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MAGNETIC STRUCTURES OF RMnSi, COMPOUNDS (R = La, Ce, Pr, Nd)
FROM NEUTRON STUDY
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Investigations by neutron diffraction measurements are reported on the ternary silicides RMnSi, (R = La to Nd) with the
orthorhombic structure of TbFeSi, type (SG:Cmcm). This structure, closely related to the ThCr,Si, type structure, can be
described as isolated ThCr,Si, blocks connected via a ThSi, slabs. Each of the R, Mn and Si atoms are arranged in alternate
layers stacked (along the b-axis) with the sequence RSl(Mn2)SlRSlSlRSl(Mn2)SIR The Mn-Mn intralayer distances
(~2. 9A) are considerably shorter than the Mn—Mn interlayers distances ( ~ 9A) At room tbmpetature, all four compounds
order ferromagnetically. The magnetic moments of Mn atoms ( ~ 2uy) are parallel to the b-axis. At lower temperatures
PrMnSi, and NdMnSi, show an additional magnetic transition which corresponds to the ordering of the rare-earth sublattice.
PrMnSi, orders antiferromagnetically below Ty = 35 K; its magnetic structure consists of ferromagnetic (010) layers of Pr and
Mn with moments perpendicular to the layers. Each Mn layer is antiferromagnetically coupled to the two adjacent
ferromagnetically coupled Pr layers (ppy, = 2.35(10)pg, pp, = 2.04(4)pup). Below T = 40 K, NdMnSi, is still ferromagnetic.
Nd and Mn magnetic moments lie in the (011) plane, along [001] and at 45° of this direction for Nd and Mn, respectively
(Bpo = 2.25(10)pg, g =1.80(T)pg). At 2 K, a preliminary study shows that, in CeMnSi,, the cerium sublattice would be
ferromagnetic and antiferromagnetically coupled with the manganese sublattice according to the following scheme:
—(+)— —(+)—, reference to the stacking sequence previously defined (py, = 2.24(15)p g, pc. = 0.23(13)pp). The results are
discussed in terms of RKKY exchange interactions and compared with those obtained prcvnously on the corresponding

ThCr,Si, type ternary silicides and germamdes

1. Introduction

The RMnSi, silicides (R = La to Sm) crystal-
lize in the TbFeSi, type structure [1]. This struc-
ture is orthorhombic (space group Cmcm) and can
be described as built of alternating (010) planes
containing R, Mn and Si atoms, respectively, in a
R SiMn Si R SiSiR SiMnSi--- sequence. This
structure is therefore closely related to the
ThCr,Si,-type structure [2] (space group I4/mmm)
in which the same atoms lie in alternate layers
stacked along c-axis with the sequence Th Si Cr Si
Th Si Cr Si Th - - - . Fig. 1 shows the blocks which
are common to the two structures. In both cases,
the Si atoms form tetrahedra around the transition

metal atoms T, and the T-Si distances are very
short, suggesting covalent bonding. In other words,
theses structures exhibit structural relationships
with the a ThSi, type structure [3] by insertion of

transition metal planes. @ ThSi, may be described

as ThSij tetragonal prisms sharing edges and faces
in the (001) planes and stacked along [001] with
the following sequence ---Si Th Si---. A shift
(a/2 or b/2) between dach adjacent (001) plane
yields the formation of Si, tetrahedral sites which
are filled by the T atoms. Thus, we obtain the
ThCr,Si, type structure. When this operation oc-
curs only for half of the planes we get the TbFeSi,
type structure which then may be considered as a
stacking of both ThCr,Si, and « ThSi, slabs. Fig.
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Fig. 1. Structures of TbFeSi,, ThCr,Si, and a ThSi,. Struct-
ural relationships.

1 shows these structural relationships.
In both ThCr,Si, and TbFeSi, type structures,
the R and T atoms form a square (or nearly)

Table 1

network with R-R and T-T distances close to 4
and 2.9 A, respectively. The T-T interlayer dis-
tances are larger. They are of about 5.4 A in the
RMn, X, compounds and considerably larger
(~ 9A) in the RMnSi, compounds. Therefore, the
TbFeSi, structure can be seen as a still more
anisotropic variant of the ThCr,Si, structure.

During the past ten years, the magnetic proper-
ties of RMn,Si, and RMn,Ge, compounds have
been extensively studied by magnetometric and
neutron diffraction techniques (see ref. [4] where a
large review on the physical properties of these
compounds can be found). They deserve special
attention, since their main characteristic is the
presence of long-range ordering of the manganese
moments. The magnetic ordering of the manganese
sublattice persists up to temperatures higher than
300 K, while the rare earth sublattice shows even-
tually magnetic ordering at low temperature only
[4]. Since T = Mn is the unique example of a 3d
transition metal sharing a magnetic moment, the
RMn, X, (X = Si, Ge) series have been the sub-
ject of more careful investigations in order to
determine the respective magnitudes of the Mn—R,
Mn-Mn and R-R couplings [4].

