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Abstract

Neutron diffraction measurements have been performed on the ternary compounds YMnsGes and LuMngSng of
HfFe Geq-type structure (space group, P6/mmm). This structure can be described as a filled derivative of the
CoSn-B35-type structure. Each of the rare earth (R) and Mn atoms are successively distributed in alternate
layers, stacked along the ¢ axis with the sequence Mn-R-Mn-Mn-R-Mn. At 300 K, both compounds exhibit
collinear antiferromagnetic arrangements and the magnetic structures consist of a stacking of ferromagnetic (001)
layers of Mn with the coupling sequence Mn(+)-R-Mn(—)-Mn(—)-R-Mn{(+) (um,=1.33(1)up and 1.82(3)us
for LuMngSns and YMn(Ge, respectively). For LuMn¢Sne, the magnetic moments lie in the (001) plane, while
they are along the ¢ axis in YMn,Ge,. At low temperature, a spin reorientation process occurs in both compounds,
yielding incommensurate antiferromagnetic arrangements. For YMnsGe, (7,=80 K), the Mn moments form a
double-cone structure with a periodicity of about 105 A (uy,=1.95(4)up at 2 K), while only preliminary results
are available for LuMnSn, below about 200 K. The results are compared with those obtained on the CoSn-
B35-type structure binary compounds FeSn and FeGe, on one hand, and the RMnsSns compounds, on the other

hand.

1. Introduction

In previous papers we have reported on the crys-
tallographic data of new ternary stannides RMngSng
(R=Sc, Y, Gd-Tm, Lu) [1, 2] and germanides RMn4Ge,
(R=Sc, Y, Nd, Sm, Gd-Lu) [3]. All these compounds
crystallize in the HfFe,Geq-type structure (space group,
P6/mmm) [4]. The crystal structure of HfFe,Ge, is an
ordered filled derivative of the CoSn-B35 type (space
group, P6/mmm) adopted by the binary FeGe and FeSn
compounds (Fig. 1) [5]. This structure can also be
described as being built of alternate (001) layers con-
taining R and transition metal (T) atoms respectively.
R elements build hexagonal planes (H) and T elements
build Kagomé nets (K), stacking along the ¢ axis with
the sequence ... KHKKHK... [6] (Fig. 1). As regards
the transition metal and rare earth coordination po-
lyhedra around the rare earth (Fig. 1), this structure
is also closely related to the well-known CaCus-
and ThMn,,-type structures [5]. From this point of
view, it was rather interesting to study their magnetic
properties.
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Magnetization measurements on RMngSn, (R =Sc,
Y, Gd-Tm, Lu) [6] and the germanides RMnGegq
(R=Sc, Y, Nd, Sm, Gd-Lu) [3] as polycrystalline
samples have been largely described. All the compounds
with paramagnetic rare earths order ferro(antiferro)-
magnetically up to rather high temperatures (333 K
<T¢ ~<516 K). Furthermore, in most cases, both the
R and Mn sublattices order simultaneously above the
room temperature. However, neutron diffraction studies
on RMn4Sns (R =Tb-Dy, Er at low temperature) com-
pounds [7, 8] show that, in all cases, the magnetic
structures consist of ferromagnetic (001) layers of
R and Mn atoms stacked along the ¢ axis with the
coupling sequence Mn(—)-R(+)-Mn(—)Mn(-)-
R(+)-Mn(—), yielding a ferrimagnetic behaviour. The
thermal variations of the easy axis directions are given
in Table 1. It appears that the magnetic easy direction
shows a strong and somewhat systematic dependence
on the identity of the rare earth element. It should
be noted that complex, flat spiral structures are observed
in ErMngSn, above 50 K and in TmMn4Sn, [8].

All the RMn¢X, compounds with diamagnetic R
elements (Sc, Lu, Y) are characterized by an antifer-
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Fig. 1. Structures of (a) RMn¢Xs (X=Ge, Sn), (b) CoSn-B35 and (c) CaCus, showing structural relationships.

