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The novel TbsNiSi, phase adopts the LasNiGe,-type structure (Pnma, N 62, oP24). According to the
thermal dependence of the magnetization measurements in 100 Oe applied field, Th3NiSi, undergoes a
ferromagnetic-like transition at 135 K and a spin-orientation transition at 53 K. Based on the neutron
diffraction studies in a zero applied field, Tb3NiSi, shows four types of mixed ferromagnetic—
antiferromagnetic ordering below ~130K, 82 K, 66 K and 53 K. The unit cell of Tb3NiSi, undergoes an
isotropic compression down to 143 K and an anisotropic one below the temperature of the ferromagnetic
transition at ~130 K: the a cell parameter increases, whereas the b and c cell parameters and unit cell
volume decrease with the decreasing temperature. At 1.5 K the terbium magnetic moment reaches the

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The novel Tb3NiSi, compound crystallizes with the LaszNiGe,-
type structure (space group Pnma, N 62, oP24). The LasNiGe,
structure is a member of the family of the two-layer orthorhombic
structures with the Pnma symmetry and a set of special 4c sites
(x, 1/4, z) derived from the hexagonal Mg structure [1]. The known
LasNiGe,-type Pr;CoGe, and Nd;CoGe, phases undergo a mixed
antiferro-ferromagnetic ac-plane ordering with the Pn’ma mag-
netic space group below 28 K and 35.5 K, respectively [2], whereas
below 135 K Tb3sNiGe, demonstrates a b-axis ferrimagnetic order-
ing with the Pnm’a magnetic space group [3]. This work aims to
understand the nature of the magnetic ordering in Th3NiSi, on the
basis of both magnetic and neutron diffraction studies.

2. Experimental details

The TbsNiSi, sample was prepared by arc-melting the weighed
amounts of terbium (99.9 wt%), nickel (99.95 wt%) and silicon
(99.99 wt%). The sample was annealed at 1070 K for 175 h in an
argon atmosphere and quenched in ice-cold water.

The quality of the samples was evaluated using powder X-ray
diffraction (XRD) and X-ray spectral microprobe analysis. The XRD
data were obtained on a DRON-3.0 diffractometer (CuK, radiation,
20=10-80°, step 0.05°, 4s per step) at room temperature.

* Corresponding author. Tel.: +7 849 593 93472.
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The unit cell data were derived using the Rietan-program [4] in
the isotropic approximation. A Camebax microanalyser was
employed to perform microprobe X-ray spectral analysis of the
sample (15kV, 3 x 1078 A, K-, L- and M-lines, 2 x 2 pm?).

The temperature-dependant dc magnetization and saturation
magnetization were measured on a commercial SQUID magnet-
ometer (Quantum Design) in the 5-300 K range and in an applied
field of up to 50 kOe.

The neutron diffraction experiments were carried out on the
D1B powder diffractometer [5] (A=0.252 nm at the Institute Laue-
Langevin, Grenoble, France). The neutron diffraction patterns were
identified and calculated using the FULLPROF program and tradi-
tional crystallographic approach [6].

3. Results and discussion
3.1. Crystal structure

The quantitative microprobe X-ray analysis of the Tbs3NiSi,
sample yielded the Tbsg1)Niig(1)Siza2) composition which is iden-
tical to the expected one. The crystallographic and atomic para-
meters of LasNiGe,-type TbsNiSi, are given in Table 1. Rietveld
analysis of powder X-ray pattern indicates the mixed T1=NigoSig;
and T2=Nig;Sip9 atomic sites. The interatomic distances of
TbsNiSi, are close to the sum of atomic (metallic) radius [7] and,
thus, are indicative of the metallic type bonding in the structure
(Table 2).