RMnSi, compounds. Magnetic data [5] and observed magnetic moments, with 150 kOe, versus temperature. Values extrapolated to

infinite field, at 4.2 K (within brackets)

Compounds Transition 6, Bett BeneoR> T (25) B R

temperatures (K) (pgmol ™) (ugp)®

T Tn Hund Van Vleck
LaMnSi, 386 395 26 0 0
CeMnSi, 398 420 352 2.54 2.56 2.39
PrMnSi, 434 35 450 4.29 3.58 3.62 342
NdMnSi, 40-441 460 441 3.62 3.68 3.57
SmMnSi, 464 482 3.02 0.84 1.60 1.55
Compounds w=f(1/H)at &/

(R** ion)
42K 200 K 300 K

LaMnSi, 1.61 (1.80) 1.51 1.32 0
CeMnSi, 1.72 (2.00) 1.60 1.42 2.14
PrMnSi, 3.75 ©)(4.00) 1.82 1.59 3.20
NdMnSi, 3.68 (4.10) 1.97 1.70 3.27
SmMnSi, 1.74 (1.90) 146 1.34 0.71

Y eeMn =265
Y Metamagnetic transition at 28 kOe.
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From this point of view, it was rather interest-
ing to study the magnetic properties of the RMnSi,
compounds at the light of their more anisotropic
layered structure.

Magnetic measurements on RMnSi, (R=1La
to Sm) polycrystalline samples have been largely
described [5]. In the whole series, the manganese
sublattice orders ferromagnetically up to rather
high temperatures: T increases from 386 to 464
K between LaMnSi, and SmMnSi,. At lower
temperatures, PrMnSi, and NdMnSi, show an
additional magnetic transition which corresponds
to the ordering of the rare-earth sublattices.
PrMnSi, becomes antiferromagnetic below Ty =
35 K while NdMnSi, remains ferromagnetic (7¢
=40 K). The main characteristic magnetic data
are collected in table 1.

In this paper, we report on the magnetic struc-
tures of LaMnSi,, CeMnSi,, PrMnSi, and
NdMnSi, from neutron diffraction experiments.
A comparison with the isotype RFeSi, and
RMn, X, (R =La to Sm; X = Si, Ge) compounds
and a more general discussion are given in the
conclusion.

2. Sample preparation

All the compounds were prepared from com-
mercially available high-purity elements: Mn
(powder, 99.9%), rare earth (R) elements (ingots,
99.9%) and silicon (powder, 99.99%). Pellets of
starting composition RMnSi, (R = La, Ce, Pr or
Nd) were compacted using a steel die, and were
annealed several times (with grinding and com-
pacting each time) at 1273 K in sealed silica tubes
under argon (0.2 atm) and finally quenched in
water. Purity of the final samples was determined
by X-ray diffraction technique using a Guinier
camera (Cu Ka).

3. Structure determination

The X-ray diffraction patterns obtained from
powder samples show that all these compounds
are single phase materials, with the TbFeSi, type
structure. The R, Mn and Si atoms occupy 4(c)

Table 2

RMnSi, compounds

Compounds  a (A) b A c(A) v (A%
LaMnSi, 4191(3) 17.68(1) 4.073(3) 302
CeMnSi, 4123(3) 1755(1) 4.035(3) 292
PrMnSi, 4094(3) 1755(1) 4.028(3) 289
NdMnSi, 4072(3) 1749(1) 4017(3) 286
SmMnSi, 4035(3) 1741Q) 3.998(3) 281

LaMnSi, compound atomic positions (space group: Cmcm)

Atom Site Symmetry x y z
La 4(c) mm 0 0.1052(6) %
Mn 4(c) mm 0 0.7478 (8) 1
Siy 4(c) mm 0 0.455(Q2) 1
Si, 4(c) mm 0 1

0.316 (2)

sites of mm point symmetry. In a previous paper,
refinement of the LaMnSi, structure by using
powder X-ray experiments has been reported [5].
We have clearly confirmed that our samples be-
long to the TbFeSi, type structure and that a
possible mixing between Mn and Si atoms is tot-
ally excluded. In the following, the nuclear inten-
sities will be calculated using, as a starting point,
the atomic positions refined in the case of
LaMnSi,. The atomic positions of LaMnSi, and
the lattice parameters of all the samples are given
in table 2.

4. Neutron diffraction

Neutron diffraction experiments were carried
out at Institute Laue Langevin (ILL), Grenoble.
The diffraction patterns were recorded with the
one-dimension curved multidetector Dib at a
wavelength A =2.5232 A. In each case, several
patterns were collected ;in the temperature range
2-300 K (namely above and below the rare earth
ordering temperature for PrMnSi, and NdMnSi,).
No pattern was collected in the paramagnetic state
(Tc > 400 K). Using th¢ Fermi lengths of ref. [6]
and the magnetic form factors of Mn and R**
ions of ref. {7], the s¢aling factor, the atomic
positions y and the magnetic moments of Mn and
R** were refined by using a least squares proce-
dure [8). The MXD program allows to simulta-
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neously fit the nuclear and magnetic intensities to
the observed quantities.

