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Abstract

Investigations by bulk magnetization and neutron diffraction measurements are reported on the ternary silicides
RMnSi (R=La-Nd). All these compounds crystallize in the well-known tetragonal structure of the CeFeSi type
(space group P4/nmm). This structure, which is closely related to the ThCr,Si,- and TbFeSi,-type structures, can
be described as isolated “ThCr,Si, blocks” connected via R-R contacts. The R, Mn and Si atoms are arranged
in alternate layers stacked along the ¢ axis in the sequence RSi(Mn,)SiRRSi(Mn,)SiR.

All these compounds are antiferromagnetic below Ty =310, 240, 265 and 280 K for La-, Ce-, Pr- and NdMnSi
respectively. Their magnetic structures are characterized by a stacking of antiferromagnetic (001) Mn layers. The
Mn magnetic moments (about 3 pp) are at 45° to ¢ axis (LaMnSi) or in the (001) plane. At lower temperature
PrMnSi and NdMnSi show additional transitions which correspond to an antiferromagnetic ordering of the rare
earth sublattice (7,=130 and 185 K for Pr and Nd respectively) followed by a spin reorientation process
simultaneously with a crystallographic phase transition (tetragonal to orthorhombic symmetry) at about 80 K for
both compounds. At 2 K the antiferromagnetic (AF) structure of PrMnSi and NdMnSi consists of a stacking
of ferromagnetic and antiferromagnetic (001) layers of R and Mn respectively in the sequence Mn(AF) R(+)R(+)
Mn(AF) R(~)R(-); the moments are in the layers, collinear in PrMnSi and in quadrature in NdMnSi. In
CeMnSi the ferromagnetic (001) cerium layers order antiferromagnetically below about 175 K and are coupled
with the manganese sublattice according to the following scheme: Ce(+) Mn(AF) Ce(+)Ce(—) Mn(AF) Ce(+);
at 2 K the Ce moment value is pc.=0.78(4) pp. The results are discussed and compared with those obtained
previously for the corresponding ternary silicides and germanides of the CeFeSi-, TbFeSi,- and ThCr,Si,-type

structures.

1. Introduction

Recently we reported on the magnetic properties of
RTX (R, rare earth; T=Fe, Ru, Co; X=Si, Ge)
compounds [1-4] with the CeFeSi-type structure (P4/
nmm) [5]. At low temperature these intermetallics
present various types of magnetic ordering of the rare
earth sublattice, while the transition metal carries no
magnetic moment, i.e. Fe, Co. The RFeSi[1] compounds
were found to be ferromagnetic, while the RCoGe [2],
RRuSi(Ge) [3} and RCoSi [4] compounds behave an-
tiferromagnetically. The determination of their magnetic
structures allowed us to discern strong similarities be-
tween the stacking of the R magnetic sheets in these
compounds and that observed in structurally related
corresponding compounds with structures of the
ThCr,Si, [6] and TbFeSi, [7] type respectively [8].
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In another way it is noteworthy that T=Mn is a
unique example of a 3d transition metal with a magnetic
moment in the RMnSi, and RMn,X, (X=8i, Ge)
compounds [8-10}. The Mn sublattice orders at relatively
high temperatures and the structures consist of fer-
romagnetic Mn sheets coupled ferro- or antiferrom-
agnetically along the stacking axis. From this point of
view and in order to complete the comparisons between
the magnetic behaviour in these three series, it was
very interesting to study the magnetic properties of the
corresponding RMnSi CeFeSi-type compounds.

The CeFeSi-type silicides RMnSi (R =La-Sm, Gd)
were synthesized by Yarovets and Gorenlenko [11] 10
years ago but their magnetic properties were not thor-
oughly studied. Nikitin ef al. [12] indicate that LaMnSi
and GdMnSi behave ferromagnetically above 295 and
314 K respectively. On the other hand, Kido et al. [13]
investigated the magnetic and electrical properties of
RMnSi (R=Ce, Nd, Sm) compounds above 77 K.
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CeMnSi is paramagnetic above 77 K but the authors
report that the susceptibility does not follow the
Curie~Weiss law below 250 K, indicating antiferrom-
agnetic interactions. In NdMnSi and SmMnSi the Mn
sublattice orders antiferromagnetically below Ty=153
and 172 K respectively. There is no magnetic ordering
of the R sublattice above 77 K. Furthermore, from
interatomic Mn-Mn distance considerations and the
occurrence of strongly positive values of the paramag-
netic Curie temperatures, these authors concluded the
occurrence of ferromagnetic interactions between Mn
spins within a layer as observed in the RMnSi, and
RMn,X, compounds. Finally, these authors report a
semiconductive behaviour for CeMnSi below about 220
K, whereas NdMnSi and SmMnSi are metallic con-
ductors.

In another way the Mn magnetic ordering of isotypic
equiatomic alkali metal manganese pnictides AMnX
(A=Li-Cs; X=P-Bi) [14, 15] was deduced from neu-
tron diffraction studies. In this case it is worth noting
that the authors found an antiferromagnetic ordering
within the dense (001) Mn planes. Therefore it was
interesting to check whether this kind of Mn magnetic
interaction is typical in the alkali metal pnictides only
or may apply also to the equiatomic rare earth man-
ganese silicides.

In this paper we report on the magnetic properties
of the RMnSi (R=La-Sm, Gd) compounds by bulk
magnetization measurements and neutron diffraction
experiments. A comparison with the isotypic RMnSi,
and RMn,Si(Ge), compounds and a more general dis-
cussion are given in the conclusion.

2. Crystal structure and structural relationships

The CeFeSi-type structure is a ternary ordered de-
rivative of the Fe,As type. Its space group is tetragonal
P4/nmm in which the R (Ce), Fe and Si atoms occupy
the 2(c) sites [3, 4, zr =0.67], 2(a) sites [2, 4, 0] and
2(c) sites [3, 3, zs;=0.17] respectively. The T atoms
(defining a C-centred sublattice) are embedded in Si
tetrahedra connected with each other to build infinite
“T,Si,” slabs stacking along the c¢ axis, whereas the R
atoms lie between these slabs in square pyramids of
Si atoms (Fig. 1). This structure is closely related to
those of ThCr,Si, and TbFeSi,. All three structures
can be described as being built of alternating square
planes containing R, T and Si atoms respectively (Fig.
2). The same “R-Si-T,-Si-R” block is found in each
of them, with the additional R-R sequence in CeFeSi.
Figure 2 shows clearly the structural relationships be-
tween the three types. Furthermore, according to Parthé
and Chabot’s classification [16], the “R-Si~T,-Si-R”
slab will be denoted hereafter as the “BaAl, slab” and

Fig. 1. CeFeSi-type structure of RMnSi compounds.

the R-R slab as the “W slab” (Fig. 2; see also Fig. 1
of ref. 2).