The plots for the dc magnetization and inverse susceptibility
of the polycrystalline Tb3NiSi, sample are given in Fig. 1. According
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to the magnetization data, Tb3NiSi, undergoes a ferromagnetic-
type transition at 135K and spin orientation at ~52 K. The
paramagnetic susceptibility follows the Curie-Weiss law in the
temperature range from 150 to 350 K. The fit to the Curie-Weiss
law in this region gives a positive Weiss temperature ©,=127 K
suggesting dominant ferromagnetic interactions. The effective
magnetic moment per formula unit Mcg/f.u. of 16.3 pg yields an
effective magnetic moment of 9.41 pg per Tb atom which is in
good agreement with the theoretical value of 9.72 g for Th®>* [8].
These data also suggest that Ni atoms carry no magnetic moment.

3.1.1. Neutron diffraction study of LasNiGe,-type Tb3NiSi,
crystal structure

The LasNiGe,-type Th3NiSi, structure (space group Pnima, point
group Dyj) consists of the 4c sites for the terbium, nickel and
silicon atoms (Table 1). Such a two-layer structure with the Pnma
space group may be given in terms of the orthorhombic Pna2;
(point group C,), P2;2;2; (point group D,) or monoclinic P2;/n
(point group C5,) and P2;/a (point group C5,,) space groups in case
of the orthorhombic (y/b=1/4—y[b+ 1/4) or monoclinic distor-
tion of the unit cell. The symmetry operators for the correspond-
ing point and space groups and 4c atomic positions of the terbium
sublattice are given in Table 3. These “colorless” D,, C5; and Cy,
point groups and “black-white” D’;, C',, and C’5, magnetic point
groups [9-11] were used for the analysis of neutron diffraction data.

Table 1

Atomic positions in the LasNiGe,-type Tb3NiSi, phase (a=1.1308(1) nm, b=0.41314
(3) nm, ¢=1.1225(1) nm, space group Pnma, No. 62, Z=4, atomic displacement
parameters for all atoms 17 =0.001955, $,,=0.014647 and p33=0.001984 at 298 K,
Rp=3.1%).

Atom Site xla y/b zc Occupancy
Tb1 4c 0.3781(5) 1/4 0.4350(5) 1.00
Tb2 4c 0.0564(5) 1/4 0.3782(5) 1.00
Tb3 4c 0.2104(5) 1/4 0.7023(6) 1.00
T1° 4c 0.1338(7) 1/4 0.1294(7) 1.00
si1 4c 0.4905(9) 1/4 0.6748(9) 1.00
T2° 4c 0.3051(9) 1/4 0.0057(9) 1.00

* T1=NipoSio1; T2=Nig;Sio.o.

Table 2

The unit cell of ThsNiSi, undergoes isotropic compression
down to 143 K and anisotropic one below the temperature of
ferromagnetic transition: Aajai74 x > Ab/by74 x ~ Ac/c174 ¢ and as
well as below 117 K: Aaja 74 x > Ab[b174 x > Ac/c174 x. Contrary to
the b and c cell parameters, the a cell parameter increases with
decreasing temperature (Fig. 2a). At 1.5 K the Aa/ai74 «, Ab/b174 k
and Ac/cy74  ratios reach the values of 0.00231, —0.00206 and -
0.00339, respectively; whereas AV/V;74=—0.00316. The tempera-
tures of the local maxima in the V-T plot coincide with the
transformation temperatures of the Tb3NiSi, magnetic structure
(Fig. 2b). Such behavior in the lattice parameters must result from
the magnetic ordering.

Based on the present powder neutron diffraction study, there
are no obvious reasons to reduce the Pnma symmetry of the
Tb3NiSi, lattice to the Pna2q, P212121, P2¢/n or P2;/a ones as the
temperature decreases from 174 K down to 1.5 K.

3.1.2. Magnetic structure

The set of commensurate and incommensurate magnetic reflec-
tions was used to derive the magnetic ordering of Th3NiSi, (Fig. 3).
The thermal variation of the strongest (1/2 0 0), (1/4 0 3/4), (100)
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Fig. 1. Magnetization (FC) and inverse magnetic susceptibility as a function of
temperature in the 100 Oe field.