In each case, attempts were made to fit the
nuclear contributions to the observed intensities
by interchanging the position of the Mn and Si
atoms, always leading to a poorer agreement and
then confirming the crystallographic positions
given by our previous X-ray powder diffraction
studies [5].

Moreover, it is important to stress that the Mn
sublattice is nearly a F lattice mode (table 2).
Thus, the magnetic contributions to the observed
intensities, due to a ferromagnetic ordering of the
Mn atoms, practically affect the only nuclear lines
obeying the extinction rule: (hkl) with A, k, [, of
the same parity. In this case, it also becomes
possible to check the crystal structure from refine-
ment using the remaining lines only.

4.1. LaMnSi,

Neutron diffraction patterns obtained at 300,
200 and 2 K (fig. 2) show only an increase in the
intensities of the nuclear reflections which obey
the rule: (h, k, /) with h, k, I of the same parity,
which indicates the occurrence of ferromagnetic
ordering of the Mn-sublattice.

LaMnSi,

Furthermore, the absence of magnetic contribu-
tions to the (0k0) reflections indicates that the
moments are aligned along the b-axis. The values
of the magnetic moments and of the y atomic
positions obtained at 300, 200 and 2 K are pre-
sented in table 3 as well as the observed and
calculated intensities. The thermal dependence of
the neutron scattering, as deduced from patterns
recorded step-by-step between 300 and 2 K, re-
veals a continuous variation of the magnetic mo-
ment in agreement with magnetometric measure-
ments (table 1, [5]). The magnetic structure is
shown in fig. 3. It corresponds to a stacking of
ferromagnetic (0k0) sheets, with moments per-
pendicular to the sheets, ferromagnetically cou-
pled along the (stacking) b-axis.

4.2. CeMnSi,

Two neutron diffraction patterns have been
recorded at 18 and 2 K. The results of neutron
diffraction for this compound are similar to those
for LaMnSi, (table 4), yielding the same ferro-
magnetic ordering onto the Mn-sublattice.

However, in agreement with the trivalent state
of Ce-atom in this compound [5] (cf. section 1),
magnetic ordering of the Ce-sublattice was to be
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Fig. 2. Neutron diffraction patterns of LaMnSi, at 300, 200 and 2 K.
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Fig. 3. Magnetic structure of LaMnSi,. [ Magnetic structure of
RMnSi, (R = Ce, Pr, Nd) compounds at high temperature.]

considered, at least at 2 K. The results of the
refinements, carried out in this direction, are col-
lected in table 4. They display the presence of a
very weak moment on cerium (uc, = 0.23(12)pp).
Moreover, the cerium sublattice would thus be
ferromagnetic, and antiferromagnetically coupled
with the manganese sublattice according to the
following scheme: —(+)— —(+) — [refer to the
stacking sequence previously defined as Ce-
(Mn)-Ce-Ce~(Mn)-Ce... (fig. 1)].

The very weak value of the moment might be
due either to a too high temperature or to spin-
fluctuation effects. A neutron diffraction pattern
at a lower temperature, 1 K or less, should lift this
ambiguous situation. This study is in progress.

4.3. PrMnSi,

Three neutron diffraction patterns recorded at
300, 200 and 2 K are shown in fig. 4. At 300 and
200 K, i.e. above the ordering temperature of the

Table 3
LaMnSi,. Calculated and observed intensities, y atomic positions, magnetic moments and reliability factors at 300, 200 and 2 K
hkl 300 K 200K 2K
YLa ™= Ysi1 = YLa = Ysi1 = YLa = Ysi1 =
0.1018(5) 0.3248(9) 0.1011(5) 0.3234(10) 0.1016(6) 0.3234(9)
YMn = Ysiz = IMn = Ysi2 = YMa = Ysi2 =
0.7510(9) 0.4651(12) 0.7508(11) 0.4649(14) 0.7513(9) 0.4642(10)
I, I I, I, I, I,
020 34.29 34.00 34.27 34.25 34.20 34.10
040 52.37 5247 50.44 50.70 52.13 52.51
110 ~0.00 0.53 ~0.00 0.64 ~0.00 0.61
021 9.21 9.86 9.84 9.98 9.34 10.13
130 395 4.58 395 4.29 3.45 437
041 32.93 33.27 33.40 35.56 31.34 33.79
(1)?1) } 468.35 464.88 478.61 478.15 489.28 487.59
150 214.18 213.35 214.86 218.08 214.71 219.55
131 104.52 107.15 107.75 113.38 114.16 116.50
061 135.62 133.61 140.89 137.56 141.15 140.77
151 49.30 52.78 62.07 64.02 62.07 63.56
080 11.54 12.92 14.18 15.77 15.17 15.58
200 97.17 104.44 100.56 106.89 101.39 108.37
(2)(2)(2) } 185.12 179.34 185.12 185.02 185.12 186.79
022 74.95 74.82 82.00 78.02 80.90 . 78.31
081 249.55 246.90 254.12 241.95 254.50 244.52
Bn 1.77(19) 2.03(19) 2.07(19)
(np) //b //b //b
R, 1.9% 1.4% 21%




