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Abstract

Phase relations were established for the Ce—Ag—Si system at 850°C by means of X-ray diffraction, light optical microscopy and
quantitative electron probe microanalysis. Phase equilibria are characterised by the existence of extended solid solutions starting from the
binaries: Ce(Ag,Si,_,),_, (ThSi,-type), Ce(Ag,_,Si,),_, (unknown structure type) and Ce(Ag,_,Si,),_, (unknown structure type).
Three ternary phases were found to exist, CeAg,Si, (ThCr,Si,-type), Ce(Ag,Si, ,), , (AIB,-type) and the new ternary compound
CeAgsSi, with unknown structure type. Magnetic behaviour was studied from magnetic susceptibility and magnetisation measurements
down to 1.7 K and employing magnetic fields up to 5 T. Soft ferromagnetism is observed for CeAg,Si,_, (AIB,-type) below 5 K. Alloys
Ce(Ag,Si, ), , With 0.08<x,,<0.30 (ThSi,-type) encounter ferromagnetic order below 7 K. For x,,=0.31 the ferromagnetic
interaction changes to antiferromagnetism with T,,=5.7 K. For CeAgSi, ferrimagnetic or canted antiferromagnetic order is indicated

below 7 K. O 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

Whereas binary interaction of the rare earth elements
with silicon and silver is well known and leads to a series
of binary compounds, information on the corresponding
ternary aloying behaviour Ce—Ag-Si is still rather scarce
[13,17]. The discovery of the heavy fermion superconduc-
tor CeCu,Si, [8] has spurred some interest in the physical
properties of its isotypic homologue CeAg,Si, [12]. A
search for AIB,-type representatives identified the com-
pound Ce(Ad, 133SI, 67), Without any details of its physical
properties [16]. For an early review on the Ce—Ag-Si
system see [17].

In the framework of our genera interest in strongly
correlated electron systems and valence instabilities, a
thorough investigation of the constitution of the Ce—Ag—Si
system, the formation of ternary compounds and solutions,
their crystal structures and physical properties became the
subject of the present paper.

“Dedicated to Prof. Dr. Alan Prince, in memoriam.
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Our investigation was based on the binary boundary
systems as given in [20]. Points of interest, however, were
reinvestigated in the course of the present work. The
crystallographic data for the binary boundary systems are
summarised in Table 1.

2. Experimental techniques

The alloys, each with a total weight of 0.5 to 1 g were
synthesised by repeated argon arc melting ingots of the
elements of 99.9 mass% minimum purity. For homogenisa-
tion a part of the aloy buttons was vacuum sealed in
quartz capillaries and annealed at 850°C or 700°C for up to
330 h prior to quenching in cold water. The samples
prepared near the Ce—Ag binary were found to be very
sensitive to moisture. Under normal conditions these ingots
decayed within days after preparation and cutting into
X-ray amorphous products. The preparation was therefore
carried out in a glove box under a protective environment
with less than 5 ppm O, and H,O. X-ray powder data were
obtained in the D5000 X-ray diffractometer from powders
mounted on a glass support, sealed by kaptan foil in a
specially designed argon filled measuring chamber.

0925-8388/01/$% — see front matter [ 2001 Elsevier Science BV. All rights reserved.
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Table 1
Crystallographic and magnetic data for the unary and binary boundary phases in the system Ce—Ag-Si
Phase Pears. Space- Struktur- Structure Lattice parameters in nm Spin Torg Op et Comments Reference
symb. group Bericht type order [K] [K] [re]
design. a b c
Ag cF4 Fmam Al Cu 0.40857 - - 0to ~0.05 at.% Ce; <961.93°C [20]
3Ce cl2 Imam A2 w 0.41200 - - 798 to 726°C; 0 to ~2 &.%Ag [20]
yCe cF4 Fman Al Cu 051610 - - 726 to 61°C; 0 to ~2 a.%Ag [20]
BCe hP4 P6;/mmc A3 ala 0.36810 - 1.1857 61to —177°C [20]
aCe cF4 Fman Al Cu 0.48500 - - <-177C [20]
aSi cF8 Fdan A4 C (diam) 054309 - - <1414°C [20]
Ce.Si,” =1400°C [20]
1132 14/mem D8, CrgB,4 0.78360 - 1.373 [26]
110100 AF 10 =50 [22]
Ce,S, tP10 P4/mbm D5, U,Si, =1390°C [20]
0.77900 - 0.436 [26]
CeS, tP36 P4,22 7S, <1440°C [20]
0.79500 - 1.500 [26]
CeS oP8 Pnma B27 FeB <1470°C [20]
0.82900 0.396 0.598 [26]
AF 5.6 [25]
IC 15
CeSi, 0l12 Imma GdSi,_, <1560°C [20]
0.418%0 04123 1.3875 x=05 [26]
0.41900 04135 1.3872 x=03
CeSi,_y 1112 14,/amd C. Thsi, <1620C [20]
0.41680 - 1.3850 x=023 [26]
0.41910 - 1.3949 x=0
F 120 x=03 [24]
F 120 x=02 [23]
F 55 (' x=0.07 [22)
p x=0.05 [23]
BCeAg .. .. unknown . 870 to 470°C [15]
aCeAg cP2 Pman B2 CsCl 0.37850 - - <470°C [15]
F -26 259 [22]
53
yCeAg, unknown 855 to 748°C [15]
BCeAg, . ... unknown . .. . 748 to 540°C [15]
aCeAg, 0l12 Imma KHg, 0.48000 0.7090 0.8205 <540°C [15]
(CeCuy)
Ce,,AQs;  hPG8 P6/m Gdy,AGs; =1041°C [15]
1.27790 - 0.9420 215 at.%Ce
1.28830 - 0.9455 ~25 a.%Ce
Ce,Ag, unknown =838°C [14,28]

®Erroneoudly listed as W, Si,-type in [18]; [26] erroneously reported the Mn Si,-type from [1]; [26] also erroneously cited [11].

