3)
�Er1 (�B) 1.36(8) 8.92(8)
�T1 (◦) 38(1) 16(2)
�T1 (◦) 213.2(6) 192.6(4)
qz1 (r.l.u.) 0.3752(5) 0.1580(2)

Commensurate
�T (�B) 0.27(1) –
�T (◦) 90 –
�T total (�B) 2.01 2.32
� (� ) 1.36 8.92

of this kind of arrangement. The refined parameters are the mag-
ig. 4. Observed and calculated neutron diffraction patterns of ErMn5.8Fe0.2Sn6 at
00 and 2 K (extra lines; from bottom to top: Ni2In-type T2−xSn; sample holder;
lemental tin; CuAl2-type TSn2).

nd ErMn5.2Fe0.8Sn6 display a small spontaneous magnetisation
hich accounts for the presence of the Ni2In-type impurities.

. Neutron diffraction study of ErMn5.8Fe0.2Sn6

The neutron diffraction patterns of this compound (Fig. 4) are
ainly characterized by additional magnetic peaks which can be

ndexed as satellites of the nuclear ones with a propagating vector
= (0, 0, qz) as already observed in ErMn6Sn6 [2]. However, these

ines remain down to 2 K while ErMn6Sn6 was characterized by
transition from the helimagnetic state to a ferrimagnetic state

t 62 K. The pattern recorded at 300 K shows an additional weak
ine around 2� = 8◦ which may be indexed as (0, 0, 1/2). This line
hould be a reminiscence of a high temperature antiferromagnetic
tructure AF2 not observed in ErMn6Sn6, but already observed in
mMn6Sn6 above 324 K [16]. According to the short duration pat-
erns recorded in the intermediate temperature range, this line
ecreases upon cooling and becomes negligible below 275 K.

The refinements of the magnetic structures from the patterns
ecorded at 300 and 2 K have been done considering the classical
elimagnetic structure (H1) of the RMn Sn compounds [2]. The
6 6
efined magnetic parameters are the magnitude of the moment on
he (Mn,Fe) site, the magnitude of the erbium moment, the angle
between the normal to the helical plane and the c-axis and the
hase angle of the (Mn,Fe) moments defined as �T for (Mn,Fe)
Er total B

RBragg, RF 3.58; 3.68 3.08; 3.46
Rmagn 4.18;10.9 4.96; –
Rwp, Rexp, �2 7.0; 1.2; 33 9.5; 0.9; 115

atoms lying at z ≈ 1/4 and −�T for (Mn,Fe) atoms lying at z ≈ 3/4.
The results of the refinement are given in Table 2 and the observed
and calculated patterns are displayed in Fig. 4. A representation
of the magnetic structure is given in Fig. 5a. The projection of the
structure along the [0 0 1] direction, given in Fig. 6a, allows a better
view of the relative orientation of the moments in the successive
(0 0 1) planes.

These relative orientations of the moments in the successive
planes along [0 0 1] are given by the following expressions:

˛Er(at zEr = n) = 2�qzzEr
˛T1(at zT ≈ n + 1/4) = 2�qzzT + �T
˛T2(at zT ≈ n + 3/4) = 2�qzzT − �T

These expressions enable the calculation of the angle between
the moments T = (Mn,Fe) belonging to the T–Sn–Sn–Sn–T and
T–(Sn,Er)–T slabs. The thermal variation of these angles is dis-
played in Fig. 7. The angle between the T moments belonging to
the T–Sn–Sn–Sn–T slab is small and does not greatly vary in the
whole studied temperature range thus indicating that this slab is
almost ferromagnetic. The angle between the T moments belong-
ing to the T–(Sn,Er)–T slab decreases upon cooling following the
qz variation. In the whole temperature range, this angle is smaller
than 180◦ so that the erbium site experiences a molecular field com-
ing from the T sublattice. In counterpart, the Er moment displays
a non-zero value in the whole 2–300 K although a value close to
the theoretical free ion value is only observed at low temperature
(Fig. 8).

5.1. Neutron diffraction study of ErMn5.6Fe0.4Sn6

The pattern recorded at 300 K (Fig. 9) displays the characteris-
tic lines of the antiferromagnetic structure AF2 (Fig. 5b) stable at
high temperature for TmMn6Sn6 and for most of the germanides
RMn6Ge6 [16,17]. This magnetic structure is characterized by a
doubling of the c-axis and by the magnetic peaks (h k l) where l
is half-integer. The moment arrangement observed in the other
known representatives is characterized by a ferromagnetic chemi-
cal cell, the moments changing their sign in the adjacent chemical
cells along [0 0 1]. The refinement has been undertaken on the basis
nitude of the (Mn,Fe) moment and its orientation with respect to
the [0 0 1] direction. It leads to a residual factor R = 7.6% with the
moment lying in the (0 0 1) plane. An attempt with the second pos-
sible model based on an antiferromagnetic chemical cell leads to
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Fig. 5. View of the magnetic arrangements observed for the ErMn6−xFexSn6 com-
pounds (a) H1 structure with moments in the (0 0 1) plane, (b) AF2 structure with
moments in the (0 0 1) plane, (c) H12 structure with the normal to the helical plane
perpendicular to the [0 0 1] direction, (d) sine-modulated structure with moments
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For the structure H11, these angles are 7 and 54 respectively, and
for the structure H12 9◦ and 81◦. Therefore, the moments are still
almost parallel in the T–Sn–Sn–Sn–T slab. A representation of the
magnetic structure H12 is given in Fig. 5c.
long [0 0 1], (e) ferromagnetic arrangement of erbium moments with a small oppo-
ite component on the T sublattice, (f) AF1 structure with moments in the (0 0 1)
lane and (g) ferromagnetic structure of erbium moment and canted AF1 structure
or T moment.

he slightly higher residual factor R = 9.3%. The final parameters,
efined with the first model, are gathered in Table 3 and the mag-
etic structure is drawn in Fig. 5b.