354 B. Malaman et al. / Magnetic structures of RMnSi, compounds

Table 4
CeMnSi,. Calculated and observed intensities, y atomic positions, magnetic moments and reliability factors at 18 and 2 K
hkl 18K 2K 2K®
Yce = Jsin = Yce ™ Ysin = Yce ™ Ysin =
0.1027(9) 0.3231(10) 0.1022(9) 0.3237(10) 0.1021(9) 0.3243(9)
YMa = Ysiz = YMn = Vsia = IMn = Ysiz2 =
0.7527(16) 0.4644(14) 0.7518(13) 0.4634(15) 0.7512(12) 0.4642(14)
10 Ic 'IO Ic 10 Ic
020 1299 1304 1563 1573 1563 1567
040 1309 1313 1575 1620 1575 1582
110 335 285 400 333 400 341
021 0 8 0 15 0 40
130 0 36 0 37 0 42
041 786 626 902 774 902 805
060 872 782 1017 870 1017 911
111 19282 19102 23025 22593 23025 22912
150 6262 6599 7241 7468 7241 7311
131 2468 2655 2779 3108 2779 2822
061 4460 4649 5250 5550 5250 5373
151 3453 3438 4167 4129 4167 4079
080 1344 1192 1532 1552 1532 1420
200 3822 3245 4551 3838 4551 3696
(2)3(2) } 6318 6468 7445 7657 7445 7671
022 2460 3215 2976 3810 2976 3961
FMn 2.18(16) 2.09(15) 2.24(15)
(rp) //b //b //b
Bce=—0.23(12)pp
//B
R, 3.2% 3.7% 31%

® Assuming ordering of the Ce sublattice.

Pr sublattice, they are quite similar to those ob-
served for LaMnSi,, yielding the same ferromag-
netic ordering onto the Mn sublattice (fig. 3). The
refined parameters (y and g, ) at 300 and 200 K
are collected in table 5, as well as the observed
and calculated intensities.

At 2 K, additional lines appear in the neutron
diffraction pattern, characteristic of an antiferro-
magnetic ordering, in agreement with the mag-
netic measurements [S]. Several superlattice lines
are observed and the remaining lines are char-
acteristic of the only nuclear scattering with no
magnetic contributions (see before). The Bragg
angles of the superlattice lines can all be indexed
on the basis of the crystal unit cell. They obey the
rule h+k=2n+1 (forbidden by the nuclear
translation C) and the (0k0) series are absent.
This suggests a simple antiferromagnetic structure

based on the magnetic antitranslation C’ for both
the Mn and Pr sublattices, the moment direction
being along the b-axis. In the TbFeSi, type struc-
ture, for each kind of atom, there are four equiv-
alent positions per unit cell which can be sep-
arated into two sets of positions not related by the
C-translation.
These are, for Pr and Mn:

P ) 1
r 0 0.104 S AR
1 0.604 1
0 0.89 3
6 ¢ VAF
1 0.396 3
Mn 0 ~0.750 1
1 ' | A
1 ~0.250 1
0 ~ 025 3
0 ‘1 AF
1 ~0.750 3
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Fig. 4. Neutron diffraction patterns of PrMnSi, at 300, 200 and 2 K.

with an antiferromagnetic coupling in each set of
positions.

All these observations imply that the magnetic
structure consists of ferromagnetic (010) planes of
Pr atoms with two possible coupling sequences
along the b-axis: + + — — or + — — + while the
Mn-sublattice consists of ferro(+) or antiferro-
magnetic(+ /—) (010) planes, antiferromagneti-
cally coupled along the b-axis. Furthermore,
several kinds of coupling are possible between Mn
and Pr layers.

The results of various refinements lead us to
retain unambiguously (R = 3.2%), the following
scheme: +(—-)+ —(+)—, according to the
stacking sequence previously defined as Pr-(Mn)—
Pr—Pr—(Mn)-Pr... (fig. 1). Table 6 gives the
calculated and observed intensities and also the
adjustable parameters (y, py, and pp.).

Therefore, below T, the magnetic structure of
PrMnSi, consists of ferromagnetic (010) layers of
Pr and Mn with moments perpendicular to the
layers. Each Mn layer is antiferromagnetically
coupled to the two adjacent ferromagnetically
coupled Pr layers. This magnetic structure is shown
in fig. 5.

Thus, it may be noted that the rare-earth sub-
lattice ordering involves a different magnetic cou-

pling of the Mn sublattiée which shifts from ferro-
magnetic (above T) to antiferromagnetic (below
TN)-

At 2 K, the Mn-atom magnetic moment is
found to be py, =2.35(10)pp, in agreement with
the value observed at higher temperature. For the

Fig. 5. Magnetic structure of PrMnSi, at 2 K.