The main interatomic distances between magnetic
species calculated in the case of NdMnSi are reported
in Table 1, where they can be compared with the
corresponding distances in the ThCr,Si,- and TbFeSi,-
type structure compounds.

3. Experimental procedures

The compounds were prepared from commercially
available high purity elements. Pellets of stoichiometric
mixture were compacted using a steel die and then
introduced into silica tubes sealed under argon (100
mmHg). First the samples were heated to 1173 K for
preliminary homogenization treatment and then melted
in an induction furnace. The resulting ingots were
annealed for 2 weeks at 1173 K. The purity of the
final product was checked by the powder X-ray dif-
fraction technique (Guinier Cu Ka).

Magnetic measurements were carried out on a Far-
aday balance (above 300 K) and on a Manics mag-
netosusceptometer (between 4.2 and 300 K) in fields
up to 1.5 T.

Neutron experiments have been carried out at the
Institut Laue Langevin (ILL), Grenoble. Several pat-
terns have been collected in the temperature range
1.4-300 K. The diffraction patterns were recorded with
the one-dimensional curved multidetector Db at a
wavelength A=2.542 A. In order to correct texture
effects, following a procedure largely described in ref.
1, we used during the refinements a fitted coefficient
(foor) which reflects the importance of preferential
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Fig. 2. Structures of CeFeSi, TbFeSi, and ThCr,Si,. Structural relationships.

TABLE 1. Main interatomic distances (d) between magnetic
species in the CeFeSi-type structure compound NdMnSi (the d;
distances refer to Fig. 1). Comparison with the corresponding
distance ranges in RMn,Si(Ge), (d') and RMnSi, (") [8-10]

d; Atoms Type d d' da’
&) &) A)
d; Mn-Mn In plane 4103 4.19-3.92  4.19-3.99
d, Mn-Mn In plane 2.901 29727717 2.92-2.84
d, Nd-Nd In plane 4.103 4.19-392  4.19-3.99
d, Nd-Mn Interplane  3.210  3.46-3.26  3.30-3.21
ds Mn-Mn  Interplane  7.28 520549  8.75-8.89
de Nd-Nd Interplane  3.731 (“CeFeSi typical”)

orientation. The values of f., obtained (see below)
strongly support the validity of this correction.

Using the scattering lengths bg;=4.149 fm, by, =
—3.73 fm, b ,=8.29 fm, bo.=4.84 fm, by, =4.58 fm
and byy=7.69 fm and the form factors of manganese
and rare earth atoms from refs. 17 and 18 respectively,
the scaling factor, the zg; and z; atomic position, f,,,
and the R and Mn magnetic moments were refined by
the mixed crystallographic executive for diffraction
(MxD) least-squares-fitting procedure [19].

4. Experimental results

Our syntheses confirm that the RMnSi CeFeSi-type
structure series extends from LaMnSi to GdMnSi at

1173 K. Lattice parameters refined at room temperature
(see Tables 3-6) are in quite good agreement with the
earlier published values [11-13]. Their evolution with
the radius of the rare earth atom suggests that cerium
is probably in a trivalent state in CeMnSi. This is
confirmed by Ly, absorption experiments [20].

4.1. Susceptibility measurements

The main characteristic magnetic data are collected
in Table 2 and displayed in Figs. 3(a) and 3(b).

Within the studied compounds (R =La-Sm, Gd) only
GdMnSi exhibits a spontaneous magnetization over the
whole ordering temperature range. The magnetic curve
is characterized by a Curie point at 310 K and an
inflection point at 300 K, in agreement with Nikitin et
al. [12], who nevertheless do not detect the second
transition. These two magnetic transition temperatures
are probably related to the ordering of the Mn and
Gd sublattices respectively (Fig. 3(a)). At 4.2 K the
maximum magnetization moment value (4.9 ug) rather
indicates a ferrimagnetic arrangement of the two fer-
romagnetic sublattices. The hysteresis loop does not
indicate any coercive effects.

The lanthanum and cerium samples behave as par-
amagnetic compounds in the whole temperature range
(Fig. 3(b)). This is in contradiction with the results of
Nikitin et al. {12], who assume a ferromagnetic ordering
of LaMnSi. According to their values of the Curie
temperature (295 K) and the maximum magnetization
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TABLE 2. RMnSi: magnetic data
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Compound Bulk magnetization measurements

Neutron diffraction data
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Fig. 3. (a) Temperature dependence of the susceptibility in
GdMnSi and SmMnSi measured at H=100 G; (b) temperature
dependence of susceptibility in LaMnSi, CeMnSi, PrMnSi and
NdMnSi measured at H=10 kG.
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moment measured at 4.2 K (0.24 ug), their results
rather seem to indicate very small amounts of LaMn,Si,
[8] in their sample. On the contrary, our results are
in good accordance with those of Kido et al. [13], who

found a paramagnetic behaviour for CeMnSi down to
77 K.

The other paramagnetic rare earth compounds
(R=Pr-Sm) exhibit globally antiferromagnetic behav-
iours with, in each case, several transitions below room
temperature (Table 2 and Figs. 3(a) and 3(b)). It is
worthwhile to note the complex low field behaviour of
the samarium compound.

Except for SmMnSi, the temperature dependence of
the inverse susceptibilities above room temperature
obeys a Curie-Weiss-type law with large negative para-
magnetic Curie temperatures 6p for the lanthanum and
cerium compounds.

Finally it should be noted that in the antiferromagnetic
PrMnSi and NdMnSi compounds 6, is positive, in
contrast with normal behaviour, as already noted by
Kido et al.

In order to specify the magnetic behaviour of these
compounds, we have undertaken neutron diffraction
experiments. SmMnSi and GdMnSi have not been
studied, since the samarium and gadolinium absorption
;:goeﬂicients are too large at the wavelength used (2.542

).

Remark: Additional DTA measurements were un-
dertaken after the neutron study. They do not allow
us to detect any anomaly around the Néel temperature
deduced from the neutron diffraction results.