A complicated evolution takes place upon cooling (Fig. 10).
elow T ≈ 175 K, shoulders appear at the feet of the (0 0 1/2) line.
hese shoulders develop into a couple of satellites around T ≈ 150 K
nd down to T ≈ 70 K. In this temperature range, the shape of the
atellites is strongly asymmetric. Below T ≈ 50 K, a second set of
atellites takes place besides the previous set. Simultaneously, the
0 0 1/2) line intensity decreases from T ≈ 175 K to T ≈ 70 K and van-
shes below T ≈ 50 K.

The magnetic structures have been refined at 2 K considering
mixture of two helimagnetic arrangements H11 and H12 with

ifferent propagating vectors. For each structure, the qz component,
he magnitude of the Er and (Mn,Fe) moments, the phase angle
T and the orientation of the helical plane � have been refined.
he results are given in Table 3 and the observed and calculated
atterns are displayed in Fig. 9. The magnetic structures H11 and
12 are characterized by propagating vectors whom qz component

s close to 1/6 and 1/4. The value of the angle � are refined close to 0◦
nd 90◦ for H11 and H12 respectively and have been fixed to these
alues in the final refinements. The values of the propagating vector
nd phase angle enable the calculation of the angle between the
oments of (Mn,Fe) in the T–Sn–Sn–Sn–T and T–(Er,Sn)–T slabs.
Fig. 6. Projection of the helimagnetic structures H1 (a) and H2 (b).

◦ ◦
Fig. 7. Thermal variation of the angles between the T moments in the T–(Sn,Er)–T
and T–Sn–Sn–Sn–T slabs in ErMn5.8Fe0.2Sn6.
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Table 3
Refined parameters of ErMn5.6Fe0.4Sn6 at 300, 55 and 2 K.

300 K 55 K 2 K

a (Å) 5.505(1) 5.462(1) 5.458(1)
c (Å) 8.991(2) 8.932(2) 8.929(2)
zFe 0.237(2) 0.243(1) 0.243(1)
zSn 0.333(2) 0.334(1) 0.334(1)
mFe[mMn] 0.084[0.916](4) 0.084[0.916] 0.084[0.916]

Helimagnetic 1
�T1 (�B) – 2.00(3) 1.59(3)
�Er1 (◦) – 6.84(8) 6.37(7)
�T1(◦) – 0 0
�T1(◦) – 194(1) 192.2(6)
qz1 (r.l.u.) – 0.2070(2) 0.1695(2)

Helimagnetic 2
�T2 (�B) – 1.22(7) 1.60(4)
�Er1 (◦) – 2.98(20) 6.16(9)
�T2 (◦) – 90 90
�T2 (◦) – 204(2) 198.6(9)
qz2 (r.l.u.) – 0.2467(9) 0.2510(3)

Commensurate
�T (�B) 1.83(11) 0.24(2) –
�T (◦) 67(4) 90 –
�T total (�B) 1.83(11) 2.35(5) 2.25(5)

t
r
a
r

5

l
c
g
d
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c
t

�Er total (�B) 0 7.46(15) 8.86(11)
RBragg, Rf 5.09; 5.74 3.04; 2.82 3.22; 2.91
Rmagn –;–; 8.13 3.6; 4.1; 21.1 5.3; 3.9; –
Rwp, Rexp, �2 13.7; 1.09; 158 9.3; 3.2; 8.5 9.0; 1.1; 65.3

The magnetic structures have been refined at the intermediate
emperature T = 55 K from the data of a short duration pattern. The
esults are given in Table 3 and the observed and calculated patterns
re displayed in Fig. 8. The refined parameters are close to those
efined at 2 K.

.2. Neutron diffraction study of ErMn5.4Fe0.6Sn6

The pattern recorded at 300 K is characterized by the typical
ines of the AF2 magnetic structure (Fig. 5b) as in the previous
ompound and has been refined in the same way. The results are
athered in Table 4 and the observed and calculated patterns are
isplayed in Fig. 11.
The pattern recorded at 2 K is characterized by one set of satellite
ines and this kind of patterns, contrary to the previous compound,
akes place abruptly around T ≈ 55 K (Fig. 12). Moreover, the lines
orresponding to the AF2 remains though there are much weaker
han those measured at 300 K. The refinements have been under-

Fig. 8. Thermal variation of the Er moment in ErMn5.8Fe0.2Sn6.
Fig. 9. Observed and calculated neutron diffraction patterns of ErMn5.6Fe0.4Sn6 at
300, 55 and 2 K (extra lines; from bottom to top: Ni2In-type T2−xSn; sample holder;
elemental tin; CuAl2-type TSn2).

taken firstly considering a mixture of one helimagnetic structure
and the remaining AF2 structure. In the final refinements, a sec-
ond helimagnetic structure has been also considered to account
for the asymmetrical shape of the magnetic peaks. The results of

the refinements are gathered in Table 4. The calculation of the
angles between the moments in the two slabs (˛ = 11◦ and 79◦ for
T–Sn–Sn–Sn–T and T–(Er,Sn)–T slabs respectively) still shows that
the T–Sn–Sn–Sn–T is almost ferromagnetic.
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ig. 10. Partial neutron thermogram of ErMn5.6Fe0.4Sn6 recorded between 2 and
00 K.

