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The existence of limited solid solutions based onhé& ternary compounds PrAgd 40.1265€.60-080 and
SMAG: 40-0.965€0.60-1.00With Fe,P-type structure (hP9, P62m), was established at 33.3 at.9%R in the quaternary
systemsR—-Ag—Al-Ge R = Pr, Sm) at 873 K. The crystal structures of thesolid solutions were determined
from conventional X-ray (a = 0.7232(1),c = 0.44081(8) nm for the composition PrAgAlq:Gey7s and
a=0.71180(5)c = 0.43634(5) nm for SmAgyAlo.3dG€y.77) and synchrotron @ = 0.72311(2)c = 0.44101(2) nm
for PrAgsAlo3d6G€75) powder diffraction data. A statistical mixture of Ag and Al atoms occupy the § site
and forms columns of trigonal prisms with Ge atomst the center (& site), whereas a statistical mixture of
Ge and Ag atoms is situated at the centers of thedonal prisms R (2d site).

Rare-earth / Silver / Aluminum / Germanium / Solidsolution / X-ray diffraction / Crystal structure

Introduction positions in compounds with the JP¢ ZrNiAl and

Y 3NiAl ;Ge, structure types is shownirable 1.
The existence of ternary compounds with the In this work we present data on the homogeneity
hexagonal F&-type structure (Pearson symbdt9, range and crystal structure of the solid solutioased

space groufP62m) in the RAg,—RGe, cross-section of on the ternary compounds PrAGes and

the R—Ag—-Ge systems, wheReis a rare-earth element  SmAg /G with FeP-type structure, in thRAg—

or Y, has previously been reportdd-3]. These RAI—RGe, cross-section of the quaternary systems
compounds are formed with La, Ce, Pr, Nd and Sm R-Ag-Al-Ge R =Pr, Sm) at 873 K.

(873 K) and their compositions have been reported a

RAg: Geye except for NdAg.:Gey e The structure is

characterized by trigonal-prismatic coordinatiorthod Experimental

small atoms. TheR and, mainly, Ag atoms build

trigonal prisms, while a statistical mixture Ag+Ge The alloys (6 three-component and 20 four-
(with predominantly Ge atoms) occupies the centres component), each with a total weight of 1 g, were
of the prismg1]. The equiatomic compoundAgGe synthesized by arc melting of the constituent eleme
formed with Sm, Gd and rare-earth elements of the (with purities Pr, Snme 99.83%, Al> 99.985%, Ag>
yttrium subgroup (973 K) belong to the ZrNiAl  99.99% and Ge 99.999%) in a water-cooled copper
structure type, a ternary variant of theHéype[4]. In crucible under a purified argon atmosphere, using T
these ordered structures the Ge atoms are located aas a getter and a tungsten electrode. For
the centers oR; and Ag trigonal prisms. In rare-earth homogenization the samples were vacuum-sealed in
alumogermanides containing transition metals, the quartz ampoules, annealed at 873 K for 720 h and
trigonal prisms are built bR and Al atoms, while the subsequently quenched into cold water. Phase
d-element atoms are situated at the prism cefigs analysis, determination of the unit-cell parametard

In the structure type MiAl:Ge, [5], a quaternary refinement of the crystal structures were made dase
substitution variant of R, the centers of the larger on X-ray powder diffraction data collected on a
trigonal prisms (¥) are occupied by Ge atoms, while diffractometer DRON-2.0M (FKo radiation) in the
the Ni atoms are in the smaller prisms JAIThe angular range 2& 26 < 100° with the step 0.05°. In
distribution of atoms at the different Wyckoff  addition, high-resolution ~ X-ray  synchrotron
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Table 1 Atom distribution over the Wyckoff positions inree rare-earth germanides and aluminides with

the FeP, ZrNiAl and Y;NiAl ;Ge, structure types.