4.2. Neutron diffraction study

4.2.1. Crystal structure

At 300 K the neutron diffraction patterns of CeMnSi,
PrMnSi and NdMnSi are characteristic of only nuclear
scattering (see below). The extinction rules of the space
group P4/nmm are fulfilled and confirm unambiguously
the CeFeSi-type structure for these compounds. At-
tempts to fit the nuclear lines by interchanging the
positions of the manganese and silicon atoms lead to
poorer agreement and give no evidence for any mixing
between the manganese and silicon atoms at 2(a) and
2(c) sites. A comparison between the observed and
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calculated intensities of the nuclear peaks for each
compound is given together with the 2y and zg; values,
feors the reliability factors and the lattice parameters
in the tables of the corresponding sections.

4.2.2. LaMnSi

Several patterns were recorded in the temperature
range 300-1.4 K (Fig. 4).

All the patterns exhibit an additional line which can
be indexed on the basis of the crystal unit cell as (100)
(forbidden by the nuclear space group P4/nmm). This
result is characteristic of an antiferromagnetic ordering
not detected in the bulk susceptibility measurements
(see Section 4.1). Furthermore, magnetic contributions
occur under nuclear (hkl) lines with h+k=2n+1 as
indicated by the increase in their intensities together
with those of the (100) line when the temperature
decreases (Fig. 4). These observations indicate an anti-
C ordering, giving evidence of an antiferromagnetic
arrangement of the Mn moments within the (001) plane.
Such magnetic structure is identical with that deter-
mined by Bronger et al. {14] and Muller et al. [15] in
the alkali metal manganese pnictides. The best re-
finements lead to Mn moment values of 1.92(9) and
3.27(4) pp at 280 and 1.4 K respectively. Over the
whole temperature range their direction makes an angle
of 45(1)° with the ¢ axis. The magnetic structure is
drawn in Fig. 5. It consists of a stacking of antifer-
romagnetic (001) Mn layers, the manganese moments
being ferromagnetically coupled with their direct neigh-
bours situated in each adjacent plane along the ¢ axis.
The thermal variation in the Mn moment gives a Néel
temperature Ty =310(10) K (Fig. 6). Table 3 gives the

observed and calculated intensities together with the
lattice constants and the various adjustable parameters
at 280 and 1.4 K.

4.2.3. CeMnSi

Several patterns were recorded in the temperature
range 300-1.4 K.

Below about 250 K the characteristics of the neutron
diffraction patterns are similar to those observed for
LaMnSi, yielding the same antiferromagnetic ordering
on the Mn sublattice. Nevertheless, in this case the
best refinements show that the Mn moments are in
the (001) plane. Furthermore, below about 200 K some
discrepancies remain within the magnetic intensities.

Since the particular indexing (see Section 4.2.2) of
the lines with magnetic contributions does not allow
us to invoke any other arrangement of the manganese
moments (antiferromagnetic (001) plane), magnetic or-
dering of the Ce sublattice has to be considered in
agreement with the trivalent state of Ce atoms in this
compound (Section 4.1). The results of the refinements
carried out in this direction are collected in Table 4.
They display the presence of a weak moment on cerium
which becomes significant below 200 K and increases
to 0.8 ug at 1.4 K. The resulting magnetic structure
is shown in Fig. 7. It consists of an alternating stacking
of antiferromagnetic Mn layers and two ferromagnetic
Ce layers of opposite magnetization. The moments of
both the Mn and Ce sublattices are in the (001) plane
and collinear, each sublattice being antiferromagnetic.
Apart from the orientation of the moments, the magnetic
arrangement of the Mn sublattice is the same as in
LaMnSi but with slightly smaller moment values (1.5

(110)

(001)

(102,

: magnetic contributions

(201)

(200)

*

(112) (108) ¥
N

—r ) T

10 20 30 40 50
2 O (deg.)

Fig. 4. Neutron diffraction patterns of LaMnSi at 280 and 1.4 K.
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and 2.7 pp at 180 and 1.4 K respectively). The Ce-Ce
couplings are antiferromagnetic within the “W slab”
and the “BaAl, slab”, giving rise to the +—+ —
sequence. Since the Ce-Mn distances are all chemically
equivalent, the magnetic couplings between the two
species may be defined as follows: (i) one assumes that

TABLE 3. LaMnSi: observed and calculated intensities and refined
parameters at 280 and 1.4 K

hkl 280 K 14 K

I, I, I, I,
001 290(1) 288 290(1) 291
100 240(1) 248 781(3) 771
002 786(3) 772 833(4) 823
101 695(4) 683 1500(11) 1530
110 4346(12) 4318 4530(15) 4510
102 2683(9) 2720 3072(8) 3168
112 320(6) 412 413(8) 524
200 1231(11) 1245 1304(16) 1300
201 1384(15) 1493 1336(14) 1327
a (A) 4.181(3) 4.185(1)
b (A) 7.388(5) 7.417(3)
zs 0.207(3) 0.208(2)
214 0.664(2) 0.668(1)
Feor 1.07(1) 1.07¢1)
Bmn (15) 1.92(9) 3.27(4)
6 (° 45(1) 45(1)
R (%) 25 3.5

the Ce moment lies along the [010] direction; (ii) one
defines the (P) plane perpendicular to this direction
and containing the Ce atom; (iii) the two Mn nearest
neighbours which belong to this plane are ferromag-
netically coupled with the Ce moment, while the two
Mn neighbours outside the (P) plane are antiferrom-
agnetically coupled with the cerium atom.

The thermal variations in the magnetic moments give
Néel temperatures Ty of 240 and 175 K for the Mn
and Ce sublattices respectively (Figs. 6 and 8). It is
noteworthy that such magnetic transitions are not de-
tected by bulk magnetic measurements and differential
thermal analysis (see Section 4.1) or by electrical re-
sistivity experiments [13]. Nevertheless, it is noteworthy
that the first transition corresponds to the anomaly in
the behaviour of the susceptibility observed by Kido
et al. [13]. Moreover, the shape of the Ly, absorption
edge is unchanged between 10 and 300 K. This clearly
indicates that the valence of the cerium ion does not
change in the whole temperature range [14].

Table 4 gives the observed and calculated intensities
together with the lattice constants and the various
adjustable parameters.

4.2.4. PrMnSi

The temperature dependence of the neutron dif-
fraction patterns recorded step by step from room
temperature to 2 K shows the following.

(1) below 265 K additional lines appear in the neutron
diffraction patterns (Fig. 9), while the remaining lines
are characteristic of only nuclear scattering with no
magnetic contributions. The additional lines are char-
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Fig. 7. Magnetic structure of CeMnSi at 1.4 K.