TABLE 1. Deviation angle ¢ between the easy direction and
the c-axis in RMngSns (R=Tb-Er)

¢ (deg)

300 K 2 K
Tb 15 0
Dy 63 45
Ho 90 49
Er 90 90

romagnetic ordering of the Mn sublattice with the Néel
temperature T,y varying from 384 to 333 K and from
516 to 473 K for stannides and germanides respectively
[3, 6]. As expected, the ordering temperatures of the
germanides are higher than those of the stannides, the
ordering temperature decreasing with increasing size
of the R element. This behaviour probably comes from
stronger Mn-Mn coupling owing to shorter Mn-Mn
interatomic distances.

A better understanding of the magnetic properties
of the RMnX, compounds is possible by determining
the magnetic structures of some diamagnetic R com-
pounds in order to check the magnetic behaviour of
the Mn sublattice alone. In addition, it is worth noting
that, if the binary compounds MnSn and MnGe do
not exist, the RMn¢X, compounds (with a diamagnetic
R element) can be regarded as a good way to stabilize
them and, therefore, to check their magnetic properties
comparatively with those of FeSn and FeGe.

In this paper, we report on the magnetic structures
of LuMnSn, and YMn¢Ge, derived from neutron dif-
fraction experiments.

2. Sample preparation

Both compounds were prepared from commercially
available, high purity elements: Mn (powder, 99.9%),
R elements (ingot, 99.9%) and Sn (pieces, 99.99%).
Pellets of stoichiometric compositions YMnGe, and
LuMn4Sn, were compacted using a steel die, annealed
several times (with grinding and compacting each time)
at 1073 K in sealed SiO, tubes under argon (0.2 atm)
and finally quenched in water. The purity of the final
samples was determined by X-ray diffraction, using a
Guinier camera (Cu Ke).

Neutron experiments were carried out at the Siloe
reactor of the Centre d’Etudes Nucléaires de Grenoble
(CENG). Several patterns were recorded in the tem-
perature range 2-300 K with the DN5 multidetector
(A=2.487 A).

Using the scattering lengths — bg,=8.185 fm,
byn=—3.73 fm, by =7.74 fm, b;,,=7.21 fm — and the
form factor for Mn given by ref 9, the scaling factor,
the zx wmn atomic positions (X=Ge, Sn) and the Mn
magnetic moment were refined by the MiXeD crys-
tallographic executive for diffraction (MXD) least-
square-fit procedure [10]. The MXD program allows
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one to fit simultaneously the intensities of the nuclear
and magnetic reflections.

3. Neutron diffraction

3.1. YMn,Ge,

Several spectra have been collected in the temperature
range 2-300 K (Fig. 2). In all the patterns, several
superlattice lines are observed (owing to an antifer-
romagnetic ordering, in agreement with the magnetic
measurements) and the remaining lines are charac-
teristic of purely nuclear scattering with no magnetic
contributions. The nuclear lines fit well with the
HfFe,Geg-type structure (Ryu,a=2.4%, Zu,=0252,
Z;.=0.1607). The weakness of the (hk1) lines relative
to the (hk3) lines accounts well for the close values
of the Ge and Y Fermi (scattering) lengths and to the
atomic positions zg.= =1/6, 1/2, 0; zy,= =1/4 and
zy=1/2 (Table 2), which lead to the following structure
factors: Fy =K(bg.—by) and Fy;=K(2bg.+by).

At 300 K, the Bragg angles of the superlattice lines
can all be indexed on the basis of a magnetic unit cell
twice as large as the crystal unit cell by doubling the
¢ axis (i.e. a wave vector k= (0. 0, 1/2)). The absence
of (0, 0, //2) magnetic lines suggests that the moments
are parallel to the ¢ axis. Considering both Mn layers
(lying in z=1/4 and z=3/4; Figs. 1 and 3(b)), two
magnetic arrangements along the c-axis are possible:
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Fig. 2. (a) Neutron diffraction patterns of YMnyGe, at 300 and
2 K. (b) Detailed view of the neutron diffraction pattern of
YMnGe, at 2 K, showing the occurrence of four extra lines
attributed to the incommensurate basal plane component.