Structure Wyckoff position
type 3f 39 2d la
Fe,P Ag >> Ge Ag < Ge Ag < Ge
: Ag Ge Ge
ZrNiAl R Al Ni Ni
Y 3NiAl ;Ge, Al Ge Ni
Table 2 Phases detected in alloys of the Pr—Ag—Al-Ge aystie873 K.
Sample composition, Structure Unit-cell parameters
No. at.% Phasé type a, nm b, nm c, nm V, nnt
Pri1,Ags; Gdi/Ags; | 1.2849(6) - 0.9458(5)| 1.352(1)
1 | PsAdisGeoo PrAgi.401265€60080 | F&P 0.7379(3) - 0.4306(2) 0.2030(2)
PrAg, KHg, 0.4849(4) | 0.6967(5) 0.8146(1) 0.2752(5)
PrAg; 401265060080 | F&P 0.7306(2) - 0.4326(1)| 0.2000(1)
2 | Ph3AQss Gl Pri/Ags: GdiAgs; | 1.2825(5) - 0.9441(5) 1.345(1)
PrAg, KHg, 0.4821(8) 0.6917(9)] 0.8250(4) 0.2751(6)
3 | PryAGe G PrAg; 40.1265€060.080 | F&P 0.7302(1) - 0.43319(8)| 0.20002(6)
5. 0a0.d> %67 PrL.AGs: GdiAgs | 1.2836(4) _ 0.9434(4)| 1.3461(8)
4 | PhaAQsAlzGess || FeP 0.7306(2) - 0.4333(1)] 0.20027(9)
5 | Ph3AdaAleGeoo | | FeP 0.73162(9) - 0.43352(7) 0.20096(5)
6 | PhsAdaAlindGesr | | FeP 0.7300(2) - 0.4348(1)] 0.20067(9)
7 Pk3 AQss Alz G600 | | Fe P 0.72987(9) — 0.43341(6) 0.19995(5)
8 | Ph3AUssAlsGesy | | FeP 0.7286(1) - 0.4350(1)] 0.20000(7)
9 | Ph3 Al Al111Gens | | FeP 0.7286(1) - 0.43596(8) 0.20045(6)
10 | PE3AQssAl13 G | | FeP 0.72771(9) - 0.43689(7) 0.20036(5)
11 | PB3AgssAlisGeegr | | Fe P 0.7253(2) — 0.4391(2) 0.2001(1)
12 | PEsAGs0.Al67G00 | | FeP 0.72842(9) - 0.43426(7) 0.19952(5)
13 | PB3 A Al16dG40 | | Fe P 0.7247(1) — 0.4389(1) 0.19961(7)
14 | P Ao Al0dG00 | | Fe P 0.7232(1) — 0.44081(8) 0.19966(5)
| FeP 0.7234(1) - 0.44097(9) 0.19984(7)
15 | PN 2823 | prp o Geie | a-ThSp | 0.4279(2) - 1.4824(7)|  0.2714(2)

al_

diffraction data for the sample 262026 Al 200500
were collected on the Materials Science beamline at
the Swiss Light Source. The wavelength of the

synchrotron radiation A( = 0.049063 nm) was
determined by refining the silicon pattern
(a = 0.54310204 nm). The profile and structural

parameters were refined by the Rietveld methodgusin
the DBWS-9807 [7] and WinCSD [8] program
packages.

Results and discussion

quaternary phase based on ternary compound; RsA>65&.60-0.80

SMAg.Geys (Fe&P, P62m), SmAQ,Ge, (Ga:CwGey,

Immn),
confirmed.

and  SnuAgs:

(GthaAgs:,

P6/m) was

For the compounds PrAgGeys and SmAg.Geye
the existence of homogeneity ranges in the ternary

systems has been established and their compositions

can be presented as PrAgi 6560080 and
SMAG 4009855 60-1.02 The variation of the unit-cell

parameters

for

PrAGo.1.265.60-0.80

and

SMAQ 40.0.965&.60-1.028S a function of the Ge content
is shown inFig. 1 andFig. 2, respectively. Within the

homogeneity
(33.3at.% R

range of the
the c-parameter

ternary compounds
increases with

The phases detected in the different samples and decreasing Ag (46.7-32.7 at.%) and increasing Ge

refined unit-cell
identified at 873 K in the Pr—Ag—-Al-Ge and Sm—-Ag—
Al-Ge systems are shown ifable2 and Table3,
respectively. Based on X-ray powder diffractionagat
the existence of the compounds Pr4@e s (structure

type FeP, space groupP62m), PrAly4z.0065€58-1.02
(a-ThSk, 14/amd, PrsAgs; (GdiAgs:, P6/m) and