3,5
R )
HR) (4 g ® CeMnSi
3,0 O PrMnSI
® NdMnSi
250 7

\x‘ ~
2,0 §}\ ~
5

1,51 é‘ “

1,01 \

\ \
\ \
0,5' i i \ \
i i T(K)
0,0 . . —
0 50 100 150 200

Fig. 8. Temperature dependence of rare earth magnetic moment
in CeMnSi, PrMnSi and NdMnSi.

acteristic of an antiferromagnetic ordering below
T\ =265 K, in contrast with the magnetic measurements.
The Bragg angles of these superlattice lines can all be
indexed on the basis of a magnetic unit cell (m) twice

large as the chemical one (c) by doubling the ¢ axis
(¢.e. a wavevector k= (0, 0, 3)) and obey the rule (hki/
2) with h+k=2n+1.

(2) Below T,=130 K two additional lines indexed
as (003) and (112) appear and increase slowly (Fig.
9

(3) Below T,=80 K the intensity of the various
magnetic lines changes and a splitting (clearly observed
at 2 K in Fig. 10) of all the (h0!) lines (nuclear and
magnetic) occurs.

All these observations imply an antiferromagnetic
ordering for both the Mn and Pr sublattices below 265
and 130 K respectively. In addition, at low temperature
a strong magnetostriction effect occurs, yielding a crys-
tallographic phase transition at 7,=80 K. It is note-
worthy that T, and T, have been detected by bulk
magnetization measurements (see Section 4.1). Finally,
the variation in the intensities of the (00%) and
(102) magnetic lines (Fig. 11) clearly indicates the
occurrence of three different magnetic states on de-
creasing the temperature from 300 to 2 K.

Four neutron diffraction patterns recorded at 275,
200, 91 and 2 K are shown in Fig. 9.

4241 Ty=260>T>T,=130 K. The occurrence of
the magnetic lines (hkl/2) with h+k=2n+1 implies an
anti-C ordering mode as already observed in LaMnSi.
In addition, owing to the doubling of the ¢ axis, the
moments have to be inverted on each successive (001)
antiferromagnetic Mn plane. The best refinement cor-
responds to the Mn moments lying in the basal (001)
plane (Fig. 12(a)) with a refined value p,g,=1.82(3)
up at 180 K. Its thermal evolution (Fig. 6) gives a Néel
temperature of 265(5) K. It is noteworthy that, in
contrast with the La and Ce compounds, the interlayer
coupling between nearest Mn atoms is this time an-
tiferromagnetic, yielding the doubling of the cell along
the ¢ axis.

4242 T,=130>T>T,=80 K This temperature
range is characterized by the growth of the two magnetic
peaks (003) and (113), yielding the disappearance of
the anti-C ordering mode (Fig. 9), and the (002) peak
is absent.

For an Mn sublattice rearrangement only, the struc-
ture factor of the (003) (in the magnetic cell) line. is
given by

F(003) 0, M7 + M, — M5 — M,

where M; and M, are the Mn moments lying in z=0,
M, and M, in z=3 and M;=M}, My=M, (C mode)
and M} = — M (antiferromagnetic arrangement), yielding
F(003)p, =0. Thus the occurrence of these new lines
corresponds only to an antiferromagnetic ordering of
the Pr sublattice taking place at T,=130 K.
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Fig. 9. Neutron diffraction patterns of PrMnSi at 275, 200, 91 and 2 K.
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Fig. 10. Detailed view of neutron diffraction patterns of PrMnSi
(see Fig. 9) showing occurrence of a splitting of the (201) line
below about 80 K (see text).

Furthermore, under these conditions the zero net
value of the (002) line implies that the magnetic ar-
rangement of the Pr sublattice consists of ferromagnetic
(001) planes with a + + — — coupling sequence along
the ¢ axis. In fact, the structure factor of the (003) (in
the magnetic cell) line is now given by (the Mn con-
tribution being zero; see above)

F(003)p, a0 —M, + M, +M,— M,

Fig. 11. PrMnSi: temperature dependence of integrated intensities
of (102) and (003) lines.

where M, are the successive Pr moments along the ¢
axis in the magnetic cell, ie. z=4, 3, 2 and 2 (Fig.
12(b)), and M, =M, M;=M,and M, = - M, (+ + ~ —
sequence), yielding F(003)=0.

The best refinement gives a collinear antiferrom-
agnetic structure with the Mn and Pr moments lying
in the (001) plane (Fig. 12(b)). At 91 K the moment
values are 2.69(3) and 1.64(1) up for Mn and Pr
respectively. The ferromagnetic (001) Pr layers are
ferromagnetically coupled within the “W slab” and
antiferromagnetically coupled within the “BaAl, slab”.
Assuming the same definition of the (P) plane as in
CeMnSi, the moments of the Mn atoms lying in (P)
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Fig. 12. Magnetic structure of PrMnSi at (a) 300, (b) 100 and (c) 2K.
are ferromagnetically coupled to the Pr ones, while 416 )

those which are outside (P) are antiferromagnetically
coupled to the Pr moments.

4.24.3. T<T,=80 K Below 80 K new changes in
the magnetic intensities occur and the (h0/) lines split
significantly into two components (Fig. 10). Therefore
a strong magnetostriction effect connected with a spin
reorientation of the Mn or Pr (or both) sublattice occurs
at T7,=80 K, yielding a crystallographic phase transition
from tetragonal to orthorhombic symmetry. Owing to
the absence of the (100) and (010) nuclear lines, the
new space group becomes Pmmn. The thermal variation
in the a, and b, lattice parameters is shown in Fig.
13, assuming a,> b,

The best fits show unambiguously that the change
in the magnetic intensities involves a spin reorientation
(a 180° rotation) of the Mn sublattice alone. The
magnetic structure is shown in Fig. 12(c). Here again
it is collinear with the same couplings within each
magnetic sublattice. Therefore the magnetic structure
modification concerns only the magnetic interactions
between the Pr and Mn sublattices. According to the
orthorhombic symmetry, the fits also show clearly that
the moments are aligned along the b, axis, i.e. along
the smallest lattice constant. Since the structural dis-
tortion splits the four shortest Pr-Mn distances into
two sets of distances, the new magnetic structure may
be described as follows: the Pr and Mn moments
corresponding to the shortest contact (in the (b.c,)
plane, i.e. the (P) plane defined previously) are now
ferromagnetically coupled, while the Pr~Mn interactions

O  PrMnSi

4,14

{L R B —_—

}{ T (K)
4,08

0 100 200 300

Fig. 13. Temperature dependence of lattice parameters in PrMnSi
and NdMnSi.

corresponding to the next-nearest distances ((a.c,)
plane) are antiferromagnetic.