Interatomic distances for TbsNiSi. Their ratio to the sum of the atomic radii of the corresponding atoms (Rrp,=0.17788 nm, Rpn;=0.12459 nm, Rs;=0.1176 nm,
R11=0.9 -Ry;i+0.1-Rs;=0.12389 nm, R =0.1-Ry;+0.9-Rs;=0.11830 nm) [7] is given as A=D/(Ratom1+Ratom2). & is a coordination number. The shortest Tb-Tb distances

are shown in bold. T1=NigoSig 1, T2=Nig;Sig.o.

Atom- Atom D, nm A Atom- Atom D, nm A Atom- Atom D, nm A

Tb1- 1Si1 0.28274 0.96 Tbh2- 1T1 0.29267 0.97 Tbh3- 2T1 0.28356 0.94
1Si1 0.29767 1.01 2T2 0.29611 1.00 1Si1 0.28437 0.96
1T1 0.29805 0.99 2Sil 0.31243 1.06 2T2 0.30279 1.02
2T1 0.30078 1.00 1T2 0.31263 1.06 1Si1 0.31824 1.08
2T2 0.30313 1.02 2Tb2* 0.36567 1.03 2Tb1* 0.34773 0.98
2Tb3? 0.34773 0.98 1Tb1° 0.36932 1.04 1Tb1® 0.35495 1.00
1Tb3* 0.35495 1.00 2Tb3 0.37664 1.06 1T2 0.35701 1.21
1Tb2? 0.36932 1.04 2Tb3 0.38884 1.09 2Tb2 0.37664 1.06
2Tb1 0.37413 1.05 1Tb3? 0.40333 113 2Tb2 0.38884 1.09
1Tb2 0.40528 1.14 1Tb1 0.40528 1.14 1Tb2° 0.40333 113
2Tb1 0.41314 1.16 2Tb2 0.41314 1.16 2Tb3 0.41314 1.16

§=17 6=17 §=17

T1- 1T2 0.23833 0.98 Si1—- 2T1 0.25500 1.03 T2- 1T1 0.23833 0.98
2Si1 0.25500 1.03 2Tb1 0.28274 0.96 2Tb2 0.29611 1.00
2Tb3 0.28356 0.94 1Tb3 0.28437 0.96 2Tb3 0.30279 1.02
1Tb2 0.29267 0.97 1Tb1 0.29767 1.01 2Tb1 0.30313 1.02
1Tb1 0.29805 0.99 2Tb2 0.31243 1.06 1Tb2 0.31263 1.06
2Tb1 0.30078 1.00 1Tb3 0.31824 1.08 1Tb3 0.35701 1.21

§=9 6=9 §=9

2 The bond is shown in Fig. 5¢ and h.
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Table 3

Atomic positions for the 4c sites of the Pnma® space group (retained by Tb3NiSi,) with the corresponding symmetry operators and subgroups.

No. Atom y/b xla z[c Symmetry operator Point subgroup of 4c site
])2IJ c2uL czhd Czhe
1 Tb1!, Tb2', Tb3' 1/4 X z {1, m,/[0 1/2 0]} 1 1 1 1
2 Tb1?, Tb2?, Tbh3? 3/4 1/2—x 12+z {2,/[1/2 0 1/2], my/[1/2 1/2 1/2]} 2, m, my, 2,
3 Tb13, Tb23, Th3® 1/4 12+x 12-z {m,/[1/2 0 1/2], 2,/[1/2 1/2 1/2]} 2, m, 2, m,
4 Tb1%4, Tb2? Tbh3* 3/4 —x -z {1, 2,/[0 1/2 0]} 2, 2, i i
@ For two-layer structures: Pnma(x, y, z)={1, m,/[0 1/2 0]} x {Pna24(x, y, z), P212124(x, y, z), P2:/n(x, y, z), P21/a(x, y, 2)};

b Space group P212:21={1, 2,/[1/2 1/2 1/2], 2,/[0 1/2 0], 2,/[1/2 0 1/2]};
€ Space group Pna2;={1, m,/[1/2 1/2 1/2], m./[1/2 0 1/2], 2,/[0 1/2 0]};
4 Space group P2/n={1, my/[1/2 1/2 1/2], 2,/[1/2 1/2 1/2], 1};