® No magnetic ordering.

Light optical microscopy (LOM) on selected alloys
which were polished and etched by standard methods,
scanning electron microscopy and microprobe analyses
based on energy dispersive X-ray spectroscopy (Si(Li)
detector) were used to examine phase equilibria and
equilibrium compositions. For quantitative EMPA the
samples were analysed employing an acceleration voltage
of 20 kV for a counting time of 100 s. X-ray energy
spectra from the Ce-L , Ag—L , and Si—-K , radiation were
processed using the ZAF-4/FLS software package sup-
plied by LINK SYSTEMS Ltd., UK. A peak from a cobalt
standard was used by a calibration procedure in order to
monitor beam current, gain and resolution of the spec-
trometer. Pure elements served as standards to carry out
the deconvolution of overlapping peaks and background

subtraction. Finally the X-ray intensities were corrected for
ZAF effects using the TIMI program [4]. In fine-grained
micro-structures only phases with a grain size larger than
~8 wm were used for measurement.

Precise lattice parameters and standard deviations were
obtained by a least-squares refinement of room-tempera-
ture Guinier—Huber X-ray (CuK ;) powder data. 26 values
were evaluated by reading the films with a digital
positiometer. 6 N germanium (ag,=0.5657906 nm) served
as an internal standard. For quantitative refinement of the
atom positions, X-ray intensities were recorded from a flat
specimen in a Siemens D5000 automatic powder diffrac-
tometer (CuK ). Full matrix—full profile Rietveld refine-
ments were performed employing the FULLPROF pro-
gram [21]. Magnetisation and dc-magnetic susceptibility
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measurements were performed on polycrystalline samples
in the temperature interval 1.7-300 K and in applied
magnetic fields up to 5 Teda using a Quantum Design
MPMS-5 SQUID magnetometer. Susceptibility data were
fitted to the Curie-Weiss law y = C/(T — ).

3. Results and discussion
3.1. The binary boundary systems

Data from literature were obtained from a retrospective
search of chemical abstracts by critical screening. Phase
diagrams of the binary boundary systems were essentially
accepted in the version presented by [20]. Considerable
confusion, however, exists for the crystallographic modi-
fications of the compound Ce,Si,. Rare earth silicides
RE,Si, crystallise with tetragonal Cr B ,-type for Lato Nd
but with hexagonal Mn_Si,-type for Sm to Lu except Eu
[5]. Ce.Si, was listed erroneously as W Si,-type in [18].
[26] erroneously reported for Ce,Si; a Mn.Si,-type from
[1], and furthermore erroneously cited [11] by mistake.
The latter author claims the formation of a new structure-
type (Ce.Si, (ll)-type) &fter reaction of RE.Si,-type
compounds with carbon. There is, however, no doubt
about the stability of the Cr.B,-type for Ce,Si, as reported
in [1-3,5,7]. Our investigation confirms the Cr B ,-type at
850°C. The crystallographic data of the binary boundary
phases are summarised in Table 1.

32 Solid phases

Whereas most of the binary cerium silicides exhibit
rather small mutual solubility for silver i.e. less than ~1
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at.% Ag, there is a significant solubility of Ag in Ce,Si,
(~2 at.% AgQ). Quantitative electron microscopy confirmed
the existence of CeAg and CeAg,. Some confusion in
literature exists with respect to the proper structural
modification of CeAg. According to our experimental data
there seems to be no difference between high and low
temperature structure of CeAg: CeAg crystallises with the
cubic CsCl-type without any visible structural transforma-
tion at 470°C reported in [15]. The solubility of Si
replacing Ag in the binary cerium—silver compounds
decreases with the Ag-content from ~8 at.% Si in CeAg,
~3.5a.% Si in CeAg, to ~1.5 a.% Si in Ce, ,Ags,. There
is practically no solubility of Ce and Agin Si. A listing of
the crystallographic data of the ternary solutions and
compounds is given in Table 2. Comparison of the lattice
parameters of the binary compounds with the parameters
obtained in the ternary is shown in Table 3 aso including
the results of quantitative EMPA.

The homogeneous region of nonstoichiometric CeSi,_,
was reinvestigated. At lower Si content the existence of the
GdSi,-type phase (orthorhombic distortion of tetragonal
ThSi,-type) was confirmed. The ThSi,-type phase joins at
decreasing Si-deficiency without any observable two phase
region. The extension of the homogeneity range of CeSi,_,
at 850°C was found to be rather small ranging at 850°C
from y=0.14 (35 at.% Ce) to =~0.30 (37 at.% Ce). A third
phase with an unknown X-ray pattern was observed in
some nonequilibrium samples but disappeared after pro-
longed heat treatment.