At 2 K the Mn magnetic moment is found to be
Mavin=2.86(2) up, a value which is in fair agreement
with those observed in LaMnSi and CeMnSi. For the
Pr atom a moment value up, =2.42(1) pp (8/=3.20 pg)
is obtained, indicating that the praseodymium magnetic
moment is slightly quenched by the crystalline electric
field (EFG) effect. Its thermal evolution (Fig. 8) gives
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a Néel temperature T; of 130(5) K. The spin reorien-
tation temperature deduced from the thermal evolution
of the intensities of the (003) and (102) magnetic lines
(Fig. 11) is T,=80(5) K. These results are in good
agreement with the bulk magnetic measurements.
Table 5 gives the observed and calculated intensities
together with the lattice constants and the various
adjustable parameters at 275, 200, 91 and 2 K.

4.2.5. NdMnSi

Neutron diffraction patt- cecorded step by step
between 300 and 1.4 K r...al the same magnetic and
crystallographic behaviours. According to the variation
in the (00%) and (103) lines (Fig. 14), the transition
temperatures are T=280 K, 7,=185 K and T,=80
K.

Between room temperature and 80 K the patterns
are very similar to those observed for PrMnSi, yielding
the same magnetic ordering of the Mn and Nd sublattices
(Figs. 12(a) and 12(b)). At 93 K pp,, =2.75(4) pg and
Una=2.07(3) ps. These values are close to those ob-
served in PrMnSi.

Below 80 K the change in the magnetic intensities
and the splitting of the (40/) lines originate from the

same strong magnetostriction effect connected with a
similar crystallographic phase transition (Fig. 13) and
spin reorientation of the Mn sublattice as in PrMnSi.
Here again it is noteworthy that 7, and T, have been
detected by magnetic measurements (see Section 4.1).

The magnetic structure at 2 K is shown in Fig. 15.
Here again the same couplings within each magnetic
sublattice occur. Nevertheless, this time the best fits
lead to a spin reorientation of the Mn sublattice of
only about 90°. Therefore the moments are in the (001)
plane and are aligned along the b, and a, axis for Nd
and Mn respectively (assuming a,>b,).

The thermal variations in the magnetic moments of
Mn and Nd are shown in Figs. 6 and 8. At 2 K the
Mn magnetic moment is found to be gy, =2.97(3) ug,
a value which is in fair agreement with those observed
in previous RMnSi compounds. For the Nd atom a
moment value pyy=2.59(1) ug (g7 =3.28 up) is obtained,
indicating that the neodymium magnetic moment (like
the Pr one) is slightly quenched by the EFG effect.

Table 6 gives the observed and calculated intensities
together with the lattice constants and the various
adjustable parameters at 300, 194, 93 and 2 K.

TABLE 5. PrMnSi: observed and calculated intensities and refined parameters at 275, 200, 91 and 2 K

hkl 275 K 200 K 91 K 2K

I, I, I, I I, I, I, I
001 121(1) 121 325(1) 323
001 223(1) 227 221(1) 221 225(1) 227 223(1) 220
103 556(2) 560 606(3) 614 3008(5) 2993
002 886(3) 858 878(3) 870 861(4) 844 874(3) 871
101 26(3) 29
102 581(3) 541 2331(9) 2309 1614(6) 1681
110 4668(5) 4646 4744(7) 4725 4689(7) 4533 4832(9) 4895
113 403(9) 386 876(7) 943
102 1713(4) 1724 1817(4) 1817 1575(6) 1567 2297(8) 2264
111 337(5) 391 385(7) 370 295(9) 339 340(6) 312
103 527(7) 400 764(8) 789 1562(8) 1592
103
200 678(8) 718 650(9) 702
113 1037(9) 970
203 292(7) 308 2641(9) 2646
201 1326(9) 1358 1351(9) 1321 1479(8) 1345 1368(7) 1350
a (A 4.124(1) 4.124(1) 4.124(1) 4.141(3)
b (A) 4.124(1) 4.124Q1) 4.124(1) 4.107(3)
c (A) 7.307(5) 7.307(5) 7.307(5) 7.298(7)
2z 0.205(3) 0.202(2) 0.209(3) 0.200(1)
Zpy 0.664(2) 0.666(1) 0.665(2) 0.666(1)
Feor 1.11(1) 1.11(1) 1.10(1) 1.106(3)
tn (8) 1.83(4) 2.69(3) 2.86(2)
pee (4e) 1.64(1) 2.42(1)
R (%) 35 2.7 3.5 3.5
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Fig. 14. NdMnSi: temperature dependence of integrated intensities
of (103) and (003) lines.

Fig. 15. Magnetic structure of NdMnSi at 2 K.

The various transition temperatures deduced from
this neutron study are collected in Table 2.

5. Discussion

The neutron diffraction study implies strong revisions
of previous magnetic data reported for the RMnSi
series [12, 13]. One of the main results is the occurrence
of an antiferromagnetic ordering on the Mn sublattice
near room temperature not detected by magnetization
measurements. Moreover, in the case of Pr and Nd
the transition temperatures deduced from the thermal
susceptibility behaviour are due to an antiferromagnetic
ordering of the R sublattice followed by a spin reo-
rientation process within the Mn sublattice.

The magnetic behaviour of rare earth (R) —transition
metal (T) systems where T is a magnetic 3d element
is a complex problem which is up to now not well
understood. Thus the discussion will be only phenom-
enological and limited to some comparisons with the
magnetic behaviour of the known compounds isotypic
with CeFeSi-, TbFeSi,- and ThCr,Si,-type structures.

In Section 1 we have emphasized the direct rela-
tionships between these three structures. The CeFeSi-
type structure can be described as isolated ThCr,Si,-
type blocks (containing the Mn (001) planes) connected
via R-R contacts; these “BaAl,” blocks are connected
by Si-Si slabs in TbFeSi,. Here, as in the corresponding
RMn,X, (X=Si, Ge) and RMnSi, compounds, we
observed magnetic ordering of the Mn sublattice. The
magnetic properties of the two latter series have been
widely described and discussed [9, 10] (see also ref. 8,
where an extensive review on the magnetic properties of
RMn,X, can be found). We will just recall hereafter
the main conclusions.