TABLE 2. RMn¢X, (HfFesGes-type structure, P6/mmm) data for
atomic positions [2]

Atom Position Symmetry X y z

R 1(b) 6/mmm 0 0 172
Mn 6(i) mm 1/2 0 =0.25
X, 2(e) 6mm 0 0 =0.16
X, 2(d) 62m 1/3 2/3 172
X, 2(c) 62m 1/3 2/3 0
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Fig. 3. Magnetic structures of (a) FeGe (HT) at 300 K, (b)
YMnGee (HT) at 300 K, (c) FeGe (BT) at 4 K and (d) YMnGe,
(BT) at 2 K. ¢’ is for the magnetic unit cell.

Mn(+)-R-Mn(-)-Mn(—)-R-Mn(+) or Mn(+)-R-
Mn(+ )}-Mn(— )-R-Mn(—). The best refinement leads
us to retain the first of these arrangements with an
Mn magnetic moment of py,=1.82(3)up.

At this point, it should be noted that the choice
between the two different magnetic arrangements
strongly depends on the shift of the zy, atomic position
from the special position value; i.e. 1/4, (in the chemical
cell) and on the relative intensities of the magnetic
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lines. The refinement of the Mn position, on the basis
of the nuclear lines, yields zy, =0.252 at 300 K. The
weak shift from the special position implies that the
choice between the two models is relatively ambiguous
( the + — — + array leads to ry,,=13.4%, while the
+ + — — arrangement gives ry,, = 18.6%) because of
the limited accuracy of the present measurement.
Below T, = 80 K, four new superlattice magnetic lines
appear in the diffraction pattern, while the high tem-
perature (h, k, 1/2) lines remain nearly constant (Fig.
2). It is worth noting that no transition is detected in
the thermal variation of the susceptibility between Ty
and 4 K. The Bragg angles of the new magnetic lines
are consistent with an incommensurate magnetic or-
dering and may be indexed as satellites of the nuclear
peaks by considering the propagating vector k' = (0, 0,
7) with 7=0.385(1). The occurrence of (00/)* lines

clearly indicates that the moments deviate from the
[001] direction. This result suggests that the magnetic
structure changes from a collinear c-axis antiferro-
magnetic structure to a c-axis cone structure with a
modulated basal plane component (Fig. 3(d)). It follows
that, for the double-cone antiferromagnetic structure
that has developed, the intensities of the (hkl)* satellites
give a direct measure of u, and the intensities of the
(hkif2) peaks give a measure of p,. The refinements
lead to 0.37(3)up and 1.94(3)ug for p, and u,, re-
spectively, yielding a cone semi-angle («) of about 11°.
Furthermore, the phase angle difference between two
adjacent Mn layers (z=1/4 and z=3/4 in the chemical
cell, Fig. 3(d)) is refined to 8=56(15)°. Therefore, the
modulation vector of 0.385(1) (in units of the 7o
reciprocal lattice vector (RLV)) corresponds to a spiral-
turn angle (¢) of about 125° between adjacent

TABLE 3. Calculated and observed intensities, lattice parameters and different adjustable parameters for YMnGe, at 300 and 2K

