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Abstract. Neutron diffraction studies of polycrystallineRi3Sis (R = Th, Dy, and Ho inter-
metallic compounds with the orthorhombic,CosSis-type crystal structure indicate different
magnetic structures. For R Th, below 7; = 13 K, a collinear antiferromagnetic structure
with a magnetic unit cell equal to the crystal one is observed. In the temperature region
betweenT, = 13 K andTy = 195 K, it becomes sine modulated with a waveveckoe=
(0, 1.0,0.206(1)). In both phases the magnetic moments are parallel te-dpds. Dy,Ni3Sis
has an incommensurate sine-modulated structure with the wavevéctergd, 0, 0.330(1)) at
T =2 Kandk = (0,0.1598), 0.356(2)) at T = 5.5 K. Ho;Ni3Sis at T = 2 K also has a
sine-modulated structure with = (0, 0, 0.28559)). This structure does not change up to the
Néel temperature 7.2 K.

The magnetic structures determined have been confirmed by symmetry analysis.

1. Introduction

The lanthanide—transition metal silicides form intermetallics with different compositions.
They, especially the R'3Sis compounds, have been intensively investigated because of
their interesting magnetic properties [1]. About fifty RSis compounds have been reported
on in the literature. They crystallize in either the orthorhombiCt;Sis-type structure or
the tetragonal S€e;Sis-type structure [2]. The first structure appears when T is Co, Ni,
or Rh, and the second one when T is Mn, Ru, Os, or Fe. The magnetic data reported for
R2Ni3Sis compounds (R= Pr, Nd, Sm, Gd, Th, Dy, and Ho) indicate a magnetic ordering
below Ty = 8.5, 9.5, 11.0, 15.0 19.5, 9.5, and 6.0 K, respectively [3—-5LNikSis shows
two distinct magnetic transitions &y = 195 K and7, = 12 K [5].

In this paper the results of the neutron diffraction investigations of thrgdisBis
(R = Tb, Dy, and Ho) compounds are presented.

2. Experimental details

The RNi3Sis (R = Th, Dy, and Ho) samples were prepared by a standard arc-melting
technique. They were vacuum annealed at 1400dor one day, and at 100CC for seven
days, and then cooled down slowly to room temperature. The x-ray powder diffraction

* Dedicated to Professor Wojciech Suski on the occasion of his 60th birthday.
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patterns of the resulting polycrystalline samples were measured usingCadkation. The

room temperature powder patterns for all three compounds show that the samples exhibit
the orthorhombic WCo3Sis type of crystal structure (space grodpam) [6] with small
admixtures of other unidentified phases.

The neutron diffraction measurements of these compounds were performed in the
35 MW Silcé reactor at Grenoble using a multidetector system. Diffraction diagrams were
constructed at different temperatures between 2.0 and 25 K using a neutron wavelength
A = 2.486 A. The neutron data were analysed by means of the Rietveld-type FULLPROF
program [7]. The nuclear scattering lengths and form factors foriens were taken from
references [8] and [9], respectively.

3. Results

3.1. Crystal structure

The nuclear Bragg peaks observed at a temperature @pveere indexed in terms of an
orthorhombic cell. The positions occupied by the atoms infthen space group are given
in table 1.

Table 1. The positions occupied by the atoms in thexm space group.

R in8 xr yr O
Ni(1) in8 xnit ynin O
Ni(2) in4b 05 0 0.25
Si(2) in8 xsii ysi O
Si2) in8g O ysi2  0.25
Si(3) inda O 0 0.25

Table 2. Crystal data for RNi3Sis (R = Tb, Dy, Ho) and ¥%Ni3Sis.