.3. Neutron diffraction study of ErMn5.2Fe0.8Sn6

The pattern recorded at 300 K also displays the typical lines of
he AF2 magnetic structure as in the previous compound and has
een refined in the same way. The results are gathered in Table 5
nd the observed and calculated patterns are displayed in Fig. 13.
The pattern recorded at 2 K displays, besides the remaining
ines of the AF2 structure, particular features never observed in
Mn6X6 compounds. One still observes the (1 0 1)−, (1 0 1)+ and
1 0 2)− satellites almost at the same angle as in the previous com-

able 4
efined parameters of ErMn5.4Fe0.6Sn6 at 300 and 2 K.

300 K 2 K

(Å) 5.500(1) 5.485(1)
(Å) 8.989(2) 8.973(2)

Fe 0.245(2) 0.245(2)
Sn 0.332(2) 0.332(1)

Fe[mMn] 0.124[0.876](4) 0.124[0.876]

ommensurate
�T (�B) 1.75(9) 0.63(2)
�T (◦) 90 90

elimagnetic 1
�T1 (�B) – 1.98(4)
�Er1 (◦) – 7.96(9)
�T1 (◦) – 90
�T1 (◦) – 197.5(7)
qz1 (r.l.u.) – 0.2516(3)

elimagnetic 2
�T2 (�B) – 0.67(10)
�Er2 (◦) – 2.32(32)
�T2 (◦) – 90
�T2 (◦) – 206(5)
qz2 (r.l.u.) – 0.2874(18)
�T total (�B) 1.75(9) 2.18(8)
�Er total (�B) 0 8.29(18)
RBragg, Rf 3.36; 4.49 2.48; 2.62
Rmagn 4.6; –; – 9.0; 5.4; 9.3
Rwp, Rexp, �2 13.9; 1.2; 139 9.5; 1.1; 74.3

Fig. 11. Observed and calculated neutron diffraction patterns of ErMn5.4Fe0.6Sn6 at
300 and 2 K (extra lines; from bottom to top: Ni2In-type T2−xSn; sample holder;
elemental tin; CuAl2-type TSn2).

Fig. 12. Partial neutron thermogram of ErMn5.4Fe0.6Sn4Sn6 recorded between 2 and
300 K.
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Table 5
Refined parameters of ErMn5.2Fe0.8Sn6 at 300 and 2 Ka.

300 K 2 K

a (Å) 5.489(1) 5.470(2)
c (Å) 8.988(2) 8.962(2)
zFe 0.245(1) 0.242(2)
zSn 0.340(2) 0.343(3)
mFe[mMn] 0.136[0.864](4) 0.136[0.864]

Commensurate
�T1 (�B) 1.81(9) 1.90(15)
�T1 (◦) 90 90

Sine-modulated
A(q)T2 – 1.62(16)
�mT2 (�B) – 1.14(13)
A(q)Er2 – 11.12(27)
�mEr2 (�B) – 7.86 (21)
� (◦) – 0
�T2(◦) – −16(6)
qz2 (r.l.u.) – 0.2574(15)
�T total (�B) 1.81 2.29(19)
�Er total (�B) 0 7.86(21)
RBragg, Rf 2.03; 2.89 5.50; 4.82
Rmagn 7.42; – 7.21; 7.96
Rwp, Rexp, �2 13.5; 1.2; 125 18.6; 0.8; 512

a The mean magnetic moments in the sine-modulated structure �mi are calculated
from the amplitudes A(q)i with the relation �m = A(q)2−1/2.

Fig. 13. Observed and calculated neutron diffraction patterns of ErMn5.2Fe0.8Sn6 at
300 and 2 K (extra lines; from bottom to top: Ni2In-type T2−xSn; sample holder;
elemental tin; CuAl2-type TSn2).

Table 6
Refined parameters of ErMn5FeSn6 at 300 and 2 Ka.

300 K 2 K

a (Å) 5.489(1) 5.462(1)
c (Å) 8.980(2) 8.955(2)
zFe 0.249(1) 0.249(2)
zSn 0.334(2) 0.335(2)
mFe[mMn] 0.192[0.808](4) 0.192[0.808]

Commensurate
�T1 (�B) 1.89(10) 2.01(13)
�T (◦) 90 90

Ferromagnetic
�Er1 (�B) 0 2.80(16)
�Er1 (◦) – 0

Sine-modulated
A(q)T2 – 1.77(13)
�mT2 (�B) – 1.25(10)
A(q)Er2 – 10.32(19)
�mEr2 (�B) – 7.30(13)
� (◦) – 0
�T2 (◦) – −12(4)
qz2 (r.l.u.) – 0.256(1)
�T total (�B) 1.89 2.37
�Er total (�B) – 7.82
RBragg, Rf 4.34;5.10 3.23; 3.31
Rmagn 6.03; –; – 5.10;4.55;6.70

2
Rwp, Rexp, � 12.3; 1.28; 92.7 13.9; 1.03; 184

a The mean magnetic moments in the sine-modulated structure �mi are calculated
from the amplitudes A(q)i with the relation �m = A(q)2−1/2.

pound ErMn5.4Fe0.6Sn6 but the (0 0 l)± satellites are missing. Such
an observation is compatible with a sine-wave modulated structure
(SM) with moments aligned along the direction of the propagat-
ing vector Q = (0, 0, 0.2574). The refinements have been undertaken
considering (Mn,Fe) and Er moments aligned along the [0 0 1] direc-
tion (� = 0◦). The refined parameters were the magnitude of the
(Mn,Fe) and Er moments and a phase �T and −�T respectively for
the moments of (Mn,Fe) sites at z ≈ 1/4 and z ≈ 3/4. Since it remains
the lines of the AF2 structure, a mixture of the AF2 structure and
of the sine-wave modulated structure has been considered. The
results are gathered in Table 5 and the observed and calculated
patterns are displayed in Fig. 13.