3.3. Ternary phases, formation and structural chemistry

The existence of the ternary compound with the stoi-
chiometric composition CeAg,Si, and with ThCr,Si,-type

Table 2
Crystallographic and magnetic data for ternary compounds in the system Ce—-Ag-Si
Nominal Phase Pears.  Space- Structure  Lattice parameters in nm Spin Ty 0 b, Res  Comments Ref.
composition [EMPA in at.%] symb.  group type order  [K] kel® K] (gl
a b ¢
CeAg,Si, t110 I4/mmm  ThCr,Si, 04247 - 1064 800°C [6]
0.425 - 1066 AF 10 800°C [12]
CegAds,S,0  [21.8-39.6-38.7] 042478(14) - 1.06475(53) AF 95 017 -71 240 850°C/16d this work
CesA0,sSs CeAgS, o . o F 65 29 -240 213  850°C/10d this work
CelAg,S; )., hP3  PE/mmm AIB, 04270 - 04197 x=0.33, y=0 [16]
CeAdo oSy 0.4240(2) 0.4203(3) 600°C/1000 h [33]
CeysA0yS,,  [33.7-23-433] 042394(29) - 042348(26) F 39 10 -35 248  850°C/10d; x=0.34, y=0 this work
CeyAUsSs  CelAg,Sy ), , 1112 I4/amd  ThSi, 042042(7) - 140776(34) AF 57 09 -38 232  850°C/13d; x=0.08, y=006 thiswork
CeysAQsSigr 042028(10) - 1.40644(32) F 60 05 —-469 239  850°C/13d;x=0.08, y=0.06 thiswork
CessAT:0Siss 041916(22) - 141962(72) F 47 08 -79 240  850°C/10d; x=0.15,y=0.14 thiswork
Ce3,A010Si56 042131(16) - 142804(53) F 70 08 -122 239  850°C/13d;x=0.15y=006 thiswork
CeysAd15Ss; 042200(15) - 144213(44) F 45 09 -99 253 850°C/13d,x=0.20, y=0.06  thiswork
CesA0x S  CeAQ S, ), 112 14/amd  ThSi, 042291(15) - 14637493) F 50 05 -491 258  850°C/20d; x=0.30, y=0.06  thiswork
with traces of CeS
Ces A0S CeAQ S ), 112 14/amd  ThSi, 042301(19) - 146472(70) AF 57 08 -75 240 850°C/10d;x=0.31,y=022 thiswork
[34.3-19.9-45.8] with traces of Ag
CeyAUySay  CelAQ,Sy ), , 1112 I4/amd  ThSi, 042352(7) - 146983(33) F 55 04 -96 253 ascast; x=0.35, y=0 this work
CeAd; 1,965 t112 14/amd  ThSi, 042346(2) - 14712(1) 600°C/1000 h [33]

® Saturation moment o, was measured at 1.7 K.
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Table 3
Crystallographic and microanalysis data of alloys Ce-Ag-Si
Nominal Heat treat. Phase Space Structure Lattice parameters in nm Microprobe
aloy comp analysis group type anaysis”
in at% a b c in at.%
Ce-Ag-Si
Ce Ag Si
Ce,,Sig, 850°C/10d  Ce,,AgQs, P6/m Gd,,Ag,,  1.28910(28) - 0.95054(32)
Ce,;AQ,s 850°C/10d  Ce,,AQs, P6/m Gd,,Ag;,  1.28821(24) - 0.94905(77)
Ce,Sigs 850°C/10d S Fd3m C (diam.)  0.54335(11) -
CeSi,_, 14,/amd ThSi, 0.41854(22) - 1.38654(22)  36.3 0.0 63.8
Ce, S, 850°C/13d  CeSi,_, Imma Gdsi, 0.41813(8) 0.41662(16)  1.38574(29) 36.8 0.0 63.2
Ce,,Sig 850°C/10d  CeSi,_, Imma Gdsi, 0.41928(11) 0.41150(10)  1.39179(53)  37.0 0.0 63.0
CeSi Pnma FeB 0.829880(11)  0.39709(16)  0.59684(80)  55.9 0.0 4.1
Ce, S, 850°C/10d  CeSi Pnma FeB 0.83023(79) 0.39700(11)  0.59489(35)
Ce,Si, P4,22 Zr S, 0.79497(16) - 1.50765(68)
CegrsSisr s 850°C/10d  Ce,Si, P4/mbm U,Si, 0.78067(13) - 0.43335(16)
Ce,Si, 14/mem Cr,B, 0.79189(61) - 1.38305(80)
Ce,gAQ,,Si,; 850°C/10d  Ce,Si, P4/mbm uU,Si, 0.78175(11) - 0.43434(19) 625 13 36.2
CeAg - 52.7 394 8.3
Ce,;AQ,,S,; 850°C/10d  CeSi Pnma FeB 0.83114(56) 0.3964(30) 0.59646(56)  50.1 10 489
CeAg, - 354 61.3 34
Ce,;,AQ,,Si,; 850°C/10d  CeAg,Si, P6/mmm  AIB, 0.42745(7) - 0.42004(11)
CeSi Pnma FeB 0.83020(34) 0.39645(10)  0.59642(37)
Ce,,AQg, P6/m Gd,,Ag,,  1.28973(15) - 0.94950(9)
Ce,;,AQ,,Si,, 850°C/10d  CeAg,Si, P6/mmm  AIB, 0.42772(5) - 0.41960(6) 339 231 43.0
CeSi Pnma FeB 0.82940(105)  0.39663(12)  0.59625(41) —
Ce,,AQg, P6/m Gd,,Ags,  1.28932(78) - 0.93704(60) 225 76.1 14
CeAQ,,S,, 850°C/10d  CeAgSi,_, |4/ mmm ThCr,Si, 0.42500(26) - 1.06601(48) 21.2 39.6 39.2
S Fd3m C (diam.)  0.54258(26) - - -
Ag Fm3m Cu traces 04 98.8 0.8
Ce,,AQ,Si ¢ 850°C/10d  CeSi Pnma FeB 0.82900(94) 0.39784(19)  0.59641(68)
Ce,Si, P4.22 Zr S, 0.79541(57) - 1.50350(94)
Ce,,AQ,4S,, 850°C/10d  Ce,Agg, P6/m Gd,,Ag,,  1.28912(50) - 0.94911(75)
CeAg,Si,_, P6/mmm  AIB, 0.42724(40) - 0.41931(59)
CeSi Pnma FeB 0.82899(68) 0.39639(27)  0.59633(97)
Ce,yAQ,,Sig,  as cast S Fd3m C (diam.)  0.54319(48) - - 0.2 0.2 99.6
Ce(Ag,Si),_, 14,/amd ThSi, 0.42142(27) - 141773(81) 348 74 57.9
CeAg,S, 14/mmm ThCr,Si, 0.42457(23) fine grains 1.06371(75) 25.0 29.9 451
CeAgSi, _ fine peritec. -
850°C/10d S Fd3m C (diam.) - - 100.0
Ce(Ag,Si),, 14/amd ThSi, 0.42219(25) - 1.42194(64)  32.6 7.6 59.8
CeAgSi, 258 25.0 49.3
Ce,0AQ,,Si,, 850°C/10d  CeSi Pnma FeB 0.83022(90) 0.39683(13)  0.59669(42)
CeAg,Si,_, P6/mmm  AIB, 0.42740(70) - 0.42001(94)
Ce,cAQ,,S,, 850°C/10d  Ce(Ag,Si), , 14/amd ThSi, 0.42225(27) - 1.44607(56) 341 133 52.6
CeAg,Si, 1 4/mmm ThCr,Si, 0.42575(4) - 1.06184(34) 218 40.1 38.1
Ag Fmam Cu small amount 04 99.4 0.2
Ce,,AQSi,, 850°C/10d  CeSi Pnma FeB 0.82956(42) 0.39804(9) 0.59655(29)  51.5 17 46.8
Ce,Si, P422 Zr S, 0.79830(50) - 1.50686(89) —
CeAg, small amount 353 62.2 2.6
Ce,AgsSi,, 850°C/10d  Ce,Si, P4/mbm u,Si, 0.78131(35) - 0.43460(18) 584 10 40.6