54

parameters for the compounds (20.0-34.0 at.%) content, whereas thparameter and

unit-cell volumeV decrease when Ag atoms (atomic

radius r =

0.144 nm) are replaced by Ge atoms

(r =0.137 nm).
All  the four-component alloys, except

Pr3s Ag22 Al 225623 and Sz Ag2e Al 13 G 7
were single-phase samples. Consequently, limited
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Table 3 Phases detected in alloys of the Sm—Ag—Al-Ge sysite873 K.

Sample composition Structure Unit-cell parameters
No. at.% Phasé type a, nm b, nm c, nm vV, nnt
SmAgj_Ao.oAgQQ)Aao.lez Fezp 07237(2) — 04249(1) 019274(9)
1 |Sm33A046.7G&00 SmusAgs1 Gd4AQs; 1.2724(4) - 0.9361(4) 1.3124(8)
SmAgj_Ao.oAgQQ)Aao.lez Fezp 07227(1) — 042585(9) 019261(6)
2 |SMaAGialens SmAgs GduAgs,  |1.2727(4) - 0.9359(5) | 1.3129(9)
SmAgj_Ao.oAgQQ)Aao.lez Fezp 072195(8) — 042623(6) 019239(4)
3 |SMaAGioles SmAgs GduAgs,  |1.2736(5) - 0.9363(8) | 1.315(1)
4 |Sm3AJss O3 SMAGL.40-0.965€0.60-1.02 |F&P 0.72059(5) - 0.42672(4) 0.19189(2)
U885, SmeAg.Ges Gd:,CuGe, [0.4376(1) | 0.7086(2) | 1.4565(3) | 0.4517(2)
SmeAg.Ges Go,CwGe, |0.43728(5) | 0.70924(7) | 1.4566(2) | 0.45174(8)
5 8%3.36\926,76&10.0 SmAgj_Ao.oAgQQ)Aao.lez Fezp 072022(9) — 042688(9) 019176(5)
SmGe. a-ThSh, 0.41344(9) - 1.3896(4) | 0.2375(1)
6 | Sm3AYz3AleCess |l FeP 0.71898(6) — 0.42860(4) 0.19188(3)
7 | SmzAYz3.Al 10533l FeP 0.71870(6) — 0.42969(4) 0.19221(3)
8 | Sm3AYz3.Al 13500l FeP 0.7185(1) — 0.43035(8) 0.19239(5)
9 | SmzAYz0.0Al6 /G600 |1l FeP 0.7176(1) — 0.42995(7) 0.19174(5)
T FeP 0.7147(1) - 0.43313(9) | 0.19158(6)
101 S AGzs Al13 L5 7 SmMeAgGes GdCwGe, |0.4435(4) | 0.6965(8) | 1.461(1) 0.4517(8)
11 | Sms33Ad6Al 1675833l FeP 0.71276(6) — 0.43503(5) 0.19140(3)
12 | Sm33Ad267Al20.8G800 |1 FeP 0.71180(5) — 0.43634(5) 0.19146(3)
13 | Sm33Ads, Al G 5|l FeP 0.71107(7) — 0.43604(6) 0.19093(4)

11 — quaternary phase based on ternary compounigSgs.o o5& 60.1.02 X — unidentified phase.