In the pseudolamellar structures of these different
ternary compounds there are the same Mn atom planes
with a tetrahedral coordination of the non-metal atoms:
(010) planes in TbFeSi, and (001) in the isotypic
ThCr,Si, compounds. The distances between Mn atoms
are short: 2.97 > dy,wn > 2.74 A (Fig. 1). In these planes
the magnetic interactions remain nearly of the same
magnitude in the two series. They are always ferro-
magnetic (easy axis) and probably strong, in agreement
with the Slater-Néel curve and the experimental Curie
temperatures [8-10]. The interlayer interactions should
be weaker than those acting within the planes. Su-
perexchange couplings via Si or Ge atoms have been
proposed but not really confirmed. Nevertheless, it was
shown that the sign of the Mn—Mn interlayer exchange
coupling appears to be a sensitive function of the
lattice parameters, i.e. the Mn-Mn separation. The
critical Mn—-Mn distance for the transition from anti-
ferromagnetism to ferromagnetism is d,=2.85 A
within the layer and d;=5.29 A between layers
(Table 1).

In this respect the magnetic properties of the RMnSi
compounds are surprising, since the Mn layers (d,=2.9
A) order antiferromagnetically with an easy plane an-
isotropy direction. Furthermore, the interlayer inter-
actions between nearest neighbours in adjacent planes
are ferromagnetic in LaMnSi and CeMnSi but anti-
ferromagnetic in PrMnSi and NdMnSi (ds = 7.3 A, Table
1). In addition, bulk susceptibility measurements and
differential thermal analysis do not evidence the ordering
point of the manganese sublattice in the RMnSi com-
pounds. Such results are in good accordance with the
study of Kido et al. [13], who did not report any room
temperature ordering of the Mn moments either by
magnetization or by electrical resistivity measurements.
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TABLE 6. NdMnSi: observed and calculated intensities and refined parameters at 300, 194, 93 and 2 K

hkl

300 K 194 K 93 K 2K

I, 1. I, I I, I. I, I,
001 32.6(1) 35 60(1) 59
001 70(1) 70 70(1) 69 70(1) 70 70(1) 7
101 93(1) 94 77(1) 85 334(2) 334
002 202(2) 202 198(2) 205(3) 191 185(3) 183
101 72(1) 67 68(1) 61 60(2) 58 61(2) 58
102 94(2) 90 472(5) 464 387(5) 387
110 1156(5) 1158 1104(4) 1104 1114(9) 1115 1130(9) 1126
113 104(3) 96 139(5) 149
102
111 610(4) 607 565(3) 570 604(6) 622 598(5) 608
103 54(5) 60 147(5) 145 250(6) 254
112 118(5) 107 90(4) 101 90(6) 104 76(7) 79
103 102(6) 112 123(9) 115 104(7) 120 156(8) 132
200 314(8) 311 304(5) 296
113 370(8) 403
204 82(7) 80 618(8) 605
201 365(9) 379 364(8) 370 391(9) 388 350(9) 355
a (A) 4.103(2) 4.102(1) 4.102(3) 4.113(2)
b (A) 4.103(2) 4.102(1) 4.102(3) 4.081(2)
c () 7.284(5) 7.288(5) 7.288(7) 7.285(5)
Zsi 0.206(2) 0.208(1) 0.214(3) 0.204(2)
Znd 0.666(2) 0.665(1) 0.665(5) 0.662(1)
Feor 1.086(7) 1.084(5) 1.090(6) 1.073(3)
s (1m) 1.90(4) 2.75(4) 2.97(5)
Mng (pB) 2.07(3) 2.59(1)
a (%) 0 110(3)
R (%) 2.1 2.0 2.8 2.7
These results suggest that the antiferromagnetic in-
teraction among the manganese spins in the basal plane
is dominant and very strong according to the high values RbnS|
of the Néel temperatures observed. Evidence of large
antiferromagnetic Mn—Mn interactions is also given by
the strongly negative Curie~-Weiss temperatures mea- o
sured in LaMnSi and CeMnSi. Similar results are RMnsI2 B oo
observed in the isotypic AMnX alkali metal pnictides 0 »

[14, 15] (where the manganese sublattice orders as in
LaMn$i) and also in binary compounds such as FeSn,
and MnSn, [21, 22].

Figure 16 shows the variation in the sign of the
intralayer Mn—Mn interaction in the three closely related
series of compounds. It appears that in the case of
RMnSi a change from ferro to antiferro occurs at about
2.84 A, while the coupling is always positive for the
actually known compounds of the two other structure
types in the whole range 2.74-2.97 A. Moreover, this
diagram clearly shows that for the same interatomic
Mn-Mn intralayer distance the couplings are inverted
between RMnSi and RMn,Si, or RMnSi, compounds.

Kido et al. [13], unfortunately assuming ferromagnetic
(001) planes for the RMnSi compounds, have invoked

RMn2Si(Ge)2

d (A

Fig. 16. Evolution of sign of Mn-Mn intralayer interaction vs.
Mn-Mn intralayer distance in RMnSi (this work), RMnSi, {9]
and RMn,Si(Ge), [8, 10] compounds.

a model based on direct magnetic interaction and related
to the Slater-Bethe curve to explain their results. These
authors have calculated the radius of the Mn° 3d orbital
by Slater’s method [23] and found the ratio dp, an/
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2r;3=1.66 (close to that of Fe metal) yielding the
Mn-Mn interaction in the ferromagnetic part of the
Slater—Bethe curve. The use of the same 3d orbital
radius (about 0.85 A) also yields ferromagnetic inter-
actions in RMnSi, and RMn,Si,, in agreement with
the experimental observations (Fig. 16). In order to
explain the antiferromagnetic interaction observed in
the RMnSi (R=La-Sm) compounds, this model has
to be corrected by assuming a larger spatial extent of
the 3d orbital. Furthermore, we would also have to
assume that the radius r,, of the Mn atom decreases
along the series (from La to Gd or Y), since the Mn
layers are ferromagnetic in GdMnSi and YMnSi. Ac-
tually, it is difficult to justify such a hypothesis. Never-
theless, the Mn 3d band is different from that found
in the RMn,Si, and RMnSi, compounds, since a sig-
nificant enhancement of the Mn moment is found in
the studied RMnSi series (around 3.3 up in LaMnSi
vs. 2.1 and 1.9 uy in LaMnSi, and LaMn,Si, respectively;
see also Tables 4-6 and refs. 8-10).