CeSi, P4,22 Zr S, 0.79507(62) - 1.50527(92)  55.6 14 431
CeAg, traces -
CegoAQ:Si 850°C/10d  Ce,Si, P4/mbm uU,Si, 0.78182(8) - 0.43409(10) 623 18 35.6
CeAg 521 405 7.6
Ce,AQ,sSi,e 850°C/10d  CeAg,Si, P6/mnm AlB, 0.42819(21) - 0.42702(19)
CeSi Pnma FeB 0.82964(34) 0.39662(18)  0.59694(57)
Ce,,AQ:Si 850°C/10d  CeSi Pnma FeB 0.82876(44) 0.39718(16)  0.59695(54)
Ce(Ag,S), , I14/amd ThSi, 0.41890(25) - 1.42034(44)
Ce,AQ.5i,, 850°C/10d S Fd3m C (diam)  0.54278(13) - - 15 0.3 98.2
Ce(AgS), , I4/amd ThSi, 0.42156(5) - 1.41503(56) 344 6.4 59.2
CeAg,,Si,s 850°C/10d  Ag Fm3m Cu 0.40918(27) -

Ce(AgS), , I4/amd  ThSi, 0.42309(5) - 1.46322(45)
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Table 3. Continued

Nominal Heat treat. Phase Space Structure Lattice parameters in nm Microprobe
aloy comp analysis group type anaysis”
in a% a b c in at.%
Ce-Ag-Si
Ce Ag S
Ce,oAQ5,Sis, 850°C/10d S Fd3m C (diam.) 0.54245(32) - - 0.4 0.7 98.9
CeAg,Si, 14,/mmm  ThCr,Si, 0.42486(14) - 1.06549(95) 22.3 37.9 39.8
CeAgSi, 26.2 274 459
Ce,sAQ,sSig, 850°C/10d  CeSi Pnma FeB 0.83139(67) 0.39682(26)  0.59729(26)
Ce(Ag,Si), , I4/amd ThSi, 0.42253(11) - 1.44629(38)
Ce;0AQ,6Siss 850°C/10d S Fd3m C(diam.) 0.54278(11) - -
CeAg,S, 14/mmm ThCr,Si, 0.42498(23) - 1.06599(60)
CeAgSi, _
Ce,cAQ,6Sis, 850°C/10d S Fd3m C (diam.) 0.54311(4) - -
Ce(Ag,Si), , 14/amd ThSi, 0.42175(9) - 1.41756(37)
CeAg,Si, 14/mmm ThCr,Si, 0.42533(15) - 1.06461(49)
CeAgSi, _
850°C/10d S Fd3m C (diam.) 0.54242(2) - -
Ce(Ag,Si), , 14 /amd ThSi, 0.42166(5) 1.41182(62)
CeAgSi,
Ce,;AQ:6S 56 850°C/10d  Ce(Ag,Si), , I4/amd ThSi, 0.42285(11) - 1.46441(59)
Ag Fm3m Cu 0.40931(25) - -
Ce,0Ag,,Sis 850°C/10d  CeSi Pnma FeB 0.83021(32) 0.39674(8) 0.59687(26)
Ce(Ag,Si), , 14 /amd ThSi, 0.42239(18) - 1.44451(80)
Ce,cAQ,eSi,, 850°C/33d  Ce(AgSi),, I4/amd ThSi, 0.42166(15) - 1.41859(71) 33.9 111 55.0
CeAgSi, -
CeAg,S, 14/mmm ThCr,Si, 214 38.7 39.9
Ce,cAQy, S, 850°C/10d  Ce(AgSi),., |4 /amd ThSi, 042122(32) - 1.44758(67) 343 153 50.3
CeAg,S, 14/mmm ThCr,Si, 0.42503(18) - 1.06434(47) 20.9 38.3 40.8
Ce,AQ,,S 4, 850°C/10d  CeSi Pnma FeB 0.82930(60) 0.39659(26)  0.59650(80)  —
Ce(AgSi), , 14 /amd ThSi, 0.42379(25) - 1.46483(60) —
CeAg,Si,_, P6/mmm  AIB, 0.42716(20) - 0.41892(24) 34.7 241 41.3
Ce,,AQg, P6/m Gd,,Ags, 218 77.3 0.9
Cey0AQ,4Si,, 850°C/10d  CeS Pnma FeB 0.82902(68) 0.39640(15)  0.59647(71) 51.2 04 484
CeAg,Si,_, P6/mmm  AIB, 0.42761(23) - 0.41965(13) 34.7 24.6 40.8
Ce,,AQg, P6/m Gd,,Ags, 212 78.1 0.8
Ce,gA0Sise 850°C/30d  CeS Pnma FeB 0.82863(56) 0.39609(16)  0.59563(38)
Ce(Ag,Si), , I4/amd ThSi, 0.4 1750(9) - 1.40659(56)
Ce,gAg,,Sig, 850°C/30d  CeSi Pnma FeB 0.83008(36) 0.39665(9) 0.59644(42)
Ce(AgSi), , Imma Gdsi, 0.42431(35) 0.42223(37) 1.44869(81)
Ce,;,AQs,Sigg 850°C/13d  CeSi Pnma FeB 0.83399(26) 0.39716(5) 0.59736(16)
Ce(Ag,Si), , 14/amd ThSi, 0.42048(34) - 1.40882(82)
Ce,cAQ,,,Sig;  850°C/10d  CeAgSi, 26.0 251 489
Ce(Ag,Si), , I4amd ThSi, traces 33.6 9.4 57.0

“ Phase regions measured only if larger than 8 um.

was confirmed (see Tables 2 and 3). We furthermore
confirm a ternary phase with the AIB,-type and with a