0.20 T
0.202
0.200f

8438
€ 0.736F

o 0.732

0.728
0.434F

V, it
o]

\/

elementsr(pg = 0.144,r5 = 0.143,rge = 0.137 nm). It
may be noticed that the average radius of the small
size atomsry = (Xragtyra+zred/(x+y+z), where x, y
and z are the relative quantities of Ag, Al and iGe
the statistical mixturd = Ag+Al+Ge) for the limiting
compositions is almost the sam@ables4,5). In
addition to the atom-size factor, the replacemé@e
atoms with four valence electrons (or Ag atoms with
one valence electron) by Al atoms with three vadenc
electrons increases (or decreases) the valenceogiec
concentration per atom of the statistical mixtie
(VEC, [12]). For the solids solutions based on the

O/O
E 0432
G 0430 ©
0.428 - - : -
20 22 24 26
at. % Ge
Fig. 1 Unit-cell parameters within the

homogeneity range of PrAgo.1 > 60-0.86

solid solutions based on the ternary compounds
PrAg;.40-1.265€.60-0.80 and  SMAG 40.0.965.60-1.02 With
FeP-type structures exist in the quaternary systems
{Pr,Sm}-Ag—Al-Ge at 33.3 at.9R and 873 K[9-11].
ranges theparameter

For
decreases with

these homogeneity
increasing Al

(0-22.2 at.%) and

decreasing Ge (33.4-16.7 at.%) or Ag (46.7-22%xt.
content for a fixed Ag or Ge content, whereas the

c-parameter

increases Fis.3-6).

The

contact

distances between the small atoms in thePFgpe
structure are mainly situated in tla plane. The
change of the unit-cell parameters within the solid
solutions is in agreement with the atomic radiittod

ternary compounds with BR-type structure,
0.194 . .
£ 0193 , o o
= 0.192 T
I
8434
E o4 o0
- -
g 0.720 o
0.716
0.432
S
S 0.428 A o °
S 0424+ ©
0.420 1 1 1 1
20 24 28 32
at. % Ge
Fig. 2 Unit-cell parameters within the

homogeneity range of SmAgh.0.9§5€.60-1.02
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Table 4 VEC, and height/base ratio of the trigonal prismg &nd Mg for the solid solution based on

PrAg: 40-1.265&.60-0.8s F&P structure type.

Sample composition Height | Height/base Height | Height/base
at.% VECa | rw, nm Xer X of P, | ratio of Pg of Mg ratio of Mg
Pra3 AJa0. G ee6.7 3.70 | 0.1413 0.585(2) 0.245(2) 0.3806 1.1382 0.3099 1.3980
Prss Al Als:Gess | 3.65 | 0.1415 0.589(1) 0.232(2 0.3823 1.1335% 0.29B6 1.4759
PrissAGa0.Alg Geoo | 3.60 | 0.1418 0.575(1) 0.238(2) 0.3779 1.1471 0.3016 1.4375
Prss AdaoAliodGes7 | 3.55 | 0.1421) 0.579(2) 0.237(8) 0.3784 1.1490 0.2997 1.4510
Prs3s Agss Al G0 | 3.95 | 0.1408 0.585(1) 0.247(2 0.3804 1.1392 0.31p3 1.3880
Pris AgssAlgGeso | 3.88 | 0.1413 0.577(1) 0.246(2) 0.3770 1.1537 0.31p5 1.4012
Pris Agss Al Gens | 3.84 | 0.1415 0.576(2) 0.245(2) 0.3767 1.1573 0.3002 1.4100
Prys AgssAlisGeoo | 3.80 | 0.1418 0.577(1) 0.241(2) 0.3766 1.1602 0.30B8 1.4383
Pris AgssAlisGesr | 3.75 | 0.1420 0.573(3) 0.247(2) 0.3741 1.1739 0.31p3 1.4151
Pl Ads0Alg Geo | 4.05 | 0.1408 0.589(1) 0.243(2) 0.381)1 1.1394 0.3066 1.4165
Pl A Al 16 Geao | 4.06 | 0.1412 0.577(2) 0.241(2) 0.3750 1.1703 0.30p5 1.4509
PrsA026 Al Goo | 4.00 | 0.1417] 0.577(1) 0.242(2) 0.3742 1.1777 0.30B81 1.4540
Pl sAgr Al Gens | 4.16 | 0.1414 0.576(2) 0.245(8) 0.3740 1.1790 0.3070 1.4365

Table 5 VEC, and height/base ratio of the trigonal prismss&md Mg for the solid solution based on
SMAG: 40-0.965&.60-1.02 F&P structure type.