€ Space group P2/a={1, m./[1/2 0 1/2], 2,/[1/2 0 1/2], 1}.
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Fig. 2. (a) The relative cell parameters of Tb3NiSi, vs. temperature and (b) unit cell
volume of ThsNiSi, vs. temperature. Below 143 K and 117 K the anisotropic
distortion of the unit cell is observed. The local maxima in the V-T plot coincide
with the transformation temperatures of the Tb3;NiSi, magnetic structure.

and (302) magnetic reflection indicates transformation of the
magnetic structure below ~130, 82, 66 and 53 K (Fig. 4). The
ordering temperature of the ferromagnetic-type structure at
~130K is close to that of 135 K obtained from the magnetization
measurements (see above).

Between ~ 130 K and 82 K, the magnetic structure of Th3NiSi; is a
sum of the MX? and MX° magnetic components and the magnetic
unit cell arpsnisiz X bp3nisiz X Crp3nisiz €quals the crystal unit cell (wave
vector Ky=[0, 0, 0]). The ac-plane magnetic component Mffco of the
Pn'ma={1, 1'xm,/[1/2 1/2 1/2]} x {1, m/[0 1/2 0]} x {1, m,/[1/2 O
1/2]} magnetic space group and the b-axis magnetic component Mffo
of the Pnm’'a={1, m,/[1/2 1/2 1/2]} x {1, 1" x m,/[0 1/2 O]} x {1, m,/
[1/2 0 1/2]} one are given in Fig. 5a and c. The corresponding neutron
diffraction pattern and image of the ThsNiSi, magnetic structure are
given in Fig. 3b and Fig. 5d and e. The sum M,X° (Pn'ma) and
M[(Pnm’a) magnetic components may be shown in term of the

P2’y/a magnetic space group: MX°(Pn'ma)+ML°(Pnm'a)=
(MK MXOY P27y /a) and P2’y /a={1, m,/[1/2 0 1/2], 1" x2,/[1/2 O
1/2], 1 x 1}.

Below 82 K the M{°(Pnm’a) component vanishes and down to
66 K the magnetic structure of ThsNiSi, equals the MffCO(Pn’ma)
magnetic component (magnetic unit cell amspisiz < bmsnisiz X Crp3nisiz)
(Figs. 3 and 5c). At 66 K the vague low-angle peak (perhaps the set of
incommensurate peaks) converts to the clear (1/2, 0, 0) peak (see
Fig. 3b, ¢ and d) that indicates transformation of the magnetic
structure and increase of the magnetic unit cell to 2amsni
si2 X brpanisiz X Cmanisiz (Fig. 3d). Down to 53 K, the magnetic structure
of ThsNiSi, is a sum of the MX°(Pn'ma) and b-axis M{' magnetic
components with K;=[1/2, 0, 0] wave vector. The magnetic structure
became a set of canted Tb magnetic moments with ferromagnetic
ordering along the a axis and antiferromagnetic one in the bc plane
(Fig. 5f and g).

The low angle [1/4, 0, 3/4] magnetic reflection below 53 K indicates
an increase of the magnetic unit cell to 8amsnisiz x bp3nisiz X 4Cm3nisiz
and appearance of a flat spiral M** magnetic component in the
magnetic ordering of TbsNiSi, (Fig. 3e). The TbsNiSi, magnetic
structure is now composed of canted ferromagnetic cones and is the
sum of MX® (Pn'ma), MK! and M*? magnetic components (Ky=[ + 1/
4, 0, 13/4] and the cone axis of the M*? flat spiral component
coincides with the (MY +MJ® +MK') vector of the corresponding
Tb atom) (Fig. 5h).