356 B. Malaman et al. / Magnetic structures of RMnSi, compounds

Pr atom, we obtain pp = 2.04(4)pp, a value which
is much smaller than that expected for the Pr3*
free ion (3.2pu). These values imply a total result-
ing moment of 4.39u; per formula unit, in good
agreement with those obtained by magnetization
measurements (table 1, [5]). The thermal depen-
dence of the magnetic intensities recorded step-
by-step between 300 and 2 K gives a Pr-sublattice
ordering temperature 7, =(34+2) K, in fair
agreement with the magnetic measurement de-
terminations [5].

4.4. NdMnSi,

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

Table 5

PrMnSi,. Calculated and observed intensities, y atomic posi-
tions, magnetic moments and reliability factors at 300 and 200
K

Table 6

PrMnSi,. Calculated and observed intensities, y atomic posi-
tions, magnetic moments and reliability factors at 2 K

hil 2K
Yoy = 0.0998(7) e = 0.3223(6)
Yata = 0.7551(10) Ygi2 = 0.4609(8)
10 Ic

020 174 175

040 1.56 1.61

110 0.54 0.52

o11 1.68 1.7

021 ~0.00 0.06

120 1.64 1.60

130 ~0.00 0.00

140 0.52 0.65

041 0.73 0.65

060 0.99 0.83

101 9.00 8.82

111 22.69 22.02

051

1 50} 8.00 8.96

131 1.02 1.04

160

o1 } 5.48 5.66

151 421 437

080 2.40 2.54

210

161 } 8.00 8.73

200

021

002} 7.20 7.08

220

022 3.50 343

180

230} 16.00 15.83

081

P 2.35(10)

(g //b

er 2.04(4)

() //b

R 32%

w

(i) between 300 and T ~ 40 K: a continuous

W 300K 200K
= Ysin = Ypr = Ysi1 =
0.1026(12) 0.3267(11) 0.1023(6) 0.3252(5)
Ymn = Ysiz = YMn = Ysia =
0.7488(16)  0.4658(18) 0.7500(8)  0.4662(9)
10 Ic IO Ic
020 1.65 1.65 175 175
040 1.50 1.56 1.53 1.58
110 0.54 0.48 0.53 051
021  ~000 0.08 ~0.00 0.06
130 ~000 0.06 ~0.00 0.05
041 0.67 0.83 0.75 0.89
060 0.99 1.27 1.30 1.36
M 2265 2171 2418 2381
150 6.25 6.53 7.35 7.56
131 222 2.63 2.85 301
061 480 5.26 5.67 5.70
151 3.25 3.51 382 415
080 1.09 1.25 1.64 1.43
200 304 3.59 427 3.93
002} 5.57 7.46 8.51 8.16
b ) . ) :
022 2.70 387 403 423
081 8.63 8.95 10.30 9.66
K 1.9319) 2.06(8)
(rp) //b //b
R 4.4% 24%

w

increase of the intensities of the only nuclear
reflections which obey the rule A, k, ! of the same
parity,

(i) below 40 K: a increase of the intensities of
all the nuclear reflections.

This implies a ferromagnetic ordering for both
Mn and Nd (below 40 K) sublattices when de-
creasing in temperature, in agreement with the
magnetometric measurements [5].
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Fig. 6. Neutron diffraction patterns of NdMnSi, at 300, 200 and 2 K.

Table 7
NdMnSi,. Calculated and observed intensities, y atomic positions, magnetic moments and reliability factors at 300, 200 and 2 K
hkl 300 K 200 K 2K
YNg = Ysi1 = YNa = Ysin = YNd = Ysin =
0.1020(5) 0.3256(6) 0.101%(6) 0.3255(8) 0.1005(7) 0.3266(9)
YMn = Ysi2 = YMn = Ysi2 = YMa = Ysiz =
0.7533(9) 0.4625(12) 0.7529(14) 0.4652(14) 0.7508(21) 0.4645(13)
I, I Iy I, I, I,
020 8.57 8.70 8.50 8.77 10.36 10.69
040 13.27 13.77 12.76 12.87 12.67 - 13.00
110 ~0.00 0.01 ~0.00 0.01 4.65 4.96
021 1.66 1.73 1.89 1.87 3.23 3.29
130 0.66 0.73 0.86 0.88 1.44 1.57
041 8.04 6.62 8.26 7.26 9.71 9.75
060 1.07 1.44 1.02 1.53 10.92 9.95
111 125.15 124.54 128.03 127.06 119.83 119.23
150 52.23 5213 52.68 53.82 58.33 58.18
131 28.86 28.90 30.96 30.96 49.31 47.37
061 31.56 31.87 31.05 31.16 3292 . 32.62
151 14.98 15.77 15.50 17.15 17.59 18.87
080 5.43 4.40 543 3.54 8.98 7.63
081 64.99 65.82 66.50 65.65 7214 70.89
EMn 2.06(15) 2.48(15) 2.29(20) b= 1.62(15)
(1p) //b //b in the
(011) plane p, =1.62(25)
Pna - - 1.80(7)
(np) //e
R 1.6% 21% 26%
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Fig. 7. Magnetic structure of NdMnSi, at 2 K.

Three neutron diffraction patterns recorded at
300, 200 and 2 K are shown in fig. 6.