Sample composition, VECs | 1 nm % x Height | Height/base| Height | Height/base
at.% Al TV Sm M3 of Smy | ratioof Sm | of Mg | ratio ofMs
Sm3 3AQ40.586.7 3.70 | 0.1413 0.584(1) 0.245(1) 0.3760 1.134( 0.3064 1.3915
Smy33A033. 563 4 4.00 | 0.1406 0.5848(8) 0.243(L) 0.3756 1.1361 (B303 1.4069
Smyz Az AleGeees | 3.90 | 0.1412 0.5769(9) 0.245(1) 0.3721 1.1519 @305 1.4047
Smz Az Al1odGess | 3.85 | 0.1415 0.5776(8) 0.242(1) 0.3722 1.1544 @301 1.4264
Smz Az Al G| 3.80 | 0.1418 0.576(1) 0.240(1) 0.3715 1.1586 0.2987 1.4410
Sme3 Agsz0Ale G0 | 4.05 | 0.1408 0.586(1) 0.236(2) 0.3744 1.1483 0.2946 1.4594
S AgrsAl1sGes7 | 4.10 | 0.1411 0.579(1) 0.235(2) 0.3705 1.169(¢ 0.2909 1.4888
S Agrs Al1sGesz | 4.05 | 0.1414 0.5780(8) 0.245(R) 0.3692 1.1783 k302 1.4381
SMs Y26 Al 20 G600 | 4.00 | 0.1417 0.5743(8) 0.240(2) 0.3674 1.187% @295 1.4745
Smez AQo Al Gens| 4.16 | 01414 0.579(1) 0.245(2) 0.3686 1.1828 0.3018 1.4449
0.204— . . . . 0.204r— : : : :
E 0202 . E 0.202 \@
=~ 0200 g——=— o-®*0O0—w0o ~ 0.200re——® e To—o—8g
133 8438
e L | &
< g';zg-eﬁéo\o g 2122 '\\eo .
: \\‘Bo‘\e o Y-feor M&B\o
0.720- 0.720-
0.448- 0.448-
g 0.440+ %’MQ/Q g 0.440+ MO
S 0432 6=——e—W® O % S 0432} g——e—9—
0.424— : . . . 0.424— : - . .
0 5 10 15 20 0 5 10 15 20
at. % Al at. % Al
Fig. 3 Unit-cell parameters for the solid Fig. 4 Unit-cell parameters for the solid

solution based on PrAgy.1.265&.60.0.80 2long
the lines 26.74 ), 33.30( ) and 40@ ( ) at.%

Ag.

PrAG: 40-1.265&.60-0.808N0 SMAG 40.0.965&.60-1.02 VECa
is in the range 3.55-4.17. In comparison, for the VEC,
solid solutions observed

other

56

in

23.3-25.0¢ ) at.% Ge.

the systems 4.30-4.76 (AlB-type structure).
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solution based on PrAgo.1.265&.60.0.80 2long
the lines 16.7 € ), 20.08( ), 22.2( ) and

{Pr,Sm}-Ag-Al-Ge at 33.3at.%R and 873K,
4.77-5.00 ¢ ThSi-type structure) and
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Table 6 Ag/Al and Ge/Ag ratios of different
Wyckoff positions for alloys belonging to the
FeP-type solid solution in the Pr—Ag—Al-Ge
system (from conventional XRD).

Sample composition, | Ag/Al | Ge/Ag | GelAg

at.% 39 2d la

Pr33.3A040.85&6.7 100/0 99/1 64/36
Pr33.8A040.0Al 3.5G&3 4 93/8 80/20 63/37
Pr33.8A040.0Al 6 7G&0.0 100/0 68/32 62/38
Pr33.A040.0Al 10.5€16.7 78/22 68/32 100/0
Pr33_3Ag33_4A| 3_3663,0_0 100/0 71/29 97/3
Pr33_3Ag33_3A| 8_46625_0 100/0 87/13 97/3
Pr33_3Ag33_3A| 11_1Gezg_3 88/12 56/44 99/1
Pr33_3Ag33_4A| 13_&620_0 80/20 60/40 94/6
Pr33_3Ag33_3A| 16_7Ge_L6_7 63/37 36/64 94/6
Pr33_3Ag30_cA| 6_7663,0_0 84/16 96/4 95/5
Pr33.Ad26.Al 16.85€4.0 77/23 72/28 95/5
Pr33.Ad26.7Al 20.85€0.0 66/34 78/22 68/32
Pr33.Ad22.Al 20 e 3 62/38 80/20 91/9