Compound TbNi38i5 DyzNi35i5 H02Ni3Si5 Y2Ni35i5 [10]

a () 9.5442(35)  9.527(10) 9.525(5) 9.5651(4)
b () 11.1364(30)  11.058(15) 11.059(6) 11.1284(6)
¢ (A) 5.6286(15)  5.615(7) 5.603(3) 5.6453(2)
xR 0.2682(17)  0.2815(21) 0.2706(19)  0.2632(2)
YR 0.3729(22)  0.3805(34) 0.3737(24)  0.3691(2)
XNiL 0.1148(7) 0.1082(25) 0.1155(9) 0.1123(3)
YNiL 0.1390(12)  0.1552(42) 0.1382(16)  0.1342(3)
xsit 0.3467(16)  0.3492(56) 0.3489(20)  0.3475(7)
ysit 0.1308(35)  0.1614(101)  0.1258(55)  0.1074(5)
Ysiz 0.2608(27)  0.2056(88) 0.2599(40)  0.2663(5)
R (%) 5.1 9.5 55

The analysis of the nuclear intensities in the neutron diffraction patterns abpve
clearly shows that the samples are isostructural with the compouhli;Sis [10]. The
crystal structure parameters determined for all three samples are given in table 2. They
are compared to those obtained from x-ray diffraction in the case of #Ai38i5 single
crystal [10].
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Figure 1. Neutron diffraction difference patterns for Mi3Sis: (a) the difference between data
taken at 2 and 25 K; and (b) the difference between data taken 13 and 25 K. The lower graph
in each case shows the difference between the observed magnetic intensity and that calculated
for the model structure described in the text.

3.2. Magnetic structure

The powder neutron diffraction patterns of ;Ni3Sis were measured d@f = 2, 13, and
25 K (2.5 hours each). Additional measurements with a temperatureastep0.35 K
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Figure 2. The projection of the magnetic structures of the measured compounds on different
planes: (a) a collinear structure of the compoundNigSis at 7 = 2 K in the a—b plane (the+

and — indicate alignment parallel and antiparallel to thaxis, respectively; the two sublattices

(z = 0 andz = 1/2) are labelled with different sizes of circles as symbols for the atoms);
(b) a sine-modulated structure of the high-temperature phase Mig®Bis on thea— plane;

(c) a sine-modulated structure measured at low temperatures ardhgane for the compound
Dy,Ni3Sis; (d) a sine-modulated structure measured at high temperatures érdhptane for

the compound DyNi3Sis; and (e) a sine-modulated structure of Mz Sis on thea— plane
measured at 2 K.

were performed between 7.5 and 21.5 K. Figure 1 shows the neutron diffraction difference
patterns of TbNi3Sis for (a) data taken at 2 and 25 K and (b) data taken at 13 and 25 K. The
observed magnetic peaks Bt= 2 K (see figure 1(a)) can be indexed as a commensurate
structure with a propagation vector along thaxis, k = (0, 1, 0). The magnetic moments
localized on the T#" ions are situated in the following positions in the crystal unit cell:
S1: (x,y,0); 820 (x,9,0); Sz (x,y,1/2); 84 (x,y,1/2); Ss: (1/2+x,1/2+ y,1/2);

Se: (1/2 —x,1/2 —y,1/2); S7: (1/2—x,1/2 + y,0); and Sg: (1/2 + x,1/2 — y,0).

The analysis of magnetic intensities indicates a collinear antiferromagnetic structure (see
figure 2(a)) with magnetic moments equal to 7.87(4) and parallel to the-axis. The
disagreement factor of the magnetic intensities Was 1.2%. In this structure, the first four
atoms are coupled together ferromagnetically and antiferromagnetically with four others.
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Figure 3. The temperature dependence of the;NkSis diffraction patterns taken inothe
temperature range 7.5 to 21.5 K. The angular range was ffota 84 (29), andx = 2.486 A.
The inset shows the integrated intensities of the 010 and Gé&fections.

The diffraction patterns in aé2range from 4 to 84 and for temperatures from 7.5 to
21.5 K are presented in figure 3. A strong change in the intensities of the magnetic peaks
nearT, = 13 K is clearly visible.

The analysis of the magnetic peak intensities in the temperature region 2-12 K gives a
magnetic structure similar to that observed at 2 K.