The magnetic ordering of the Tbj' atom (see Table 3) from ~ 130
to 1.5 K can be given as

MTbjl_l MKO- sin(G(MKO))+_] [MI(O I(l
+k- MK cos OMK0))+M*? . [i -
+37mn/2+ 3z /4)
+j - sin(wm/2)+Xrpji/4+370/24 3z1p; /)],

cos (rm)]
cos (mm /2 + xrpji /4

here m and n are the number of the unit cells along the a and c axes,
respectively (m and n=0...1, 2...); i, j and k are the orthonormal
vectors (i coincides with the a axis, j with the b axis and k with the
c axis). The cone axis of a flat spiral with the K, wave vector
coincides with the k' vector (k'=[i-MX.sin(@(MX?))+j.
MK - MK . cos(m)]+KkMK? . cos(O(MX0))]/ii - MKO sm(H(MKO))+

i MR+ MOM! -cos(mn)]—i—k-ML‘f~cos(€(MffC°))I, i, j and k' are
the orthonormal vectors. The magnetic components are listed in
Table 4. Thermal evolution of the MK, MX, MK! and M*? magnetic
components of ThsNiSi, and the overal IMy,l terbium magnetic
moment are given in Fig. 6. At 1.5 K, the terbium magnetic moments
reach values of 9.1(1) pg, which agrees with the 9 pp value expected
for the free Tb>* ion [8] (Table 4).

In the zero applied field, Tb3NiSi, demonstrates a complex mixed
ferromagnetic-antiferromagnetic ordering. In summary, the sequence
of magnetic ordering in TbsNiSi; is as follows: Paramagnet (symmetry
D,;,, Pnma, size of the unit cell is apsnisiz X brp3nisiz X Crpanisiz) — Mixed
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Fig. 3. Neutron diffraction patterns of Th3NiSi, (a) at 174 K (paramagnetic state), (b) at 91 K (mixed F-AF ordering of (M,°+M,X°) of the P2;’/a magnetic space group),
(c) at 74 K (mixed F-AF ordering of M,° of the Pn’ma magnetic space group), (d) at 62 K (mixed F-AF ordering with M,X° (Pn’'ma) and M,*' magnetic components) and
(e) at 1.5 K (mixed F-AF ordering with M, X° (Pn’ma), M,X! and M¥? magnetic components). The wave vectors are Ko=[0, 0, 0], K;=[1/2, 0, 0] and K,=[ + 1/4, 0 + 3/4]. The
upper and lower ticks indicate the structural and magnetic peaks of Tb3NiSi,, respectively. The unindexed peaks marked by “?” in (b, ¢ and e).

134K
120000 53K 66K 82K
(100)
100000
- (1/200)
5
= 80000 \%\
N’
g
Q60000 1
n
2 40000
= (1/4.0 3/4) 302)
20000-M
0 AR N \DAR S e X XN
0 20 40 60 80 100 120 140 160
T (K)

Fig. 4. Thermal evolution of the strongest magnetic reflections with the Ko, K; and
K, wave vectors in the neutron diffraction patterns of Tb3NiSi,. Transformation
temperatures of the magnetic structure are given at the top.

F-AF ordering with the (MX® + M) (P2,'/a) component and magnetic
unit cell of amsnisiz x brpanisiz X Crvanisiz — ac-plane F-AF ordering with
the M, X (Pn'ma) component and magnetic unit cell of armsni
siz X broanisiz X Crpanisiz—sum of the MXO(Pn'ma) and M¥!' compo-
nents with a magnetic unit cell of 2a,3nisiz X bp3nisiz X Crp3nisiz — SUmM
of MX°(Pn'ma), M¥! and M'? components with magnetic unit cell of
8amsnisiz X bp3nisiz X 4Crp3nisiz-