On the contrary, in the alkali metal manganese
pnictides AMnX, where the same antiferromagnetic
Mn layers occur, Muller et al. [15] have established a
correlation between the Mn moment and the interatomic
Mn-Mn distances and shown that both increase si-
multaneously, yielding an Mn moment close to the d°
configuration in the largest compounds. This correlation
is shown in Fig. 17 together with our own data. A fair
correlation is found for the isoelectronic AMnX com-
pounds, whereas for similar Mn—-Mn distances the mo-
ment magnitude is significantly reduced in the silicides.
Such effects are in agreement with the difference in
ionicity between the pnictides and the silicides on one
hand and probably within the silicides on the other.
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Fig. 17. Mn magnetic moment vs. Mn—Mn intralayer distance in
equiatomic alkali metal manganese pnictides [14, 15] and RMnSi
compounds (this work).

In fact, we observe that the Mn-Si distances are much
larger in the RMnSi compounds (about 2.6 A) than
in the RMnSi, and RMn,Si, ones, where the very small
Mn-Si distances (about 2.4 A) observed suggest co-
valent-type bonding. Moreover, the decrease in the Mn
moments observed in the silicides allows us to interpolate
the Mn moment value around the heavy rare earth,
For the ferrimagnetic GAMnSi compound and the fer-
romagnetic YMnSi compound (where an Mn-Si bond
length of 2.35 A [24] is found) the interpolation gives
a moment close to 2.2 pug, in fair agreement with the
saturation moment value observed for GdMnSi at 4.2
K. Following these assumptions, the observed antifer-
romagnetic Mn layer would be correlated with the high
value of the Mn moment. This latter result could be
connected to the decrease in the value of the Mn-Si
distance in the RMnSi series (from La to Gd) and
from RMnSi to RMn,Si, compounds. This latter de-
crease follows the evolution of the “ionic” to “covalent”
character of this bond or at least corresponds to a
larger sp-3d overlap. Finally, it is also noteworthy that
the Néel temperature of LaMnSi (320 K) is somewhat
higher than those of the other members of the series
(about 260 K) despite the rare earth contraction, while
the Mn moment value decreases from La to Nd (Tables
3-6).

A second model which may be involved is super-
exchange interaction via the silicon atoms. According
to the similarity in bond lengths and bond angles in
RMnSi, and RMn,Si, characterized by ferromagnetic
Mn layers, this model would account well for the
occurrence of ferromagnetic (001) Mn planes and for
the various types of interlayer couplings observed for
these compounds.

The distance-dependent oscillatory character of the
Ruderman-Kittel-Kasuya-Yoshida (RKKY) interac-
tions may also explain the magnetic property of the
RMnSi compounds. This assumption could be corrob-
orated by a difference in the value of the conduction
electron concentration between RMn,Si, and RMnSi.
Assuming that the electropositive R element donates
all its valence electrons to the “MnSi slab”, it gives
twice as many electrons to this slab in LaMnSi than
in LaMn,Si, (i.e. 3¢ in LaMnSi and 1.5¢ ~ in LaMn,Si,
or 2¢~ in ThMn,Si, with the same ferromagnetic sheet
{25]). The Mn-Si slab in RMn,Si, is then poorer in
electrons than in RMnSi. In order to check this as-
sumption, it would be interesting to examine the mag-
netic behaviour of the alkaline earth metal ATMnGe
compounds (AT=Ca, Sr, Ba) [26] with 2¢~ in terms
of slabs like those in ThMn,Si,. Band structure cal-
culations on LaMnSi like those performed on LaMn,Si,
and YMn,Si, [27] might also allow us to get a better
understanding of these phenomena.
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The second remark concerns the low temperature
magnetic structures of the RMnSi (R=La-Nd) series.
First we can remark that Pr and Nd order at relatively
high temperatures of about 130 and 160 K respectively
compared with about 40 K in PrMnSi,, NdMnSi, and
NdMn,Si, [9, 10]. It is noteworthy that the Pr sublattice
does not order in PrMn,Si,, at least above 2 K, nor
in PrFeSi and PrCoSi(Ge). This point has already been
widely discussed in refs. 1, 2, 4 and 10. Moreover, in
both compounds the R magnetic moment value is slightly
reduced in comparison with the theoretical one and
an easy plane prevails. The formal charge attributed
to the 3d metal probably has a large effect on the
crystal field scheme, since the 3d metal environment
of the R site is very asymmetric (Fig. 1). Reduced
moment values are also observed in the corresponding
RMnSi, compounds (e.g. 2.0 pg [9]). Such behaviour
is not observed in the RMn,X, parent compounds
where the local R symmetry is much higher. The
orientation and value of the R moment in such in-
termetallic compounds have been widely discussed in
refs. 1-4, 9 and 10 and the same conclusions probably
apply to the RMnSi compounds. Finally it is noteworthy
that the R intralayer coupling is the same in the three
series, i.e. ferromagnetic.

The most remarkable point is the rather high ordering
temperature observed in those compounds characterized
by a rare earth site which experiences no molecular
field according to the tetragonal symmetry and the
occurrence of antiferromagnetic Mn planes. The
strength of the interactions is quite different from that
observed in related compounds. In other CeFeSi-type
compounds the ordering temperatures are much lower
(NdCoGe, T =8 K [2]; NdFeSi, T-=25 K [1]; NdRuS;,
Tn=72 K [3]) than in RMnSi ones. In TbFeSi, com-
pounds such as PrMnSi, (7,=35 K) and NdMnSi,
(T,=40K) [9] characterized by ferromagnetic Mn layers,
the rare earth site experiences a molecular field and
the ordering temperatures are still lower than in RMnSi.
Finally, in ThCr,Si,-type compounds the ferromagnetic
Mn layers are ferromagnetically or antiferromagnetically
coupled, giving rise to a substantial or no molecular
field on the rare earth site respectively. In both cases
the rare earth orders below the ordering temperature
of the RMnSi compounds. In the ferromagnetic
NdMn,Si, compound, for example, T-=33 K. In the
case of CeMnSi, the situation is much more surprising,
since an ordering temperature of about 180 K is ob-
served. It should be noted that Ce is trivalent in CeMnSi,
[9] (with no ordering scheme above 2 K), whereas a
recent study has shown that it has an intermediate
valence state in CeMn,Si, [28].

The high ordering temperature of the rare earth
element is thus correlated with the occurrence of an-
tiferromagnetic Mn layers. Such correlations are prob-

ably due to a particular electronic structure (yielding
high Mn moment values and antiferromagnetic coupling)
leading to unusual strengths of the interactions involving
the rare earth moments.