small range of homogeneity Ce(Si;_,Ag,),_, (0.35 =x=
0.4 and y=0). A new ternary phase was found with the
composition CeAgSi,.

Stating from binary CeSi,_, (0.14=y=0.30),
Ce(Si,_,Ag,),_, with the defect ThSi ,-type forms a rather
extended solution, in which up to about 20 at.% Ag can be
substituted for Si at 850°C. With increasing Ag-contents
the solid solution approaches the ideal stoichiometry y=0
at x~0.35.The solid solution with the ThSi ,-type seems to
melt congruently. As-cast samples, however, revesled a
further extension into the ternary beyond the limit ob-
served at 850°C. After annealing at 850°C these aloys

transformed to the AIB,-phase mentioned above. X-ray
and LOM abservations were unable to conclusively decide
weather a two-phase field or a second order transformation
exists for the two structure types, which are structurally
closely related i.e. their crystal structures may be trans-
formed into each other via a simple shift operation [9].
Although the GdSi,_,-type is easily recognised in the
Ce-S binary at the Ce-rich boundary of the disilicide,
there is no clear observation of the GdSi,_,-type along the
Cerich boundary of the ternary solid solution
Ce(Si;_,Ag,),_,- Except for some cases we mostly ob-
serve a two-phase region between CeSi and the ThSi,-
type. This feature may, however, be related to the exceed-
ingly low difference in free energy between the two
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closely related structure types of which the ThSi,-type is
the one with the higher (and congruent) melting tempera
ture.

Systematic of the crystal structure of ThCr,Si, was
described in [27] and the physical (magnetical) behaviour
by [19]. The unit cell may be described as a stacking of
infinite layers of interconnected tetragonal SiCr, pyramids
parallel to (001) with a layer of Ce between these
pyramids. Ag-atoms are tetrahedrally surrounded by four
Si-atoms; S in turn has four Ag-neighbours and one
Si-neighbour which altogether form a tetragonal pyramid.
The Ag-position enables atoms to be placed in the struc-
ture and is surrounded by at least eight nearest neighbours
of Ag or Si depending on the values of the free parameters.

3.3.1. Refinement of the solid solution Ce(Ag,S;_, ).,
with ThS ,-type

From a general description of the systematic of the
ThSi,-type [27] we observe a general trend for transition
metals to replace Si-atoms and/or to fill the existing voids
in the Si-sublattice of rare earth disilicides. In CeSi,_, the
Ag-atoms merely replace silicon thereby leaving the Si-
defect virtually unchanged for Ce(Ag,Si;_,),_, for lower
values of x. For higher Ag-concentrations the solution
gradually reduces the defect reaching the ideal stoichiome-
try a x=0.35 y=0. As silver atoms are considerably
larger than silicon atoms, Si/Ag substitution infers a
positive volume change which is aso reflected in the
variation of the cell dimensions as a function of Ag-
content (Fig. 1). Within the scatter of the experimental data
the change of the unit cell dimensions and of the volume is
linear and follows Vegard's rule up to the maximum
Ag-content of x=0.35 at 850°C.