A representation of the sine-wave modulated structure is given
in Fig. 5d. The Er and (Mn,Fe) moments display a modulation with
a wavelength close to four chemical cells. Therefore, there is a
succession of Er moments alternately up, weak, down, weak. The
(MnFe) moments in each site at z ≈ 1/4 and z ≈ 3/4 follow the same
sequence but the phase angle is refined to a value which keeps the
ferromagnetic arrangement in the T–Sn–Sn–Sn–T slab. A modula-
tion of the Mn moment magnitude has been still observed in the
ZrMn6Sn6−xGax solid solution [18]. The value of the qz component
of the propagating vector being close to 1/4, higher order harmonics
should be located at Bragg angles close to those related to the first
harmonics. Therefore, we cannot exclude a possible square-wave
modulated structure.

5.4. Neutron diffraction study of ErMn5FeSn6

The evolution of the neutron diffraction patterns of the com-
pound ErMn5FeSn6 is close to that observed in the previous
compound ErMn5.2Fe0.8Sn6. The pattern recorded at 300 K displays
the typical line of the AF2 structure which has been refined in the
same way (Fig. 14). The results are gathered in Table 6.
The pattern recorded at 2 K is also compatible with an additional
sine-wave modulated structure, the corresponding lines beginning
to grow below 40 K. The only difference with the previous com-
pound is the occurrence of the weak (1 0 1) line below 31 K which
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Fig. 15. Observed and calculated neutron diffraction patterns of ErMn4Fe2Sn6 at 300
and 2 K (extra lines; from bottom to top: sample holder; elemental tin; CuAl2-type
TSn2).

Table 7
Refined parameters of ErMn4Fe2Sn6 at 300 and 2 K.

300 K 2 K

a (Å) 5.469(1) 5.450(1)
c (Å) 8.968(2) 8.944(1)
zFe 0.246 0.246
zSn 0.338(1) 0.338(1)
mFe[mMn] 0.352[0.648](4) 0.352[0.648](4)

Helimagnetic 1
�T1 (�B) – 2.31(2)
�T1 (◦) – 90
�T1 (◦) – 49.6(8)
qz1 (r.l.u.) – 0.4419(6)

Commensurate
�T (�B) 1.78(2) 0.60(3)
�T (◦) 90 0
�Er (�B) – 8.76(8)
�Er (◦) – 0
ig. 14. Observed and calculated neutron diffraction patterns of ErMn5FeSn6 at
00 and 2 K (extra lines; from bottom to top: sample holder; Ni2In-type T2−xSn;
lemental tin; CuAl2-type TSn2).

ight indicate the onset of a ferromagnetic component onto the Er
ublattice. The refinements have therefore undertaken considering
mixture of the remaining AF2 structure of the (Mn,Fe) sublattice,
modulated structure and a ferromagnetic arrangement of the Er

ublattice. The results are given in Table 6.

.5. Neutron diffraction study of ErMn4Fe2Sn6

The pattern recorded at 300 K (Fig. 15) still displays the typical
ines of the AF2 structure which has been refined in the same way
Table 7).

Below 170 K, shoulders appear at each side of the (0, 0, 1/2) line
hich begins to decrease. Below 50 K, the (0, 0, 1/2) line cannot

e distinguished from the two wide and intense satellites (0 0 1)−

nd (0 0 1)+ which have grown. At this temperature, it is observed
he growth of the nuclear lines (1 0 0), (1 0 1), (1 0 2), (1 1 1) and
2 0 1) which had very weak intensities in the pattern recorded at
00 K. These lines are typical of a ferromagnetic ordering of the
r sublattice. The missing (0 0 1) line and the absence of variation
f the intensities of the (0 0 2) and (0 0 3) lines indicate that the
oment is aligned along the [0 0 1] direction. The refinements have
een done considering a mixture of a helimagnetic structure and
f a ferromagnetic structure. For the helimagnetic structure, the
lassical parameters have been firstly refined. These preliminary
efinements have shown that the erbium moment did not get a

�T total (�B) 1.78 2.39
�Er total (�B) 0 8.76
RBragg, Rf 5.02; 4.58 3.45; 2.48
Rmagn –; 4.98 4.19; 3.98
Rwp, Rexp, �2 10.3; 1.74; 35.2 8.38; 1.08; 60.1
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ignificant value. In the final refinement, only a moment onto the
Mn,Fe) sublattice has been considered. The refined phase angle
eads to an angle between the moment in the T–(Sn,Er)–T slab close
o 178◦ and to an angle close to 18◦ in the T–Sn–Sn–Sn–T slab. The
–(Sn,Er)–T slab is therefore almost antiferromagnetic, a feature
hich should explain the absence of moment on the Er sublattice.

For the ferromagnetic structure, the only Er moment has been
rstly refined. In a second step, a small ferromagnetic component
0.60�B) of the (Mn,Fe) sublattice has been added yielding a slight
mprovement of the corresponding reliability factor. The results are
athered in Table 7 and the observed and calculated patterns are
isplayed in Fig. 15. A representation of the helimagnetic arrange-
ent is given in Fig. 6b and the ferrimagnetic structure is depicted

n Fig. 5e.

.6. Neutron diffraction study of ErMn3Fe3Sn6

The patterns of this compounds are all characterized by the pres-
nce of the satellites (0 0 1)− and (0 0 1)+ thus indicating the stability
f an incommensurate structure in the whole investigated temper-
ture range (Fig. 16). Like in the previous compound, the intensity
f these satellites is large and significantly larger than the intensity
f the (0 0 2)− and (0 0 2)+ lines, in contrast with the patterns of the
ron-poor compound ErMn5.8Fe0.2Sn6.