The magnetic ordering of the rare earth and transition
metal sublattices involves three main types of exchange
interactions: T-T, R-T and R-R. In rare-earth-poor
systems such as permanent magnet compounds the R-R
interactions are generally considered to be negligible
in comparison with the R-T and T-T interactions.
Within the present rare-earth-rich silicides it will be
rather difficult to separate the contributions of the R-R
and R-T interactions from the observed R sublattice
ordering.

The magnetic properties of ternary rare earth com-
pounds are still not well explained. The magnetic in-
teractions involving rare earth moments are generally
described within the RKKY model [29]. Owing to the
localized character of the 4f shells, one assumes indirect
exchanges via a distance-dependent oscillatory polar-
ization of the conduction electrons which interacts with
any magnetic moment in the crystal. Campbell [30] has
proposed a mechanism involving intra-atomic 4f-5d
exchange combined with direct d-d interatomic ex-
change. On strictly empirical grounds this author has
shown that at short range in any case the hypothesis
of positive f~d exchange and direct d~d interactions is
more justified than the RKKY formulation. Another
model has been developed by Cooper et al. [31] on
the basis of the partially delocalized behaviour of the
4f electrons in the lighter rare earths. This so-called
“orbitally driven magnetism” accounts well for the
anisotropic magnetism observed in the studied com-
pounds. For the lighter rare earths (Ce, Pr, Nd), the
degree of delocalization depends on the detailed chem-
ical environment and decreases with the atomic number.

Attempts to explain the observed magnetic behaviour
on the basis of these previous considerations may be
made. First, the magnetic R ordering within the “W
slab” may be related to the Campbell mechanism. In
this slab the R—R contacts are rather short and allow
direct 5d-5d exchange. The model accounts well for
the ferromagnetic interactions observed in PrMnSi and
NdMnSi. A similar slab is found in ferromagnetic NdGe
and PrGe [32] with much lower Curie temperatures.
The coupling between two adjacent “W slabs” through
the Mn layer may lead either to R-Mn interactions or
to indirect exchange through the BaAl, slab mediated
by conduction electrons. Since the rare earth site is
surrounded by four equidistant manganese atoms of
which half have their spin up and half have their spin
down, isotropic couplings cannot account for any ex-
change. Assuming partially delocalized 4f electrons, an
“orbitally driven magnetism” may be invoked to explain
the R-Mn couplings. Assuming that the rare earth
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moment is along the [010] direction (see before), the
disk-like 4f cloud should be parallel to the (010) plane
and then overlap with the 3d shells of the Mn atoms
lying in the same plane (the (P) plane previously defined
in Section 4.3.2), i.e. with those which have the same
moment direction. The other possible mechanism is
R-R indirect exchange via the conduction electrons
and the oscillatory character of the polarization. This
mechanism, which is responsible for the long-range
ordering in the isotypic RTSi compounds where T is
non-magnetic, gives rise to much lower ordering tem-
peratures. When this model is invoked here, one has
to assume a mechanism reinforcing the corresponding
interactions, such as a modification of the RKKY pa-
rameters or a particular scattering of the conduction
electrons through the antiferromagnetic Mn layer, which
could enhance the amplitude of the oscillatory wave.

Below about 80 K a strong magnetostriction effect
occurs as observed in the RFeSi compounds. This effect
is clearly observed in PrMnSi and NdMnSi. The chemical
cells of PrMnSi and NdMnSi are distorted (from te-
tragonal to orthorhombic symmetry), yielding two sets
of interatomic R-Mn distances (see above). The R-Mn
coupling is ferromagnetic (i.e. the normal behaviour
between a 3d transition metal and a light rare earth)
between nearest neighbours and gives rise to spin
reorientation phenomena of the Mn sublattice, the
relative R and Mn sublattice orderings remaining un-
changed. The splitting of the R-Mn distances allows
for additional isotropic exchange couplings. It is no-
teworthy that the low temperature magnetic structures
of PrMnSi and NdMnSi are slightly different. In the
case of NdMnSi, the reorientation of the Mn sublattice
is only partial and gives evidence of the strong anisotropy
of the easy magnetization axis of the Nd sublattice and
the Mn sublattice which probably causes the observed
behaviour. It is noteworthy that the same behaviour
occurs in PrMnSi,, NdMnSi, and NdMn,Si,, in which
compounds the strength of the interactions is of similar
magnitude.

6. Conclusions

The analysis of the magnetic ordering of RMnSi
(R=La, Ce, Pr, Nd) compounds provides interesting
information about the magnetic anisotropy and exchange
interactions in this series.

At high temperature an antiferromagnetic ordering
of the Mn sublattice was found in all the compounds
investigated, with an Mn moment of 2.8-3.3 ug per-
pendicular to the stacking axis of the structure. Com-
parison with the parent RMn,X,, ThCr,Si,-type com-
pounds shows that the sign of the Mn-Mn intralayer
exchange parameter seems to be sensitive to the Mn—-Mn

intralayer separation and that the Mn-Si distance cor-
relates with the value of the Mn moment. In order to
check this point, further investigations on corresponding
germanides and alkaline earth metal manganese com-
pounds (ATMnSi(Ge) with AT=Ca-Ba) are in prog-
ress. It would also be interesting to check the magnetic
ordering in YMnSi and to examine the evolution of
the Mn-Mn intralayer couplings in solid solution
La, ,Y MnSi.

The understanding of the magnetic ordering of the
R sublattice in RMnSi compounds probably requires
more sophisticated models than the exchange inter-
actions described by the RKKY mechanism. Never-
theless, comparison of the RTSi, RTSi, and RT,Si,
series permits us to point out that at low temperature
the exchange interactions between R and Mn atoms
play a significant role in the magnetic ordering. Fur-
thermore, the magnetic configurations not only depend
on the R ion but also vary with the transition metal
element T. At low temperature the direction of the
magnetic moment is not fixed for a given T, but the
easy direction is determined by the crystalline electric
field acting on the R ions. The orientation of the
magnetic moment is connected with the sign of the
B9 CEF coefficient, which in turn is determined by the
Stevens second-order parameters o; and by A3. Since
the Stevens factor «; depends only on the nature of
R, the crucial factor is 42, which is determined by the
electrostatic potential due to the environment.

The magnitudes of the R magnetic moments in RMnSi
are somewhat smaller than the corresponding free-ion
values, in contrast with the RT,X, compounds. Most
likely this must be attributed to CEF effects. Finally,
in order to understand more about the magnetic con-
figurations on the R and T sublattices and the high
ordering temperature observed on the Ce sublattice of
CeMnSi, further investigations using Mn and Nd nuclear
magnetic resonance spectroscopy and specific heat mea-
surements are in progress.
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