With respect to a possible (partial) ordering of Ag/Si
atoms in terms of lower symmetry but ordered LaPtSi-type
[10], the X-ray powder intensities of several selected alloy
compositions within the solid solution range were used for
guantitative Rietveld analyses. The results of refinement
are presented in Table 4 and in all cases confirm the
crystallographic symmetry and isotypism with the ThSi,-
type i.e. a random distribution of Ag/Si-atoms in the
lattice. Occupation factors were refined and for al com-
positions studied correspond to the EMPA-data or nominal
compositions. Due to the usually strong correlation with
(isotropic) temperature factors B, the occupancies were
kept fixed in the final runs to refine the B, values. The
interatomic distances merely reflect weak Ce—Ce interac-
tions but close (Ag,Si)—(Ag,Si) contacts. The defects
appear statistically distributed throughout the three-dimen-
sional Ag/Si-network.

332 Refinement of Ce(Ag,S,_, ),_, With AIB,-type
The formation of the AlB ,-type close to the composition
Ce(Ady 335 067)2—y (Y=0) suggests statistical occupation
of (Si,Ag) atoms in the B-sites of AIB,-type. In order to
check on the possibility of partial atom order in a lower

Ce(Angil-X)Z-y
y=0, 0.06 and 0.14
[ThSiy]

0,43

a [nm]

0,42

c/a

Fig. 1. Variation of lattice parameters versus Si/Ag substitution in the
ternary solid solution Ce(Ag,Si,_,),_, [ThSi,-type] (aloys quenched
from 850°C). Open symbols indicate the magnetically characterised
samples.

symmetry atom arrangement of LiBaSi-type, Rietveld
analyses were performed on two selected compositions.
For both cases better agreement factors indicate random
occupation of Ag/Si-atoms in AlB,-type symmetry. For
details of the calculation see results in Table 4.

3.4. |sothermal section

Fig. 2 presents the phase equilibria as derived for 850°C
based on X-ray diffraction, LOM and quantitative EMP-
analyses. Crystallographic data evaluated by X-ray in-
vestigation and EMPA results are shown in Table 3. Phase
equilibria are characterised by the rather large solid
solution Ce(Ag,Si;_,),_, (ThSi,-type and AlB,-type).
The observed tie-lines connecting the binary cerium
silicides with Ag or the binary cerium silver compounds
and solutions, respectively, indicate a relatively high
thermodynamic stability of the eguilibrium pairs: ThSi,-
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Table 4

Structural data for compounds Ce(Ag,Si, _,),_,, quenched from 850°C*

Compound° Ce(Ado.32Si0.68)1.79 Ce(Ado.33Si0.67)2 Ce(Ado.155i0.85)1.04 Ce(AGo.3Si0.7)1.04 Ce(Ado.3550.65)2
Number of reflections in refinement 52 60 109 116 117
Number of variables in refinement 25 14 19 24 22
Residual values:

R.={(N—P+C)/SqY*(0bg}*'? 0.086 0.070 0.065 0.064 0073
Y ={Ro/R, 0.101 0.093 0.052 0.055 0.046
Ry = Z|Y;(obs) — (1/c)Y;(calc)|/ZY;(obs) 0.183 0.168 0.111 0.113 0113
R,o=[2w, /¥;(0bs) — (1/c)Y; (calc)| 2/ =w; /¥, (obg)|7] /2 0275 0.216 0.148 0.151 0.140
Re=3[I,0b9] ™2 — [I;(calc)]™'? |/2 [1,(ob9)] ™' 0.058 0.047 0.036 0.032 0.030
R =3I, (b9 — (L/0)l;(cald)|/Z]l;(obs)| 0.084 0031 0051 0.049 0.053

Preferred orientation coeff. for [hkl]

0.11(1), [101]

0.13(2), [101]

~007(2), [112]

~0.08(1), [112]

~043(1), [112]

Structure type—-Space group AlB,—P6/mmm AlB,—P6/mmm ThSi,-14,/amd ThSi,—14,/amd ThSi,—14,/amd

Lattice parameters (in nm)° a=0.42732(5) a=0.42394(29) a=0.42131(16) a=0.42291(15) a=0.42352(7)
¢=042012(14) ¢=0.42348(26) c=1.42804(53) ¢=1.46374(93) ¢=1.46983(33)

Atom parameters:

atomic site for Ce-atom 1a (0,0,0) 1a (0,0,0) 4a (0,3/4,1/8) 4a (0,3/4,1/8) 4a (0,3/4,1/8)

Occupation 1 1 1 1 1

B in 10 % nm? 09(1) 0.27(4) 20(1) 1.4(1) 1.6(1)

atomic site for (Ag, Si)-atom 2d (1/32/3,1/2) 2d (1/3.2/3.1/2) 8e (0,1/4,0.2917(2)) 8e (0,1/4,0.2921(2)) 8e (0,1/4,0.2954(2))

Occupation 0.29(1)Ag+0.61Si 0.33(1)Ag+0.67(2)Si 0.15(1)Ag+0.85(1)Si 0.29(1)Ag+0.71(1)Si 0.35(2)Ag+0.65(1)Si

B in 10 % nm? 15(2) 1.17(6) 22(1) 1.2(1) 1.6(1)

Interatomic distances/Central atom; standard deviations generally are smaller than <0.0005 nm