It also observed that the (0 0 1) line displays an intensity which
s larger than the pure nuclear contribution. This feature may arise
rom an antiferromagnetic AF1 ordering of the T sublattice (see Sec-
ion 5.7) or from a partial order of the Mn and Fe atoms on the
uccessive (0 0 1) planes. Since this latter model does not well fit the
ther nuclear intensities, we have considered a small contribution
rising from the AF1 arrangement.

There are some other phenomena taking place upon cooling.
elow T ≈ 40 K, it is observed a sudden increase of the (1 0 0)± and
1 0 1)+ lines associated with a small decrease of the (0 0 1)+ and −

ines (Fig. 17). The (1 0 0)± and (1 0 1)+ lines decrease again below
≈ 25 K whereas the (1 0 1) line increases. These features may be

nterpreted as follows: there is an intermediate temperature range
etween 40 and 25 K where a modification of the helimagnetic
tructure takes place and this modification disappears when the
erromagnetic structure occurs.

The pattern recorded at 300 K has been firstly analyzed
onsidering a mixture of one helimagnetic structure and one anti-
erromagnetic structure AF1 to account for the intensity of the
0 0 1) line. The helimagnetic structure is defined as in the previ-
us compound ErMn4Fe2Sn6 with a non-zero moment only on the
Mn,Fe) sublattice. In a second step, another helimagnetic struc-
ure with slightly different propagating vector has been added to
ccount for the asymmetrical shape of the satellites. The results
f the final refinements are given in Table 8. The antiferromag-
etic structure AF1 is characterized by a very small moment. The
hase angles for the helimagnetic structure give rise to an almost
ntiparallel arrangement in the T–(Er,Sn)–T slab like in the previous
ompound.

The phenomenon taking place between 40 and 24 K should be
elated to that observed in ErMn5FeSn6. In this compound, the
rowth of the (1 0 1)+ satellite has been attributed to the appari-
ion of a sine-wave modulated structure. Therefore, the same kind
f magnetic structure has been refined in this temperature range
ogether with the remaining antiferromagnetic structure AF1. The
econd helimagnetic structure has been also kept to account for
he anisotropic shape of the satellites. The results of the refine-
ents are gathered in Table 8. The sine-wave modulated structure
s characterized by a rather small value of its reliability factor
R = 6.1%) and the main part of the (Mn,Fe) moment is concentrated
n this structure. The value of the propagating vector compo-
ent is close to 1/6 thus suggesting that the structure might
Fig. 16. Observed and calculated neutron diffraction patterns of ErMn3Fe3Sn6 at
300, 31 and 2 K (extra lines; from bottom to top: sample holder; elemental tin;
CuAl2-type TSn2).

be described into a commensurate model with a six-time larger
cell.

Below 24 K, the (1 0 0)± and (1 0 1)+ lines decrease and the
satellites (0 0 1)+ and − slightly increase. It looks like the helimag-

netic structure becomes again similar to the high temperature one.
Simultaneously, the (1 0 0) and (1 0 1) lines increase giving evidence
of the stabilisation of a ferromagnetic structure for the Er sublattice.
In this compound, it looks like the ordering of the erbium moment
takes place in two steps, firstly a sine-wave modulated structure and
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ig. 17. Thermal variation of some characteristic diffracted intensities of
rMn3Fe3Sn6.

hen a ferromagnetic one. The refinements have been undertaken

onsidering the two helimagnetic structures described for the 300 K
attern and a commensurate structure including the ferromagnetic
r structure and the antiferromagnetic structure AF1 for the (Mn,Fe)
ublattice. In this structure a tilting of the (Mn,Fe) moments has
een allowed to account for an eventual antiferromagnetic coupling

able 8
efined parameters of ErMn3Fe3Sn6 at 300, 31 and 2 Ka.

300 K 31 K 2 K

(Å) 5.439(1) 5.420(1) 5.416(1)
(Å) 8.949(2) 8.932(2) 8.929(2)

Fe 0.248(1) 0.245(2) 0.247(2)
Sn 0.340(1) 0.342(2) 0.347(2)

Fe[mMn] 0.504[0.496](4) 0.504[0.496] 0.504[0.496]

elimagnetic 1
�T1 (�B) 1.80(5) – 2.22(7)
�T1 (◦) 56(1) – 58(1)
�T1 (◦) 52(1) – 71(3)
qz1 (r.l.u.) 0.275(1) – 0.1642(6)

elimagnetic 2
�T2 (�B) 0.82(7) 0.58(9) 0.84(8)
�T2 (◦) 52(1) 18(3) 58(1)
�T2 (◦) 55(6) 79(38) 102 (22)
qz2 (r.l.u.) 0.200(4) 0.112(4) 0.106(3)

ommensurate
�T3 (�B) 0.31(2) 0.37(3) 0.67(3)
�T3 (◦) 90 90 36(2)
�Er3 (�B) – – 8.27(8)
�Er (◦) – – 0

ine-modulated
A(q)T4 (�B) – 2.98(13) –
�mT4 (�B) – 2.11(9) –
�T4 (◦) – 128(3) –
�T4 (◦) – −309(2) –
A(q)Er4 – 4.25(27) –
�mEr4 (�B) – 3.00(21) –
�Er4 (◦) – −21(2) –
qz4 (r.l.u.) – 0.1647(5) –
�T total (�B) 1.95 2.22 2.45
�Er total (�B) 0 4.25 8.27
RBragg, Rf 3.01; 2.64 4.24; 2.73 2.50; 2.00
Rmagn 7.7; 8.9; 17.2; – –; 11.3; 15.5; 6.1 6.53; 12.2; 1.39; –
Rwp, Rexp, �2 8.39; 1.84; 20.6 11.3; 4.81; 5.55 8.47; 1.14; 54.8

a The mean magnetic moments in the sine-modulated structure �mi are calculated
rom the amplitudes A(q)i with the relation �m = A(q)2−1/2.
Fig. 18. Observed and calculated neutron diffraction patterns of ErMn2Fe4Sn6 at 300
and 2 K (extra lines; from bottom to top: sample holder; BCC (T,Sn) alloy, elemental
tin; CuAl2-type TSn2).