At 300 and 200 K, they are quite similar to
those observed for LaMnSi, and PrMnSi,, yield-
ing the same ferromagnetic ordering as that of the
Mn-sublattice (fig. 3). The refined parameters (y
and p,,,) are collected in table 7 along with the
observed and calculated intensities.

At 2 K, both Mn and Nd sublattices are ferro-
magnetic and the occurrence of the (0k0) reflec-
tions (by contrast to high temperatures patterns)
may be due to the rise of a magnetic component
perpendicular to the b-axis, either on Nd or Mn
sites, or both. The best fits (R =2.6%) clearly
show that both Nd and Mn magnetic moments lie
in the (011) plane, along [001] and at 45° of this
direction for Nd and Mn, respectively. Table 7
gives the calculated and observed intensities as
also the adjustable parameters (y, gy, and pyy)

Thus, the Nd-sublattice ordering goes with a
spin reorientation of the Mn-sublattice. The mag-
netic structure is shown in fig. 7. Here again, it
consists of ferromagnetic (010) planes of R and
Mn atoms, respectively, stacked along the b-axis.

The value of the magnetic moment of the Mn
atoms (), = 2.3(2)pp) is in agreement with that
observed at higher temperatures. As in PrMnSi,,

the Nd magnetic moment (pyng=1.80(7)pg) is
strongly reduced with respect to the free ion value
(3.271g). The total resulting moment (= 4.10uy
per formula unit) and the T value determined
from thermal dependence of the magnetic intensi-
ties (7 = (40 £ 3)K) are in good agreement with
the magnetic measurement determinations (table

L [5D.

5. Discussion

In this paper, a neutron diffraction study of the
magnetic properties of the RMnSi, (R = La, Ce,
Pr, Nd) series is reported. In the introduction, we
have emphasized the straight relationships be-
tween the ThCr,Si,, a« ThSi, and TbFeSi, type
structure, i.c. the TbFeSi, type structure could be
described as isolated ThCr,Si, type blocks (con-
taining the Mn planes) connected via a ThSi,
slabs. Here, as in the corresponding RMn, X, (X
= Si, Ge) compounds, we observed magnetic
ordering of the Mn-sublattices.

It is of interest at first to compare the Mn
magnetic behaviour in the new silicides RMnSi,
and in the silicides or germanides isotypic with
ThCr,Si,: RMn, (Si, Ge), (table 8). Large analo-
gies appear, some are predictable, but others are
surprising when taking into account the parentage
but also some peculiarities of the two structure
types TbFeSi, and ThCr,Si,. In the pseudo-
lamellar structures of these different ternary com-
pounds, there are the same Mn atoms planes with
a tetrahedral coordination of the non-metal atoms:
(010) planes in the TbFeSi,, and (001) in the
ThCr,Si, isotypic compounds. The distances be-
tween nearest neighbours atoms are short: 2.97
A>dl _\.>2.74 A (fig. 8). In these planes, it
seems “normal” that the magnetic interactions
remain nearly of the same magnitude: they always
are ferromagnetic and probably strong, in agree-
ment with the Slater—Néel curve, and the experi-
mental Curie temperatures (table 1).

According to the neutron investigation, the Mn
magnetic moment values (tables 3-7) in the
RMnSi, compounds (R=1La, Ce, Pr, Nd) are
close to those measured in the RMn,X, (X = Si,
Ge) silicides and germanides, isotype of ThCr,Si,.
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In these last compounds, py, consists of between
1.5 and 2.5py [4,9-11]. This analogy seems rea-
sonable since Mn has the same coordination in the
two parent structures. Moreover, it may be noted
that the values are close to those observed in
various binary and ternary intermetallic com-
pounds [12].

Despite of the structure and composition
changes between the two phases, the ordering
temperatures T),, of the Mn sublattices are very
high and close to each other. For each of the
homogeneous groups RMnSi,, RMn,Si, and
RMn,Ge,, between 300 and 470 K, T, slowly
increases as compared with the rare-earth contrac-
tion.

Whereas it seems obvious to find nearly the
same interactions within the Mn planes, it is
surprising that the interactions between successive

Table 8
RMnSi, and RMn,(Si, Ge), compounds. Interatomic dis-
tances and magnetic couplings in the Mn sublattice [4,5] ¥

Compounds Distances (A) Magnetic Ten (K)
@ 4 couplings
(Mn-Mn) (Mn-Mn)
intra- inter- intra- inter-
layer layer layer layer
LaMnSi, 2.92 8.89 F F 386
CeMnSi, 2.88 8.83 F F 398
PrMnSi, 2.87 8.82 F F 434
NdMnsSi, 2.86 8.79 F F 441
SmMnSi, 2.84 8.75 F F 464
LaMn,Ge, 297 5.49 F F 306
CeMn,Ge, 292 5.46 F F 322
PrtMn,Ge, 291 5.45 F F 334
NdMn,Ge, 290 5.45 F F 334
SmMn,Ge, 2.88 5.42 F F 348
AF 196
GdMn,Ge, 2385 5.45 F AF 365
LuMn,Ge, 2.78 5.40 F AF 453
LaMn,Si, 291 5.30 F F 303
CeMn,Si, ¥ 2.85 5.28 F AF 379
PrMn,Si, 2.85 5.28 F AF 348
NdMn,Si, 283 5.27 F AF 365
SmMn,Si, 2381 5.25 F AF 398
LuMn,Si, 2.74 5.20 F AF 464