Ce 12 (Ag)-0.3240 12 (Ag)-0.3236 4 (Ag,S)-0.3179 8 (Ag,S)-0.3227 8 (Ag,S)-0.3234
8 (Ag,Si)-0.3208 4 (Ag,S)-0.3233 4 (Ag,Si)-0.3244
4 Ce-0.4145 4 Ce-0.4226 4 Ce-0.4243
(Ag, S) 3 (Ag)-0.2467 3 (Ag)-0.2448 1 (Ag,Si)-0.2379 1 (Ag,Si)-0.2429 1 (Ag,Si)-0.2425
6 (Ce)-0.3240 6 (Ce)-0.3236 2 (Ag,Si)-0.2420 2 (Ag,Si)-0.2448 2 (Ag,Si)-0.2456
2 Ce-0.3179 4 Ce-0.3227 4 Ce-0.3233
4 Ce-0.3208 2 Ce-0.3233 2 Ce-0.3242
Secondary Phase—Space group Ce(Ag,Si1_)p—y—I 4 /amd CeSi-Pnma CeAg,Si,_,—P6/mmm

Lattice parameters (in nm): a=0.42431(14)

¢=1.4028(164)

a=0.85865(26)
b=0.39633(11)
¢=059116(21)

a=0.42746(4)
¢=041989(8)

®Data collection from flat powder specimen—Siemens D5000; CuK _-radiation; Theta range: 20°<26 <110°.

® Composition determined from EMPA.
° Determined from Guinier—Huber X-ray film data.

type and AIB,-type solution plus silver. This particular
feature is documented in the micrograph of the as-cast and
annealed alloy of Ce,;AQ,,Si,, in Fig. 3.

The new compound CeAgSi, forms incongruently from
the melt and thus can only be obtained in single phase
form after prolonged heat treatment at elevated tempera
tures (900 to 1000°C). From the analysis of the mi-
crographs of the as-cast and annealed aloy CeAgSi, (Fig.
4), the new compound CeAgSi, seems to form as needles
in the interaction zone of a Ag-rich liquid around large
primary crystals Ce(AQ,Si; ,),_, (Ces3Ad,;Siss With
ThSi,-type). After 240 h of annesling at 850°C non-
equilibrium still persists although the amount of CeAgSi,
is increased together with CeAg,Si,.

Contrary to the system Ce—Ag-Ge, reported recently
[29], corresponding compounds ‘Ce,Ag,Si,, Ce,Ag,Si,
and Ce;AQ:Siy’ were not observed. Similarly there is no

indication for a corresponding compound ‘Ce,AgSiy’ in
the range between 600 to 850°C.

3.5. Magnetic behaviour

The magnetic behaviour of the ternary Ce—Ag-Si aloys
is summarised in Figs. 5-14 and in Tables 2—4. In the
following the alloys will be treated individually as a
function of their structure type.

Ce(Ag,S;_,), (AIB,~type). For x,,=0.34 ferromag-
netic order is observed below 3.9 K (see Fig. 5 and Table
2). Field dependency of the magnetisation without any
hysteresis indicates soft ferromagnetism with o(5T)=1.0
g @ 1.7 K.

Ce(Ag,S;_,),_, (ThS,_ ~type). (see Figs. 6-12 and
Table 2) According to [24], long range magnetic order
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7, CeAgSi,
1, CeAg,di,
TB Ce[AngIW -x)z-y

Ce-Ag-Si
Isotherm 850°C

/ ces,, [/
, 40

<
5&‘ CeSi 50
N
€ Cegi,
§ CeSi, 60
e 3
S 3

60 70 80 90
CeAg, Ce Ags

Fig. 2. The system Ce—-Ag—Si, isothermal section at 850°C.

appears in binary CeSi,_, only for y>0.2. Yet, as shown
in Figs. 6-8, a replacement of Si by Ag in the range
0.08<x,,<<0.30 induces ferromagnetism already for y=
0.06. The Curie temperatures found for these alloys are in
the range 4.5—7 K, and the saturation magnetic moment
recorded at 1.7 K and 5 T is below 0.9 p, (see Figs. 11

Micrograph of CeysAg3:Sis,, as cast

Dark crystals = CessAg;sSis; (ThSix-type)
White matrix = Ag (Ceo.gAggz)‘sSiQ‘z)

and 12). On changing y ferromagnetism prevails with only
minor variation of T, but significant reduction of o, as
observed for the aloy with x,,=0.35 and y=0 (Fig. 9).
As displayed in Fig. 10, for x,,=031, y=022 the
ferromagnetic interaction changes to antiferromagnetism
with T,=5.7 K. It is interesting to note, that an in-

Micrograph of Ces4g3:S143,, 240 hrs 850°C

Dark crystals = Ces4Ag)3Sis; (ThSip-type)
Light gray crystals = CeAg,Si, (ThCr,Si,-type)

White matrix = Ag (Ce4Age94Sip2)

20KV WD:25MM

Fig. 3. SEM-micrograph of Ce,sAg,,Si,,, as cast (left) and SEM-micrograph of Ce,;Ag,,Si,,, annealed for 240 h 850°C (right).
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Micrograph of Ce;sAg»5Sisy, as cast

Dark gray crystals = Ces3Ag;1Sis¢ (ThSix-type)
= CeAgSi, (new-type)
= Ag (bright) + Si (black)

Peritectic phase
Matrix phases

Micrograph of Ce;s4g5Sisy, 240 hrs 850°C

Dark gray crystals = Ces;3AgoSis; (ThSix-type)
Medium gray crystals = CeAgSi, (new-type)
Light gray crystals = CeAg,Si, (ThCr,Si,-type)

White and black crystals = Ag and Si

Fig. 4. SEM-micrograph of Ce,;AQ,sSi5,, as cast (left) and SEM-micrograph of Ce,;Ag,sSi4,, annealed for 240 h 850°C (right).