with the ferromagnetic Er sublattice. The results of the refinement
are gathered in Table 8. The commensurate structure is charac-
terized by a canting angle of 36◦. The in-plane antiferromagnetic
component of the (Mn,Fe) sublattice is therefore 0.39�B and the
axial component opposite to the erbium moment is 0.54�B.

5.7. Neutron diffraction study of ErMn2Fe4Sn6

The room temperature pattern (Fig. 18) is mainly character-
ized by the large intensity of the (0 0 1) and (1 0 1) lines which
are characteristic of the AF1 magnetic structure often observed for
MFe6X6 compounds. The presence of the (0 0 1) line indicates that
the moments are not aligned along [0 0 1]. The refinements have
been undertaken taking into account these preliminary remarks.
The best refinements lead to put the Mn(Fe) moments in the (0 0 1)
plane. The results are gathered in Table 9 and the observed and cal-
culated patterns are presented in Fig. 18. The magnetic structure is
depicted in Fig. 5f.

Below 26 K (Fig. 18), it is observed a considerable growth of the
(1 0 0) and (1 0 1) lines. These lines are characteristic of the fer-
romagnetic ordering of the Er sublattice as observed in previous

sections. The absence of contribution of the Er magnetic moments
on the (0 0 l) lines indicates that the Er moments are aligned along
the c-axis. The refinements have been firstly done considering a
ferromagnetic ordering of Er along [0 0 1] and the remaining AF1
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Table 9
Refined parameters of ErMn2Fe4Sn6 at 300 and 2 K.

300 K 2 K

a (Å) 5.425(1) 5.404(1)
c (Å) 8.944(2) 8.918(2)
zFe 0.251(2) 0.255(2)
zSn 0.340(2) 0.341(2)
mFe[mMn] 0.680[0.320](4) 0.680[0.320]
�T (�B) 1.89(3) 2.13(4)
�T (◦) 90 80(2)
�Er (�B) – 8.49(12)
� ◦
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Er ( ) – 0
Bragg, Rf 5.69, 3.57 4.09, 2.94
magn 2.65 3.01
wp, Rexp, �2 11.5; 1.81; 40.6 10.8; 1.38; 61.2

rdering of the transition metal sublattice in the (0 0 1) plane yield-
ng a residual magnetic factor of 3.5% with some slight discrepancies
n the (1 0 0) and (1 0 1) lines. A canting of the Mn(Fe) moments
ave been taken into account considering that a part of the Mn(Fe)
oment couples antiferromagnetically with the ferromagnetic Er

ublattice. The refinements converge for a canting angle of 10(1)◦

ith slightly weaker residual factors (Table 9). A representation of
he corresponding magnetic structure is given in Fig. 5g.

. Discussion

The study of the ErMn6−xFexSn6 solid solutions makes evidence
f new magnetic arrangements which had never been observed in
fFe6Ge6-type stannides.

The first one is the sine-wave modulated structure observed for
rMn5.2Fe0.8Sn6 and ErMn5FeSn6 with a propagating vector close
o Q = (0, 0, 1/4) and for ErMn3Fe3Sn6 with a propagating vector
lose to Q = (0, 0, 1/6). The stabilisation of this kind of magnetic
tructure might be the result of the combination of two particular
eatures: an easy axis anisotropy for the Er sublattice and a rela-
ively weak Er–(Mn,Fe) magnetic coupling not sufficient to align
he T = (Mn,Fe) moments. Up to now, only the terbium moment
isplayed an easy axis in the ternary stannides and the strong
b–Mn interaction was able to align the Mn moments leading to an
asy axis ferrimagnetic structure. On another hand, the easy plane
nisotropy of Er and Tm moments in ternary stannides [5,6] and
he weak Er(Tm)–Mn interaction were fully satisfied by the stabil-
sation of the in-plane helimagnetic structure for TmMn6Sn6 and
or ErMn6Sn6 above 62 K. As the substitution of Fe for Mn in the
rMn6−xFexSn6 solid solutions seems to change the easy direction
f the erbium moments, one may assume that a sine-wave modu-
ated structure is a convenient way to satisfy both the easy axis of
he Er moment and the weak Er–T interaction.