2 F: ferromagnetic; AF: antiferromagnetic; Tcy: Curie or
Néel temperatures.
®) Ce tetravalent.
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Fig. 8. Mn—Mn and R-R interatomic distances in (a) ThCr,Si,
and (b) TbFeSi, type structures.

planes are not very different in the ThCr,Si,
isotype and TbFeSi, isotype series. Even in the
ThCr,Si, isotype compounds, these planes are
rather far from each other, (d2,_,,, > 5.2 A, fig.
8). Their interactions should be weaker than those
acting within the planes. Superexchange couplings
via Si or Ge atoms have been proposed but not
really confirmed [4].

In the TbFeSi, isotype compounds, the inter-
planar distance (fig. 8) is close to 9 A and the
interactions cannot be other type than RKKY, via
the conduction electrons.

In the RMn,(Si, Ge), compounds, the cou-
plings between Mn layers are observed to be either
ferro- or antiferromagnetic (table 8). The sign of
the Mn-Mn interlayer exchange coupling con-
stant appears to be sensitive to the lattice spacing,
i.e. to the Mn—-Mn separation. To the magnetic
ordering temperature of the RMn, X, compounds,
expressed in terms of the most significant Mn—Mn
distances (see fig. 4 in ref. [13] and fig. 4 in ref.
[14]), corresponds an universal curve when plotted
versus dy,,_mn (intralayer) but not versus d, .
(interlayeor). There is a critical distance of dvin-Mn
= 2.850 A, where the coupling between the inter-
layer Mn moments is antiferromagnetic for
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drn—mn < 2.850 A and becomes ferromagnetic for
dptoma = 2.850 A. A similar critical distance has
been observed in many Mn alloys with transition
metals [15]. This critical distance is close to the
value (= 2.85 ;\) proposed by Goodenough on the
assumption of localized /delocalized 3d electrons
[16].

This empiric classification is somewhat surpris-
ing; however, the RMnSi, silicides obey it rather
well, although they do not have the same struct-
ural type.

Furthermore, it is worth noting that in the new
RMnSi, silicides the magnetic moments are per-
pendicular to the layers, as observed in the RT, X,
(ThCr,Si, type structure) compounds, according
to the strong anisotropic character of both series
of compounds.

On the other hand, it should be noted that the
analogy in the magnetic behaviour between
RMnSi, and RMn, X, compounds (R = light rare
earths) does not apparently spread to the rare-earth
atoms, as no magnetic ordering has been observed
on the rare-earth sublattice in the later series
(expected in SmMn,Ge, [17] and perhaps
NdMn,Si, [4,18]). Moreover, Ce is trivalent in
CeMnSi, (5), whereas a recent study has shown
that it has an intermediate valence state in
CeMn,Si, [19].

The second remark concerns the low-tempera-
ture magnetic structures of the RMnSi, (R = La-
Sm) series. First, we can remark that Pr and Nd
order at a relatively high temperature (~ 40 K),
whereas Sm does not seem to present any ordering
down to 2 K. In the case of CeMnSi,, the situa-
tion is more complicated and further investiga-
tions at very low temperature (< 1.3 K) are in
progress.

Once again, the RMnSi, (R =Pr, Nd) series
appears anomalous when considering the R—Mn
couplings on one hand and the easy axis direction
on the other one.

From the neutron diffraction studies, the result
is that the R magnetic moments lie in the basal
plane (0k0) in NdMnSi,, contrary to the PrMnSi,
case. It should be noted that Takano has already
calculated for Nd magnetic moment a possible
deviation from the main axis of the ThCr,Si, type
structure of @ = 36° [19]. More recently, such an

orientation for Nd magnetic moment was ob-
served in the a ThSi, structure [20], the R-Si
stacking sequence of which is also that observed in
the NdMnSi, structure (see introduction). Such a
difference in the Pr and Nd magnetic moment
directions has been already encountered in
ThCr,Si, type structure compounds, for example,
in the RNi,Si, and RCu,Si, series [22,23].

The nature of the transition metal also seems to
be important. In the isotype series RFeSi, [24] the
moments align along the b-axis in both PrFeSi,
and NdFeSi,.

The next remark relates to the R-Mn cou-
plings. In the case of NdMnSi,, the R magnetic
ordering yields a spin-reorientation phenomena.
Iwata et al. [10] have shown that, for light rare
earths, the ferromagnetic coupling between the
rare earth and Mn sublattices is dominant. There-
fore, this interaction and the in-plane orientation
of the Nd moment allow one to stabilize a canted
magnetic structure down to 40 K. However, the
reorientation of the Mn moment is only partial
and gives evidence of the strong anisotropy of the
easy axis magnetization axis of Nd and Mn from
which the observed behaviour probably originates.