Table 7 Ag/Al and Ge/Ag ratios of different
Wyckoff positions for alloys belonging to the
FeP-type solid solution in the Sm-Ag-Al-Ge
system (from conventional XRD).

Sample composition, | Ag/Al | Ge/Ag | GelAg

at.% 39 2d la
Sz AJa0. G667 73/27 | 50/50 92/8
Sz AY33 G634 85/15 | 93/7 94/6

Sz A3z Ale b6 92/8 56/44 100/0
Sz A3z Al10.Ges3 81/19 | 80/20 100/0
Sz AJa3 Al 1356800 75/25 | 65/35 100/0
Simyz 3Ad30.0Al6.7G830.0 85/15 | 89/11 100/0
Sz AGoe Al 13667 78/22 | 95/5 72128
Sz AGoe Al 16 G633 62/38 | 84/16 89/11
Sz AG26. Al 200GE0.0 63/37 | 72/28 69/31

Ses AGr Al G&rs | 53/47 | 95/5 83/17

(¢}

, N
o
N
[
N
(]

_—o
0428l o 8

0.424 ] - - ]
0 5 10 15 20

at. % Al

Fig. 5 Unit-cell parameters for the solid
solution based on SmMAgy.0.965& 60-1.02 2lONg
the lines 26.7-30.0( ) and 334 ( ) at.% Ag.

0.194— : : : :
°c 0.193 “« e
€ 0.192 o« O—
> 0.191 mo
8:43%
g 0720t TT—— o o
S 0716 \\\\
< 0.712 o—=~g
0.708
0440
£ 0436 /OLO
S 0432 //3/
0428, @
0.424 1 1 1 1 1
0 5 10 15 20
at. % Al

Fig. 6 Unit-cell parameters for the solid
solution based on SmAg.0.9658.60-1.02 @loNg
the lines 20.0€ ), 22.2-23.D( ) and 26& ( )
at.% Ge.

Fig. 7 Coordination polyhedra of thR = Pr,
Sm @), M3 (b), M2 (c) andM1(d) atoms in the
FeP-type structur&sM3;M2,M1.

In the FegP-type structure the small atoms can
occupy three Wyckoff positions:g32d and & (see
Tablel). We assume that Al will most likely
substitute for Ag on the prism-forming site gf3
whereas negligible amounts of Ge are expected @n th
same site. Consequently, we refined the Ag/Al feite
the 3 site and the Ge/Ag ratio for thel 2nd A sites
(Tables6,7). Within the homogeneity range of the
quaternary phases with JRetype structure an increase
of the Al content (decrease of the Ge content)afor
fixed Ag content leads to a higher Al occupation of
the 3 site and a decrease of the amount of Ge on the
2d site, whereas thealsite remains almost fully
occupied by Ge atoms. It follows that the statatic
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Table 8 Details of the structure refinement for the pojsgtalline samples By3Ag.s Al 20.dG&0.0and
S AG26.7Al 20 d5€0.0 (FEKa radiation).

Phase

Space group
Unit-cell parameters a, nm
c, nm
vV, nnt
Formula units per cell

DensityDy, g cm®

Texture paramete®

FWHM parameter$), V, W

Mixing parameter

Asymmetry parametety,

Number of refined parameters
Reliability factorsRg, Ry, Ryp
Goodness of fis

PrA%.gof\'o.ssGQ)Js
P62m
0.7232(1)
0.44081(8)
0.19966(5)
3
7.549
0.85(1) [100]
0.2(1), -0.01(2), 0.05(4)
0.85(4)
-0.04(3)
16
0.0930, 0.0541, 0.0681
0.85

SmAgJ.gcf\' 03571
P62m
0.71180(5)
0.43634(5)
0.19146(3)
3
8.055
0.801(7) [100]
0.15(4), -0.19(5), 01m2(
0.74(3)
-0.18(2)
16
0.0983, 0.0637, 0.0806
0.73

Table 9 Atomic coordinates and isotropic displacement eters for PrAggsAl ¢ 3:Gey 75 and
SMAG 9Al 03658 71 (Space group-62m).