The magnetic ordering below ~130 K can be associated with
the first anisotropic distortion of the unit cell (Aa/a74 k>
Ab[by74 k ~ Ac/c174 ¢) and the first local maximum in the V-T plot.
Decrease in the M;fo ferromagnetic component below ~117 K
coincides with the second anisotropic distortion of the unit cell
(Aajayz4 ¢ > Ab/by74 x > Ac/c174 ) and the second local maximum
in the V-T plot (Figs. 2 and 6). The other local maximum in the V-T
dependence corresponds to the transformation of the magnetic
structure at 53 K and increase of the magnetic unit cell to

8arp3nisiz X bp3nisiz X 4Crp3nisiz-
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structure is the sum of the MKO (Pn’ma) and M,¥! magnetic components (f and g) and below 53 K, the magnetic structure becomes the set of the canted ferromagnetic cones
(sum of the MZ‘CO (Pn’'ma), M'“ and M¥? magnetic components (h). One unit cell is shown for all types of ordering. The wave vectors are Ko=[0, 0, 0], K;=[1/2, 0, 0] and

Ko=[+1/4, 0 + 3/4].

The magnetic structure of Tb3NiSi, is similar to that of
TbsNiGe; [6], when MK0>MZ(C0 below ~130K, and to the magnetic
structure of {Pr, Nd}5sCoGe, [5] between 82 K and 66 K (Fig. 5a
and c). But contrary to ThsNiGe, and {Pr, Nd}sCoGe,, TbsNiSi,
shows four different types of magnetic ordering resulting from the
complex RKKY exchange interactions. In addition, the magnetic
structure of ThsNiGe, differs from that of Tb3NiSi,, except for a
short temperature interval below ~ 130 K. The temperature of the

ferromagnetic ordering in Th3sNiGe, is close to that of Th3NiSi,, but
differs from temperature of ferromagnetic transition of LasNiGe,-
type Tb3CoGe, (Tc=110K) [2]. Thus, it appears that in such
structure, as a rule the transition metal atoms do not carry any
magnetic moment and do not influence much the magnitude of
the magnetic ordering temperature; whereas the nature of the p
element plays a determinant role in the observed type of magnetic
ordering in the compounds with the LasNiGe,-type structure.
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Table 4

Crystallographic and magnetic parameters of LasNiGe,-type ThsNiSi, at different temperatures: cell parameters; My %%, MX°, M,X! and M*? are the Tb magnetic moment
with Ko=[0, 0, 0], K;=[1/2, 0, 0] and K,=[ + 1/4, 0 + 3/4] wave vector, IMI is the magnitude of the terbium magnetic moment. H(ML‘CU) is the angle between the M,

KO

magnetic moment and c axis (the angle ¢(MX?) of the MX® magnetic moment to the a axis is zero). M,*® and M,¥" are along the b axis, M,*? belongs to the ac plane and the
cone axis of the M*? flat spiral component coincides with the (MX? +M,*® 4+ M,X") vector of the corresponding Tb atom. Reliability factors are: R for the crystal structure and

Re™ for the magnetic structure. The data given are for one unit cell.