The magnetic peaks of the neutron diffraction pattern measuréd=ai.3 K (see figure
1(b)) are indexed with a wavevectér= (0, 1.0, 0.206(1)). The best agreement between
the observed and calculated magnetic intensitiss,{ = 9.1%) is obtained for a magnetic
structure represented by the spin wave schematically displayed in figure 2(b). The magnetic
moment distribution is described kyJ cog2rk - r), wheregJ is the maximum ordered
moment per TB" ion, amounting to 6.55(5u5, and r is the real-space distance. The
magnetic moments are aligned along thaxis.

The temperature dependence of the intensity of the magnetic peaks 010 an¢s6&0
the inset in figure 3) indicates theéll point to be at 19.5 K.

A careful analysis of the DyNi3Sis magnetic data (see figure 4 in reference [5]) shows
the Neel temperature to b€y = 9.5 K, and an additional phase transition ndar= 4 K.
Diffraction patterns for DyNi3Sis were measured at 2 K, 5.5 K, and 15 K, only. Magnetic
contributions in the neutron pattern at 2 and 5.5 K are presented in figure 4.

The neutron diffraction pattern & = 2 K is indexed with a propagation vector
kE = (0,0,0.330(1)), whereas that obtained & = 5.5 K is indexed withk =
(0,0.1598), 0.356(2)). An analysis of the neutron diffraction data indicates that at both
temperatures the modulated magnetic structures are obseRyged i6 equal to 10.4% at
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Figure 4. Neutron diffraction difference patterns for ENi3Sis: (a) the difference between data
taken at 2 and 15 K; and (b) the difference between data taken at 5.5 and 15 K.

2 Kand 11.8% at 5.5 K). The magnetic moments of Dy atoms are equal to 7.g(&}
T =2 Kand 5.0(1)up at 5.5 K. AtT = 5.5 K, the magnetic moment is parallel to the
a-axis, whereas al' = 2 K it lies in the a— plane and forms angles of 5%for S, Sa,
Se, and Sg) and —59 (for Sy, S3, Ss, and S7) with the c-axis. The magnetic structures
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Figure 5. A neutron diffraction difference pattern: the difference between data taken at 2 and
10 K for Ho;Ni3Sis. The peak at 2 = 17.35° corresponds to another unidentified phase, as it
has a different temperature dependence (see figure 6).

determined are presented in figures 2(c) and 2(d).

The neutron diffraction pattern of HNi3Sis taken atT = 2 K (see figure 5) is indexed
with a wavevectork = (0, 0, 0.28559)). The best agreement between the observed and
calculated magnetic intensitie®{,, = 2.8%) is obtained for a sine-modulated structure
with a magnetic moment on the RBfoion equal to 7.90(5u. The moments are aligned
along thea-axis of the unit cell. The magnetic structure of #Md;Sis is displayed in
figure 2(e).

The strong reflection 060monotonically decreases with increasing temperature. This
indicates that the magnetic structure does not change with the temperature. €€he N
temperature is 7.2 K (see figure 6).

4. Symmetry analysis

The experimental results obtained were analysed by means of group-theory calculations,
including the symmetry analysis method [11]. This method allows one to present all
magnetic structure models which could fit to the experimental data. Results of such
calculations for the compounds investigated are given below.

The magnetic representation for theam symmetry group (No 72 [12]) and 8j positions
of the rare-earth atoms witk = (0, 0,0) can be presented as a direct sum of four real
irreducible representations. The calculated magnetic modes are given in table 3. The
magnetic structure observed at low temperatures corresponds te-tbpresentation.

The representations for the wavevector= (0, 0, k,) are presented in table 4. The
observed magnetic structure is a linear combinatior,dfasic vectors belonging te; and
ko, = —kq, with order parametep = (w, —we %),
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Figure 6. The temperature dependence of the,NiaSis neutron diffraction patterns measured
in the temperature range between 2 and 8.5 K. The angular range was from %4 (&84

Table 3. Modes belonging to the;-, 7a-, t6-, and r7-representations of th&bam (D%ﬁ) group
with the wavevectok = (0, 0, 0) and the 8j position.