hkl 2K 300 K

I, I, I, I,
000" 2.43 2.44(9) - -
001 0.67 0.66(15) - -
001" 0.63 0.64(29) - -
002" 1.87 1.7(4) - -
001 0.22 -~ 0.27 -
100
100* 119.4 112(2) 118.8 120(2)
10172 39.5 38(2) 35.6 35(2)
002 531.7 538(3) 532.2 551(6)
101 0.84 - 0.77 -
1032 22.4 20(2) 20.7 22(3)
102 550.2 563(5) 549.3 565(6)
003 102.2 88.3 105.5 106(3)
1052 9.0 - 7.8 -
110 2109.2 2068(11) 2109.9 2072(10)
1112 25.6 35(5) 23.0 32(5)
11372 19.2 21(4) 17.7 26(6)
103 578.4 583(7) 572.0 568(6)
200 108.6 141(5) 108.7 131(6)
20172 187.9 197(5) 169.3 162(5)
112 681.9 699(7) 683.2 696(7)
1072 4.0 - 3.8 -
2032 146.6 142(6) 135.5 145(6)
1152 10.5 - 9.4 -
004 10.5 - 10.6 -
202 443 59(15) 44.6 56(16)
113 573.9 599(19) 567.8 591(17)
R (%) 4 3.7
a (A) 5.194(2) 5.209(3)
c (A) 8.095(4) 8.111(5)
k (0, 0, 0.384) -
ZGe 0.1607(8) 0.1607(8)
ZMn 0.2512(12) 0.2521(11)
Bmn (pB) 1.95(4) 1.82(3)
0 (deg) 11(1) -

a (deg) 56(13)
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Mn—(R-X)-Mn layers and of about 14° between
Mn-(X)-Mn layers (Figs. 1 and 3(d)), corresponding
to a repeat distance of about 105 A.

Table 3 gives the observed and calculated intensities,
together with the lattice constants and the different
adjustable parameters.

3.2. LuMn,Sng

Several spectra have been collected in the temperature
range 2-300 K (Fig. 4). At 300 K, the superlattice lines
observed (owing to an antiferromagnetic ordering, in
agreement with the magnetic measurements) can all
be indexed on the basis of a magnetic unit cell (m)
twice as large as the chemical cell (c¢) by doubling the
¢ axis, while the remaining lines are characteristic of
purely nuclear scattering with no magnetic contributions.
The nuclear lines fit well with the HfFe Ge,-type struc-
ture (Ryua=4.2%, zpn=10.256, zg, =0.1664).

The occurrence of (00/) lines clearly indicates that
the Mn moments deviate from the c-axis direction.
Moreover, in the magnetic cell, the Mn atoms related
by the lattice translation along ¢ (z%,=(2in/2) and
1/2+2z3,) have to be strictly antiferromagnetically
coupled, whereas the angle a between the moments
of the Mn atoms lying in adjacent layers (zjy, and
1/2—2z%.,) is a refinable parameter. The best refinements
clearly show that the Mn magnetic moments lie in the
(001) plane. Within the standard deviations, the refined
value of & (172(28)°) yields a collinear antiferromagnetic
structure with the Mn(+)~R-Mn(—)-Mn(—-)-R-
Mn( +) arrangement along the ¢ axis, as shown in Fig.
5(b). The calculated value of the Mn magnetic moment
(ttmn=1.33(1) up) is slightly smaller that that observed
in YMnsGe, (1.82(3)up), which is in agreement with
the Néel temperatures observed in these two compounds
(Ty=353 K for LuMnSn, compared with Ty=480 K
for YMnGe,) for room temperature measurements.
Table 4 gives the observed and calculated intensities,
together with the lattice constants and the different
adjustable parameters.
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Fig. 4. Neutron diffraction patterns of LuMn¢Sn, at 300, 180 and
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Fig. 5. Magnetic structures of (a) FeSn (HT) at 300 K and (b)
LuMneSn, (HT) at 300 K. ¢’ is for the magnetic unit cell.

TABLE 4. Calculated and observed intensities, lattice parameters
and different adjustable parameters in LuMngSn, at 300 K

Bkl 1. 1,

001 489 48(1)
002 0.0 2.1(1)
003 51.1 55(1)
100 146.3 148(2)
101 14.7 20(5)
004 5225 525(4)
102 24 -

103 19.2 23(3)
005 29.1 32(4)
104 470.4 481(6)
105 12.7 13(7)
006 1117 104(5)
110 18093 1784(12)
111 8.9 -

112 24 -

007 315 37(8)
106 4734 449(9)
113 104 14(8)
200 151.2 200(11)
114

201 5229 546(13)
107 15.5 9(10)
202 21 -

008 -4.6 -

203 75.6 64(14)
115 72 -

204 160.2 172(15)
1038

116 4922 532(19)
009

205 60.5 85(20)

R=39%; z5,=0.0832(8); zpm,=0.128(1); a=5.507(2) A; c=
8.994(5) A; pan=1.33(1)pp; 6=8(28)°.