Another new magnetic arrangement is observed in the helimag-
etic structures of ErMn4Fe2Sn6 and ErMn3Fe3Sn6. Up to now, the
elimagnetic structures observed in ternary stannides were char-
cterized by an almost ferromagnetic Mn–Sn–Sn–Sn–Mn slab and
y a more or less opened angle between the Mn moments into the
n–(Sn,R)–Mn slab. The helimagnetic structures observed in the

ron-rich compounds of the present solid solutions are character-
zed by an almost antiferromagnetic T–(Sn,R)–T slab and by a more
r less opening of the angle between the T = (Mn,Fe) moments into
he T–Sn–Sn–Sn–T slab. This structure, which is experimentally
bserved for the first time, should be recognized as the heli-
agnetic structure H2 predicted by Rosenfeld et al. [19] during

heir theoretical work on the magnetic properties of RMn6X6 com-

ounds. According to their model of double flat spiral based on the
wo nearest J1 (within the Mn–Sn–Sn–Sn–Mn slab) and J2 (within
he Mn–(Sn,R)–Mn slab) and the next-nearest J3 interactions, two
ifferent helimagnetic structures can be distinguished. Both are
table for a product J1.J2.J3 < 0. In addition, the classical helimag-
Fig. 19. Schematized x–T phase diagram of the ErMn6−xFexSn6 compounds.

netic structure H1 of the RMn6X6 compounds is stable for J1.J3 < 0
and gives rise to large intensity for the satellites (0 0 l)+− with l
even while the helimagnetic structure H2 is stable for J1.J3 > 0 and
gives rise to large intensity for the satellites (0 0 l)+− with l odd.
The H2 structure may be regarded as the missing link between
the AF2 (ferromagnetic T–Sn–Sn–Sn–M–T slab and antiferromag-
netic T–(Sn,R)–T slab) and the AF1 structures (antiferromagnetic
T–Sn–Sn–Sn–T slab and antiferromagnetic T–(Sn,R)–T slab).

The data of the neutron diffraction and magnetic measurements
enable to draw a schematic x–T magnetic phase diagram for the
hexagonal compounds ErMn6−xFexSn6 (Fig. 19). Several comments
may be done.

The magnetic phases stable in the high temperature range
(above T ≈ 50 K) mainly account for the magnetic behaviour of
the T = (Mn,Fe) sublattice alone. We observe four domains which
are rather well correlated to the iron content with the evolution
H1 → AF2 → H2 → AF1 towards the iron-rich region. This evolution
might be related to the analysis of the properties of the 1-6-6 com-
pounds undertaken by Rosenfeld et al. [19] and summarized by
the stability diagram reported in Fig. 20. Obviously, the successive
observed stable phases cross the stability diagram from the down-
right quarter towards the up-left quarter following approximately
the arrow depicted in Fig. 20.

In their work, Rosenfeld et al. [19] give expressions linking
the observed characteristic angles of the helical structure (turn
angle ˚ and angle ı between the Mn moments belonging to the
Mn–Sn–Sn–Sn–Mn slab) to the ratio J2/J1 and J3/J1. We have tried
to get approximate values of these ratios using a graphical method.
The results are given in Table 10.

For the helical H1 structure of ErMn5.8Fe0.2Sn6, the observed
angles lead to small values of the ratio J2/J1 and J3/J1 meaning that
the value of the positive J1 interaction is relatively large with respect
to positive J2 and negative J3 interactions. This is in relation with
the almost ferromagnetic T–Sn–Sn–Sn–T slab (ı = 2.6◦). The cor-
responding energy of the H1 structure, which expression is also
given in Ref. [19], is only slightly smaller than those of the ferro-
magnetic F structure and antiferromagnetic AF2. This observation
should be related to the temperature-induced transition between
the high temperature AF2 structure and the low temperature H1

structure observed for this compound. The close values between
the energy of the H1 and F structures may be also related to the
magnetic behaviour of the ternary stannides which become easily
ferromagnetic by minor substitution of tin by gallium or indium
[20].
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Table 10
Refined parameters of the T sublattice and corresponding characteristic angles. Estimated J2/J1 and J3/J1 values and corresponding energy Ei of the magnetic structures (in J1
unit) [19]. The angles ıo and ˚o are deduced from the refinements and the angles ıc and ˚c are calculated from the J2/J1 and J3/J1 values.

x zT qz (r.l.u.) �T (◦) ı (◦) ˚ (◦) ˚ − ı (◦) cos(ıo) cos(˚o)

0.2 0.245(1) 0.3752(4) 213.2(6) 2.6 135.1 132.5 0.9989 −0.7083
2.0 0.246 0.4419(6) 49.6(7) −18.3 159.1 177.5 0.9494 −0.9342
3.0 0.247(2) 0.1642(6) 71(2) −112 59.1 171.1 −0.3746 0.5135

x J2/J1 J3/J1 EH EF EAF1 EAF2 cos(ıc) cos(˚c)

0 44
2 16
3 96

t
t
f
v
t
c
v
J

F
f
c

.2 0.08 −0.0378 −1.0046 −1.00

.0 −7.5 0.4442 −7.6118 5.61

.0 −6.0 0.5402 −6.1080 3.91

For the compounds ErMn4Fe2Sn6 and ErMn3Fe3Sn6, the charac-
eristic angles lead to a large negative value for the ratio J2/J1 while
he ratio J3/J1 is close to 1/2. This suggests that J2 has decreased
rom the small initial positive value to a relatively large negative
alue while J1 has decreased from a relatively large positive value
o a small positive value. Correlatively, it is suggested that J3 has

hanged from a small negative value to a small positive value. The
alue of the ratio J3/J1 is related to the relative strengths of J1 and

3:

ig. 20. Calculated magnetic phase diagram from Ref. [19] and a possible pathway
or the observed evolution. (According to a correspondence with the authors, in the
ase J1 < 0, the abscissa and ordinate have been changed in x = −J2/J1 and y = −J3/J1.)
1.1556 −0.9956 0.9986 −0.7087
−7.3884 −7.6116 0.9488 −0.9346
−6.0804 −5.9196 −0.3744 0.5132

(i) for ErMn4Fe2Sn6, this ratio is less than 1/2 meaning that J1
is preponderant thus accounting for an almost ferromagnetic
T–Sn–Sn–Sn–T slab (ı = −18.3◦);

(ii) for ErMn3Fe3Sn6, this ratio is greater than 1/2 meaning that J3
is preponderant in relation with the smaller value of the angle
˚ (59.1◦).