dependent preparation of the sample with x,,=0.08, y=
0.06 also revealed antiferromagnetism below T=5.7 K,
most likely due to a slight shift in the defect concentration
(unaccounted for in EMPA measurements). For the latter
two aloys a metamagnetic transition is observed at ~0.5 T
(at 1.7 K), yielding a magnetic moment o(5T) of ~0.85 g
(Fig. 10). The paramagnetic susceptibility for al the
compositions studied (Fig. 6) exhibits a Curie-Weiss
behaviour with the effective magnetic moment being close
to the free Ce®" ion value. The rather complex magnetic

400 .
20l Ce(Agg 34510662
L] A [AIB-type]

— 300 } E 10 —0— down

) 2 5 T=1.7K

i e N

E 200 0 10 20 30 40 50 H=1kOe
9

-1

Field [kOe] o

X

100

02 46 810
T [K]

0 100 200 300
Temperature [K]

Fig. 5. Temperature variation of the inverse magnetic susceptibility for
CeAg,Si,_, [AIB,-type]. The solid line is afit of the experimental data to
the Curie-Weiss law. The inset displays the magnetisation of this
compound at low temperatures measured in 1 kOe.

properties revealed in Ce(Ag,Si;_,),_, as a function of
defect and atom substitution essentially reflects the puzzl-
ing behaviour observed in binary CeSi,_, [24,30-32].

CeAg,S, (ThCr,S,—type): As shown in Fig. 13 (see
also Table 2) the compound orders antiferromagnetically at
Ty=9.5 K. A sharp increase in the susceptibility at low
temperatures may reflect a complex incommensurate mag-
netic ordering proposed by [12] on the basis of powder
neutron diffraction data.

In contrast, however, with the findings by [12] no

600
Ce(AgxSi1x)2-y [ThSip-type]
500 f
400
=
£
)
2 300
=]
B
"o2 200 o Ce(Ago.085i0.92)1.94
v Ce(Ago.155i0.85)1.94
100 b o Ce(Ag.20Si0.80)1.94
& Ce(Ag.305i0.70)1.94
0 100 200 300

Temperature [K]

Fig. 6. Temperature variation of inverse magnetic susceptibility for the
compounds of the ternary solid solution Ce(Ag,Si, ), , [ThSi,-type]
with y=0.06 at H=1 kOe. The solid line is a fit of the experimental data
to the Curie-Weiss law.
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20
Ce(AgxSi1-x)2-y [ThSiz-type]
16 |
T2 [ —o— Ce(Ago.085i0.92)1.94
g —o— Ce(Ago.155i0.85)1.94 (5kO¢)
% gl ooy —o— Ce(Ag0.205i0.80)1.94
—a— Ce(Ago.305i0.70)1.94
4t
0 20

Temperature [K]

Fig. 7. Temperature variation of the magnetisation for the compounds of
the ternary solid solution Ce(Ag,Si, ), , [ThSi,-type] with y=0.06
measured at H=1 kOe.

ferromagnetic component is observed in the o vs. B plot at
17 K (see the inset to Fig. 13). Above 150 K the
susceptibility of CeAg,Si, exhibits a Curie-Weiss be-
haviour with the parameters 6,= —7 K and p; =2.42 .
A pronounced deviation from this law observed at lower
temperatures is likely to reflect a thermal depopulation of
crystal field levels.

CeAgS, (unknown structure): The temperature depen-
dence of the magnetisation (see Fig. 14) with characteristic
irreversibility at low temperatures may suggest a ferromag-
netic order which sets in below T.=7 K. However, the
magnitude of the magnetisation as well as the shape of the
o vs. B curves taken at 1.7 K indicate rather ferrimagnetic
or canted antiferromagnetic behaviour. Above 100 K a

30
Ce(Ag\Sit-x)2.y [ThSix-type]
20r Ww——‘
—l‘bl)
£ 10 :
2 —oe— Ce(Ago,085i0.92)1.94
© —vv— Ce(Ago.155i0.85)1.94
0 .
—os— Ce(Ag.205i0.80)1.94
—aa— Ce(Ago.30Si0.70)1.94

0 10 20 30 40 50
Field [kOe]

Fig. 8. Field dependence of the magnetisation with increasing field for
the compounds of the ternary solid solution Ce(Ag,Si, ), [ThSi,-type]
with y=0.06 measured at 1.7 K. The compounds with x=0.2 and 0.3 are
shifted by an additional term of —10 emu-g~* in order to show the full
curvature.

500 >5
o Ce(Angil-x)Z-y

400 b —';" 15 [ThSiy-typel
_ 5 10
—lg 300 ° 3 |
P 0 10 20 30 40 50 0
& 200} Field [k0el o g Taqo f

i o o
10 o Ce(Agy.15510.5); g6 (1kOe) 0 2T‘t[K? e
v Ce(Ag.358i0.65); (5kOe)

0 100 200 300
Temperature [K]

Fig. 9. Temperature variation of the inverse magnetic susceptibility for
the ternary solid solution Ce(Ag,Si,_,),_, [ThSi -type] with y=0.14 and
0. The solid line is a fit of the experimental data to the Curie-Weiss law.
The insets display the magnetisation of this compounds at low tempera-
tures measured in 1 kOe and 5 kOe and the magnetisation versus applied
field at 1.7 K.

Curie-Weiss law is observed with 6,= —24 K and wu, =
2.13 g, Whereas at lower temperatures y *(T) deviates
markedly from a straight line, presumably due to crystal
field interaction.
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Fig. 13. Temperature variation of the inverse magnetic susceptibility for
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Fig. 14. Temperature variation of the inverse magnetic susceptibility for
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