Below 200 K, neutron diffraction patterns (Fig. 4)
are characterized by the vanishing of the high tem-
perature magnetic lines and the occurrence of new
magnetic contributions. These new peaks could be
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indexed as satellites of the nuclear lines, with at least
two wavevectors k;= (0, 0, 7,). Furthermore, the Bragg
angles of these peaks change with the temperature,
indicating a thermal variation of k. Nevertheless, our
preliminary results show that a complex, basal plane,
flat spiral probably occurs below 200 K. It is worth
noting that such complex magnetic behaviour is also
encountered over the whole ordered temperature range
for the two other diamagnetic rare earth stannides, i.e.
for ScMngSng and YMnSn, [11]. Attempts to establish
the low magnetic structure of LuMnSn, are in progress.

4. Discussion and conclusions

The determination of the magnetic structure of
YMnyGegs and LuMngSn, (i.e. diamagnetic elements)
provides useful information about the magnetic be-
haviour of the Mn sublattice in the HfFe,Ge,-type
structure RMngX, compounds. According to the present
neutron diffraction study, the magnetic structures of
YMnGe¢ and of LuMngSng at room temperature are
characterized by a stacking of ferromagnetic (001) Mn
planes, antiferromagnetically coupled along the ¢ axis
in magnetic unit cells twice the size of the
chemical cells, with the same coupling sequence
Mn(+)-R-Mn(—)-Mn(—)-R-Mn(+). The direct
Mn-Mn interactions are ferromagnetic, while the su-
perexchange Mn-(R-X)-Mn and Mn—(X)-Mn inter-
actions (Figs. 3 and 5) are antiferromagnetic and fer-
romagnetic respectively. Furthermore, LuMngSn,
exhibits an easy plane, at least at high temperatures
(above 200 K), while an easy c axis prevails throughout
the temperature range from room temperature to about
2 K in YMn,Geg. In this case of YMnsGeg, the moment
rotation between successive layers of Mn corresponds
to an exchange energy apparently sufficient to sustain
long-range order with a periodicity of about 105 A and
certainly indicates that the basal plane magnetic an-
isotropy must be very small.

Moreover, the magnetic anisotropy observed in these
compounds can be considered to be the behaviour
resulting from the Mn sublattices, since Y and Lu are
non-magnetic. The substituent effect (Ge & Sn) shows
that Ge makes a negative contribution to the magnetic
anisotropy, while Sn makes a positive contribution.
Similar effects are observed by T-T substitution in
R,T,; and RTs compounds. It should also be noticed
that the + — — + configuration found in the LuMnSn,
compound also occurs in YMn,Ge, with a lower accuracy
(see above). In the YMn,Ges compound, within the
standard deviations, the ferromagnetic coupling through
the ‘X plane’ remains for the incommensurate basal
plane component, as observed in the stannide, since
the refined spiral-turn angles yield spin rotations of

125(15)° from Mn(1/4) to Mn(3/4) through the ‘R-X
plane’ and 13(15)° from Mn(3/4) to Mn(5/4) through
the ‘X plane’.

In another way, these results allow comparisons be-
tween the CoSn-type-structure Fe germanide and stan-
nide and the corresponding HfFe Ge,-type-structure
rare earth Mn germanides and stannides, as well as a
better understanding of the macroscopic properties of
RMn¢Ges compounds.