T (K) Unit cell data (nm) Rr (%) Atom Mo (pg) (M) (deg) M, (jp) M, (jip) M'? (g) IMI (g) RE™ (%)
298° a=1.1308(1) 31
b=0.41314(3)
c=11225(1)
174 a=11279(2) 5.4
b=0.41206(5)
c=1.1195(2)
112 a=1.1288(2) 41 Tb1', Th14 3.34(7) 101(2) 418(8) 5.35(8) 42
b=0.41168(5) Tb12, Tb13 3.34(7) 79(2) 418(8)
c=1.1184(2) Th2', Th2* 3.34(7) 58(2) 418(8)
Th2?, Th23 3.34(7) 122(2) 418(8)
Th3', Th3* 3.34(7) 418(8)
Tb4?, Th4? 3.34(7) 418(8)
74 a=1.1295(2) 39 Tb1!, Tb14 7.16(7) 111(1) 2.0
b=0.41142(5) Th12, Tb13 7.16(7) 69(1)
c=1.1168(2) Th2', Th2* 7.16(7) 53(1)
Tb22, Th23 7.16(7) 127(1)
Th3', Th3* 7.16(7) 83(1)
Th4?, Th4® 7.16(7) 97(1)
62 a=11297(2) 3.7 Tb1' 7.99(8) 111(1) 0.99(2) 8.05(8) 2.7
b=0.41135(5) Th12 7.99(8) 69(1) 0.99(2)
c=1.1165(2) Tbh13 7.99(8) 69(1) —~0.99(2)
Tb14 7.99(8) 111(1) —0.99(2)
Th2! 7.99(8) 50(1) 0.99(2)
Th2? 7.99(8) 130(1) 0.99(2)
Th23 7.99(8) 130(1) —~0.99(2)
Th2* 7.99(8) 50(1) —~0.99(2)
Th3! 7.99(8) 81(1) 0.99(2)
Th32 7.99(8) 99(1) 0.99(2)
Th3? 7.99(8) 99(1) —~0.99(2)
Th3* 7.99(8) 81(1) —~0.99(2)
15 a=11305(2) 35 Th1' 8.5(1) 112(1) 2.50(5) 2.00(5) 9.1(1) 35
b=0.41122(3) Th12 8.5(1) 68(1) 2.50(5) 2.00(5)
c=11157(1) Th13 8.5(1) 68(1) —2.50(5) 2.00(5)
Th1* 8.5(1) 112(1) —2.50(5) 2.00(5)
Th2! 8.5(1) 46(1) 2.50(5) 2.00(5)
Th22 8.5(1) 134(1) 2.50(5) 2.00(5)
Th23 8.5(1) 134(1) —2.50(5) 2.00(5)
Th2* 8.5(1) 46(1) —2.50(5) 2.00(5)
Th3! 8.5(1) 79(1) 2.50(5) 2.00(5)
Th3? 8.5(1) 101(1) 2.50(5) 2.00(5)
Th33 8.5(1) 101(1) —2.50(5) 2.00(5)
Th3* 8.5(1) 79(1) —2.50(5) 2.00(5)
@ X-ray data.
. 53K 66K 82K 134K It is however poticeable that _the lower T¢ observed for Th3CoGe,
10 (M| M Pama) + comparison with that of Tb3NiGe,, may result from a change of the
O +§4bK0(pnmfa) © RKKY exchange interactions as may be expected by the modifica-
8 1 M. KO %%iiﬁgzg!ﬂ axbxc 2 tion of the Tb-Tb interatomic distances as well as the expected
74 ac 2 “L;ii 3 change of the electronic density at the Fermi level resulting from
6 IV (Prrmay V< M = % the Ni for Co substitution.
g 5 8a x b x 4c E é %
= 4 ég £y E‘E .
MK g £2 K 4. Conclusions
. 4 S = X
> EEpgZ % . . . .
2 %ﬁ;{] s The mixed antiferro-ferromagnetic nature of LasNiGe,-type
1 M Y ; 3 M, ThsNiSi, magnetic structure is clearly demonstrated both from the
0 . . . . . . magnetization and neutron diffraction studies. Analysis of the powder
0 20 40 60 80 100 120 140 neutron diffraction data reveals that TbsNiSi, exhibits a complex

T (K)

Fig. 6. Thermal evolution of the ME°, MX°, MK' and M*? magnetic components of

TbsNiSi, and overal IMyl terbium magnetic moment. The temperatures of the
magnetic transformations, type of the magnetic structure and size of the corre-
sponding magnetic unit cell are given in figure.

magnetic phase diagram with several different magnetic orderings of
the terbium sublattice upon cooling. The a lattice parameter of
Th3NiSi, increases, whereas the b and ¢ ones and unit cell volume
decrease with the decreasing temperature in the magnetically-ordered
state. Th3NiSi, should demonstrate metamagnetic-like transitions in
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the applied field, like the other rare earth compounds with mixed F-AF
ordering (see fe. [12]). The TbsNiSi,-based solid solution may be
interesting from the point of view of magnetostriction effect.
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