Positions

of the

rare-earth

atoms S1 S> S3 Sy Ss Se S7 Sg
7 001 001 oa 001 001 0oL 001 001
N 001 001 001 001 001 001 a o0l
% 001 od 00L 001 oa 001 001 0@
7 001 001 001 001 a 001 001 001

The moments are then as follows:

S11: = 2we, cogk - t)

So4s = 2we, cogk - t)

S3yr = 2we, coSwk, + k- t)
S4ys = 2we, coSwk, + k - t)
Ss.; = 2we, coSwk, + k-1t
Se+: = 2we, corwk, + k - t)
S7.; = 2we,cogk - t)

Sg.; = 2we, cogk - t).
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Table 4. Modes belonging to thes-, 72-, 73-, ands-representations of thebam (Dgﬁ) group
with the wavevectok = (0, 0, k;) and the 8] positiona = €72

Positions
of atoms 1 2 3 4 5 6 7 8

k1
o 100 100 00 &00 00 &00 100 100

010 (0 0 0 00 00 010 010
001 001 O@& O00x OOy OO0y 001 oL

2 100 100 &00 «00 «00 @00 100 100
010 GO0 0 00 0 0x0 010 @O
001 001 0@ OO0 00w O00x 001 001

73 100 100 «00 @00 «00 @00 100 100
010 010 @0 00 OG0 OO 010 010
001 04 O00x OOGx OCGxr 00 001 001

4 100 100 &00 &00 «00 «00 100 100
010 010 @0 OO0 00 OO0 010 010
001 0d OQx OO OOx 00 001 oOd

71 «00 «00 100 100 190 100 &00 «00

00O OO 010 @O0 00 010 @0 0x0

00x 00x 001 00l 001 001 0@ 00x

1,'2 «00 @00 100 100 100 100 &00 «OO
000 00 010 do 010 ao @0 0x0

00x O00x 00l OOl 00l OOl OQx 00«
73 «00 «00 100 100 100 100 «00 «0O

00 00 010 010 010 010 @0 00

00w O00x 001 OO 00L 001 O& OO0x
4 @00 @00 100 100 190 190 «00 00

0z0 0x0 010 00 00 00 0 0x0

O0x 00x 001 001 001 0@ OQx O00x

The magnetic structure of DNi3Sis at low temperatures, with the Dy magnetic moment
in the a— plane (see figure 2(c)) is represented by

S18+ = 2(ue, + we;) cogk - t)

S 74+ = 2(—ue, + we;) cogk - t)

Ss54 = 2(uey + we;) coSnwk, + k- t)
S364r = 2(—ue, + we;) coSrwk, + k- t)

where . and w are the components of the order parametgfs = (u; ue ") and
p2 = (w; —we k).

Ho,Ni3Sis has a magnetic structure similar to that of Dly;Sis at low temperature, with
the magnetic moment parallel to theaxis (see figure 2(e)). The high-temperature magnetic
structures of TpNisSis and DyNisSis are described by the two-component wavevector
k = (0,ky, k;). The calculated magnetic modes are presented in table 5. The possible
magnetic structures are as follows.

(i) When the magnetic moment is parallel to #waxis, then the representatiap with
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Table 5. Modes belonging to the;- and tp-representations of th&bam (Dgﬁ) group with the
wavevectork = (0, ky, k;) and the 8] positions. (In the last column, 10 stands for ‘One orbital’
and 20 stands for ‘“Two orbitals’.)
Positions
of atoms 1 2 3 4 5 6 7 8