In the introduction, we have emphasized the straight
structural relationships between the hexagonal binary
FeSn and FeGe and the RMn X, (R=Y, Lu; X=Ge,
Sn) compounds. The magnetic structures of FeSn and
FeGe are illustrated in Figs. 3 and 5 [12-17]. It clearly
appears that there are strong similarities between the
binary and ternary germanides, on the one hand, and
the corresponding stannides, on the other hand, with
the same change of the easy magnetization direction
from the c¢ axis to the (001) plane by substituting Sn
for Ge.

These correlations are still enhanced by the low
temperature behaviour of the germanides, characterized
by the formation of double cone-structures below 55
K and 80 K in FeGe-B35 [15, 17] and YMnGe,
respectively. It seems that the inserted R element acts
as an electron donor, yielding the same electronic
features in both classes of compounds FeX and RMn¢Xg
(X=Ge, Sn).

The occurrence of modulated magnetic ordering with
long periodicity is a common characteristic of numerous
intermetallic compounds, such as MnSi, Fe,_,Co,Si,
FeGe-B20, FeGe-B35 and FeGe monoclinic [18-20].
The long-period helical magnetic structures in MnSi
and FeGe-B20 have been shown to be consequences
of ferromagnetic Dzyaloshinsky instability [21]. Such
instability may occur only in certain crystal structures
which lack inversion symmetry. Since YMn¢Ge, is cen-
trosymmetric, it may be interesting to consider a lowering
of symmetry below 80 K in this compound. (A symmetry
analysis of the antiferromagnetic phase transitions in
hexagonal FeGe-B35 can also be found in ref. 22.)
However, it should be noted that a spin-flip effect
occurs in FeSn below 70 K [13, 14], while complex,
flat spiral structures occur below 200 K in LuMn,Sn,
and over the whole range of temperatures in ScMngSng
and YMn,Sn,.

Previously, we have largely described and discussed
the magnetic couplings and easy axis directions found
in the RMn¢Sn, compounds [7, 8, 23], (see also Section
1). The magnetic structure of LuMn,Sn, (easy plane,
Mn sublattice), determined in this paper, clearly con-
firms our conclusions and, particularly, that the mag-
netocrystalline anisotropy of these RMn4Sn, compounds
arises from a combination of the contributions from
the transition metal sublattice and the rare earth sub-
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lattice. The Tb sublattice anisotropy is apparently dom-
inant, even at room temperature, while the partial
reorientation of the Mn sublattice for Dy and Ho is
evidence of the strong anisotropy of the easy mag-
netization axis of Dy(Ho) and Mn, from which the
observed behaviour probably originates (Table 2). No
conclusion can be drawn for the Er compound, since
an easy plane usually prevails with this element. How-
ever, we must take into account the recent work of
Dirken et al. [24], relating to the effect of the second-
order crystal-field parameter A . The low value obtained
by these authors in GdMn¢Sn, suggests that the ani-
sotropic behaviour of the RMngSn, compounds will be
determined only to a limited extent by the second-
order parameter, leaving an important role for the
parameters of higher order than A3.

The last remark concerns the anisotropy direction,
which probably has a dominant role in the macroscopic
magnetic behaviours of the RMnyXs (X =Ge, Sn) com-
pounds. Indeed, an easy plane enhances the coupling
possibility and favours the exchange interactions. This
leads to the helimagnetic structures encountered in the
RMnSn, compounds (R=Y, Sc, Lu at low temper-
ature). Such a magnetic arrangement yields a non-zero
molecular field on the rare earth sublattice, giving rise
to the polarization of the rare earth moment, with the
resulting ferrimagnetic structures observed for Tb-
Mn,Sn,, HoMngSng, DyMngSn, and ErMnSn, below
50 K. However, in the germanides, the Mn moments,
frozen along the ¢ axis by uniaxial anisotropy with
an Mn(+)-R-Mn(~)Mn(—-)-R-Mn(+) coupling se-
quence, yields a collinear antiferromagnetic structure
with zero molecular field on the rare earth sublattice.
From this point of view, the knowledge of the magnetic
structures of some RMn,Gey, compounds will be of
great interest. Neutron diffraction studies of NdMn,Ge,
and TbMn,Ge, are in progress.
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