For the following composition ErMn2Fe4Sn6, two possible ways
may be expected. Either J3 still increases (J1 and J2 remaining
unchanged) and the structure enters in the AF1 range in the phase
diagram, or J1 follows its decrease and becomes negative (J3 and J2
remaining unchanged) and the stability conditions of the AF1 struc-
ture are fulfilled (J1 < 0, J2 < 0, J3 > 0). The high Néel temperatures of
the ternary iron compounds strongly suggest this latter hypothesis.
The magnetic structure observed for the compounds of intermedi-
ate composition (0.4 < x < 1) suggests that the pathway from the H1
range towards the H2 range goes across the AF2 range.

The bold curve in the diagram underlines the ordering temper-
ature of the Er sublattice. Below the phases AF2, H2 and AF1, the
erbium moment orders at low temperature whereas a non-zero
moment is measured in the phase H1. This feature should be related
to the moment arrangement in the corresponding T–(Sn,Er)–T slab:
since the moments of T = (Mn,Fe) are not antiparallel in this slab, the
Er site experiences a molecular field yielding an induced non-zero
value of the Er moment.

The low temperature part of the diagram is rather complicated
and we observe a different behaviour for nearly all the studied com-
pounds. Starting from the compound ErMn6Sn6, previous studies
have shown the existence of the ferrimagnetic phase (Fi) below
62 K [2]. There is probably a small zone of a ferrimagnetic phase
(Fi) in the Mn-rich region but this phase has already disappeared
in the compound ErMn5.8Fe0.2Sn6. However, the metamagnetic
behaviour of this phase (Section 4) suggests that this ferrimag-
netic phase is almost stable. The existence of this phase in the
ternary compound is related to the Er–Mn interaction which is
strong enough to align the Mn moments. The vanishing of this
phase in ErMn5.8Fe0.2Sn6 indicates that this small amount of iron
is large enough to increase the antiferromagnetic character of the
T–(Sn,Er)–T slab and the phase H1 remains stable down to 2 K,
the moments rotating in the (0 0 1) plane in accordance with the
in-plane anisotropy of the erbium moment. The occurrence of
the two well distinguished phases of H1 type at low tempera-
ture for the compound ErMn5.6Fe0.4Sn6 is rather surprising and
it looks like this compound was not homogeneous. For the com-
pound ErMn5.4Fe0.6Sn6, there is again one phase H1 but, this time,
the moments rotate in a plane containing the c axis, thus suggest-
ing that the anisotropy of erbium has changed. For the compound

ErMn5.2Fe0.8Sn6, it appears at low temperature a sine-wave mod-
ulated structure besides the remaining AF2 phase. It seems that,
upon this iron concentration, there is a hard easy axis anisotropy
direction of erbium. For the compound ErMn5FeSn6, a sine-wave
modulated structure is also observed below 40 K, but a second
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ransition takes place below 31 K where a ferromagnetic compo-
ent appears. For the other compounds ErMn4Fe2Sn6, ErMn3Fe3Sn6
nd ErMn2Fe4Sn6 a ferromagnetic state appears below 50, 24 and
6 K respectively. However, for an unknown reason, in the com-
ound ErMn3Fe3Sn6, the erbium sublattice firstly orders in an

ntermediate modulated structure between 40 and 24 K.
A last point concerns the Er–T interactions. It is observed for

= 2, 3 and 4, that the ferromagnetic ordering of the erbium sublat-
ice is accompanied by a small tilting of the T moments yielding the
pparition of a small ferromagnetic component opposite to the fer-
omagnetic Er sublattice. This component seems to decrease when
increases and the extrapolated value for the hypothetic hexagonal

ernary iron compound should be very weak. This evolution is prob-
bly related to the strong AF character of the Fe sublattice. It may
xplain why an independent ordering of the iron and lanthanide
ublattices has been assumed in previous studies of the orthorhom-
ic ternary iron compounds [8–11]. The small Er–T coupling in the
resent compounds might explain the higher ordering tempera-
ure of the erbium moment in these compounds with respect to the
rdering temperature measured in the ternary compound ErFe6Sn6
TEr = 4.8 K [10]). However, it has been recently observed that the
exagonal pseudo-ternary compound TbFe6Sn4Ge2 was character-

zed by a small Tb–Fe coupling when Tb orders [11]. Therefore, it
ay be assumed that the R–T coupling results from a combination

etween the strength of the R–T interaction and the AF character
f the T sublattice.

. Conclusion

The replacement of manganese by iron in the hexagonal
rMn6−xFexSn6 solid solutions pointed out two main features. The
uccession of the magnetic structures suggests an increasing anti-
erromagnetic character of the nearest interlayer interactions (J1,

2) yielding a reduction of the Er–T couplings and an increasing
erromagnetic next-nearest interaction (J3). It should be now very
nteresting to study related solid solutions involving Ho and Tm to
onfirm the behaviour of the (Mn,Fe) sublattice and to check the
lay of R–T interactions of variable strength.

[
[
[
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Another conclusion of this study is the change of the easy direc-
tion of the Er moment from easy plane to easy axis. It is known from
magnetisation studies [5,6] that the in-plane anisotropy of erbium
moment is weaker than the in-plane anisotropy of thulium. From
this observation, it should be also interesting to study the behaviour
of the thulium TmMn6−xFexSn6 solid solutions. This may provide
information on the origin of the magnetocrystalline anisotropy in
the HfFe6Ge6-type compounds.
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