(a) The sequence of signs

k1 100 100 100 100 10
010 ao 010 ao
001 oa 001 oa
71 100 100 100 100 20
010 010 ao 010
001 001 oa 001
ky = —k1 100 100 100 100 10
010 ao 010 ao
001 oa 001 oa
T1 190 100 ZI:OO 100 20
019 010 (19 010
001 001 oa 001
k1 100 100 100 100 10
010 010 010 010
001 001 001 001
123 100 100 100 100 20
100 010 010 010
001 001 001 001
ko= k1 100 100 100 100 10
010 010 010 010
001 ool ool olo
123 100 i(_)O 100 190 20
010 010 0Lo 0Lo
001 0oL 0oL 0oL
(b) The phase factors
k1 1 efiﬂkj eirr(k,%»k;) efirrky 10
T d2nk; 1 drky g (ky+kz) 20
ko o7 (2hkgy+ko) a-i27ky, & (2ky+ky) g7 ky+2kay+k) 10
=—k
e—i27zk2v efin(Zkyka) érr(ky—Zkzy+k;) éﬂ(k»v —2ky) 20
k1 1 gk gyt grhy 10
o e i2mk; 1 g iky e im(ky+kz) 20
ko eiﬂ(Zkv-H\';) é'erkgy eiﬂ(kerZka) eizr(kv+2k2y+kz) 10
=—k
einrky én(kzysz) e—in(k)»fzkzﬁrk:) 20

the order parametey; = (w, —we?™%) gives

S1+: = 2we, cosk - t
S, = 2we, cogk - t + @)
S3.; = 2we, cogk - t + 7wk;)

S41 = 2we cogk -t — k, + @)

S5, = 2we, cosk - t + k. + mky)
Serr = 2we; codk -t —wky, — 7wk, + @)
S74 = 2we; cogk - t + mky)

Sgr = 2we, cogk -t —ky + @).
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(i) When the magnetic moment is parallel to thexis, then the representation with
the order parametey = (u, u€?"'*+) gives

S11: = 2ue, cosk - t S5, = 2ue, cosk -t + wk, + mky)
S = 2ue,cogk -t + @) Setr = 2ue, cogk -t —mwky, — wk; + @)
S3.; = 2ue,cogk -t + wk,) S74 = 2ue, cogk -t + k)

S41: = 2ue,cogk -t —wk, + ¢) Sgr = 2ue, cogk -t —wky + @)
whereg is the phase shift.

The magnetic structure of FNi3Sis at high temperatures is described by the
representation, whereas for fNi3Sis at high temperatures it is described by the
representation.

5. Discussion

In the ternary rare-earth compounds investigated in this work, the magnetic moments are
localized on the rare-earth atoms only. 18N®;Sis compounds as in RNK, compounds
[1, 13], the Ni atoms have no magnetic moment.

The neutron diffraction data presented in this work indicate that the magnetic structures
change with increasing temperature.

The magnetic structure of FNi3Sis commensurate with the crystal unit cell below
13 K becomes incommensurate above this temperature.

In Dy,Ni3Sis, one incommensurate structure transforms into another one with the change
of the direction of the magnetic moments with increasing temperature.

A transition between two magnetic phases is observed in many lanthanide intermetallic
compounds [14, 15]. The Hbli3Sis compound has only one incommensurate phase in the
temperature range arodr2 K and wherel'y = 7.2 K.

In R;Ni3Sis compounds, the interatomic distances between the rare-earth atoms are large
[10]. The large interatomic distance and an oscillatory character of the magnetic ordering
scheme observed for all three compounds suggest that the well-known Ruderman—Kittel—
Kasuya—Yosida (RKKY) theory can be used to explain the stability of the magnetic structure.
In this model the critical temperature of the magnetic orderifig (y) is proportional to
the de Gennes factaqg; — 1)J(J +1). This relation for RNi3Sis compounds is presented
in figure 7. According to the de Gennes scaling in the isostructural séfieshould be
highest for the Gd-containing compounds. For the compounds discussed, the maximum is
observed for Th-containing compounds. The shiftingrgffor Tb, and a large difference
between the observed and calculated valueByofor light rare-earth compounds can result
from the crystalline-electric-field (CEF) effect. The phenomenon of the shiffyoffor
heavy rare-earth compounds caused by the crystal electric field was discussed by Noakes
and Shenoy [16]. The following formula describes theeNtemperature:

-1
Ty = 2Joc(gs — D) J2 exp(—sggjf/TN){Zexp(—33§/§/TN} (1)

where J,, is the exchange constant for the 4f atoms, aﬂfdis a crystal-field parameter.
Since Gd* is an S-state ion which is not influenced by the crystal electric field, its value
of Ty can be used to fix the value of the exchange consfgnt= 2.85 K. Numerical
calculation of the Mel temperature according to equation (1) for other heavy rare-earth
ions gives a good agreement with the experimental data. A sidBpterm produces the
maximum in Ty for Tb compounds. A large disagreement between the calculated and
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Figure 7. Magnetic transition temperatures 0§Ri3Sis compounds plotted against the number
of 4f electrons. A solid line displays the influence of the crystal field onTthdunction versus
the number of 4f electrons. The broken line represents the de Gennes function normalized with
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observed values ofy for light rare-earth compounds is observed (see figure 7). Similar
discrepancies between the observed and calculated values ob#héelhperature have been
observed for a large number of the rare-earth intermetallic compounds. See, for example,
the data for RGacompounds (figure 1 in reference [17]), where the experimental values are
well above the theoretical ones. The fact that experimental values ofé&bktéimperature

are larger than the theoretical ones calculated using the Hamiltonian for the compounds
with exchange interactions of RKKY type and experiencing crystal-electric-field effects
implies that the other interaction influences the magnetic interactions. The local coupling
between the 4f shell and the conduction electrons is much stronger than expected, perhaps
due to a large orbital contribution to the exchange coupling [18]. It is also possible that
the strengthening of the local coupling due to the large spatial extent of the 4f shell for the
light rare earths leads to a large overlap of the 4f and 5d orbitals [19].

The partial quenching of the magnetic moment of rare-earth atoms in an ordered state
compared to the free¥®R-ion values also indicates an influence of the CEF on the magnetic
properties of RNi3Sis compounds.

The RNi3Sis compounds crystallize in the orthorhombic,@b;Sis-type crystal
structure, which is an orthorhombic superstructure of the tetragonal,ShQCeAlLGe)
type [6]. The unit-cell volume of a &Co;Sis-type structure is four times larger than the
volume of the corresponding Th&3i,-type structure d ~ cthcpsi,, b = ZﬁaThCrZSizy
andc ~ \/EaThCrZSiz)- The magnetic structures of Thi§ii, and DyNpSi; change with
increasing temperature. For ThiSi, below T, = 9 K, a collinear antiferromagnetic
structure is observed that turns into an incommensurate one ahof43]. In the case
of DyNi,Si; below T, = 3.7 K, the magnetic structure is of the square-wave type, whereas
aboveT; it transforms into an amplitude-modulated sine-wave-type structure [20]. For both
phases of these compounds, the magnetic moment is parallel teatkis.

For many intermetallic compounds [14], the direction of the magnetic moments changes
with the change in the f-electron number. Such a phenomenon is also observgdi iSiR
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(R =Tb, Dy, Ho) compounds.

The results of this work indicate a change in the direction of the magnetic moment
with an increase in the number of 4f electrons of rare-earth atoms, and with increasing
temperature. In both phases of ;Ni3Sis, the magnetic moments are parallel to thaxis,
corresponding to the short lattice constant. ForMiySis in the low-temperature phase,
the magnetic moment forms an angle with thaxis, while in the high-temperature phase,
it is parallel to thea-axis. The magnetic moment for bgi3Sis is parallel to thez-axis.

The fact that the orientation of magnetic moments gNRSIs is different from that
in RNi,Si, suggests that the surrounding local atoms have a large influence on the crystal
field, which causes anisotropy.
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