For PrMnSi, (and probably in CeMnSi,), the
situation appears more complicated in terms of
exchange couplings since the R—-Mn interactions
are negative at short distances (nearest neighbours,
d=3.23 and 325 A) and positive for the next
nearest neighbours (4 = 6.20 and 6.83 A) (fig. 5).

It is of interest to remark that the situation is
fully reversed in the RFeSi, series. Thus, PrFeSi,
is ferromagnetic, whereas NdFeSi, is antiferro-
magnetic. However, in these compounds, Fe has
no magnetic moment. The rare-earth sublattice
ordering temperature is 6 and 26 K for NdFeSi,
and PrFeSi,, respectively [5,24], whereas it is close
to 40 K for both NdMnSi, and PrMnSi,. This
difference of 15 to 35 K reflects the strength of the
R-T exchange interactions, for a part depending
on the nature of the transition metal T.

The last remark concerns the magnitude of the
rare-earth magnetic moments observed in RMnSi,
compounds. The values deduced from the neutron
diffraction experiments are considerably reduced
in comparison with the theoretical ones (i.e. ~
1 9up instead of 3.2py for the R** free ions,
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tables 6 and 7). The formal charge attributed to
the 3d metal has probably a large effect on the
crystal field scheme since the 3d metal environ-
ment of the R-site is very asymmetric (fig. 1). Here
again, the nature of the transition metal appears
to be important since smaller reductions are ob-
served in the corresponding RFeSi, compounds
(e.g., ~ 2.5uy [24]). Such reductions are not ob-
served in RMn, X, parent compounds where the
R local symmetry is much higher.

6. Conclusion

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

The localized moments, both on 4f and 3d
atoms, interact directly and indirectly via the
itinerant electrons. The direction and magnitude
of the ordered R magnetic moments depend on
the local crystal electric field (CEF).

At high temperature, ferromagnetic ordering of
the Mn sublattice was found in all the compounds
presently investigated, with a Mn magnetic mo-
ment of about 2 to 2.5 aligned along the stack-
ing axis of the structure. Comparison with the
parent RMn,X,, ThCr,Si, type structure com-
pounds, shows that the sign of the Mn—-Mn inter-
layer exchange parameter seems to be sensitive to
the Mn-Mn intralayer separation. In this scheme,
SmMnSi, appears to be a very interesting case.
One can notice that, at room temperature, the
d(Mn—-Mn) distance in this compound is close to
the limit value (= 2.85 ;\) which separates antifer-
romagnetic to ferromagnetic behaviour. In order
to find this point precisely, magnetometric mea-
surements under external pressure are underway
on SmMnSi,.

As regards the interlayer interactions, a theoret-
ical analysis would be needed; firstly, in the case
of the ThCr,Si, isotype compounds (dy,_pmn ~ 3
A), and seemly with more reason in the TbFeSi,
isotype series, where the 2-D character of the
Mn-sublattice is still more marked (dy,_ma =9
A).

The various low-temperature magnetic struc-

tures found in PrMnSi, and NdMnSi, com-
pounds belong to several magnetic configurations.
The magnetic properties mostly depend on two
main terms: the exchange interactions described
by the RKKY model and the crystal electric field
strength. Comparisons of RMnSi,, RFeSi, and
RT,X, series permit to point out that, at low
temperature, the exchange interactions between R
and Mn atoms act significantly on the magnetism.
Furthermore, the magnetic configurations depend
not only 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 crystal electric field acting on the R-ions.
Orientation of the magnetic moment is connected
with the sign of the BY CEF coefficient which is in
turn determined by the Stevens second-order
parameters, the «; and A9. According to Greedan
and Rao [25], a positive value of BY indicates that
R magnetic moments lie in the basal plane, or
deviate significantly from the main axis. As the
sign of A9 remains constant for a given site, in
NdMnSi, and PrMnSi,, the easy axis is probably
correlated to the sign of a,.

In another way, determination of the a/c ratio
for a large number of RT,X, compounds allows
one to remark that an oscillatory magnetic order-
ing is stabilized for a/c > 0.408, i.e. d2_p >dk_g
(fig. 8) [26—28]. This criterion seems to run again
for the RTSi, series, as it could be observed for
PrFeSi, and NdFeSi, [24]. For the RMnSi, com-
pounds, the criterion is never satisfied and the
related magnetic structure of PrMnSi, and
NdMnSi, are commensurate with the crystal
lattice.

The magnitude of the R magnetic moments in
RMnSi, and RFeSi, are somewhat smaller (de-
pending on T) than the corresponding free-ion
values, contrarily to the RT, X, compounds. Most
likely, this must be attributed to CEF effects. The
interesting panel of magnetic configurations set-
ting on R and on the T sublattices is perhaps
sustained by the conduction electron density which
is mainly due to the T ¢lement. In order to gain
more precision on this point, further investigations
on quaternary R(Mn, Fe)Si, compounds are in
progress.
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