PrAgy oAl 0.35G& 75
a=0.7232(1)¢ = 0.44081(8) nm

Site \:)Vgg;gﬁ X y z 10'.32'38’ 7 Occupancy

Pr K] 0.577(1) 0 0 0.4(3) 1

M3 Y| 0.241(2) 0 1/2 0.7 0.65(3)Ag + 0.35(3)Al
M2 2d 1/3 2/3 1/2 0.7 0.22(8)Ag + 0.78(8)Ge
M1 1a 0 0 0 0.7 0.32(8)Ag + 0.68(8)Ge

SMAG 90Al0.36G .71
a=0.71180(5)¢ = 0.43634(5) nm

Site \;nggll,;gﬁ X y z 10'.32'38’ 7 Occupancy

Sm 3 0.5742(8) 0 0 0.5(2) 1

M3 Y| 0.242(1) 0 1/2 0.7 0.61(5)Ag + 0.39(5)Al
M2 2d 1/3 2/3 1/2 0.7 0.26(7)Ag + 0.74(7)Ge
M1 1a 0 0 0 0.7 0.36(1)Ag + 0.64(1)Ge

mixture Ag+Al occupying the @ site forms columns structure refinement based on synchrotron diffoarcti

of trigonal prisms with almost exclusively Ge atoats data for the sample BrAQgsAlnGeee are
the centers @ site), whereas a statistical mixture presented inTablell Atomic coordinates and
Ge+Ag is situated at the centers of the trigonanps isotropic displacement parameters for

Rs on the 2 site.
The results of the structural refinement based on
conventional X-ray diffraction data for the

PrAg.sAlo3dGe 75 are listed inTable12, anisotropic
displacement parameters ifiablel3, and selected
interatomic distances inrablel4. The observed,

polycrystalline samples BrAg.sAl20dGeoo and calculated and difference X-ray synchrotron
Sz Ag2s Al G0 are shown inTable8. The diffraction patterns are shown irFig.8. The
isotropic displacement parameters of the Pr and Sm refined  compositions  (PrAgoeAlo.3s5Ge.753)
atoms were refined, while those of the Ag, Alanel G~ SmAG® 903/l 0.393G0.71(1) and
atoms were fixed B, = 0.7-1¢ nn12). The atomic PrAg s7aAlossafS&.75y  respectively) show a

coordinates for PrAgAl o3:Gey 75 and
SMAG gAlg3dGe 71 are listed inTable9, selected
interatomic distances imable10. The Pr and Sm
atoms center pseudo Frank-Kasper polyhedra with 18
apexes, which are typical f&® atoms Fig. 78). The
coordination polyhedra of thel3 atoms are distorted
cubooctahedraF{g. 7b), whereas tricapped trigonal
prisms are formed around both tM2 (Fig. 7¢) and

M1 (Fig.7d) atoms. Experimental details of the

significantly lower Al content than the nominal
composition of the alloyRAgosAlosdGen.s0), and it
cannot be excluded that part of Al substitutes hmn t
2d and & sites. It may be noted that the average
number of electrons on each of the three sites
occupied by small atoms is almost identical, howeve
crystal chemical arguments are not in favor of a
statistical occupation by three elements on alk¢he
sites.
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Table 10Interatomic distances for PrigAl o 3:Gey 75 and SmAg oAl 036G 71.

PrAg oAl o35G 75 SMAG .0Al 036G 71
Atoms J, nm Atoms J, nm
-1 M1 0.3059(7) -M1 0.3031(3)
-4 M2 0.3087(1) -M2 0.3043(1)
-2M3 0.328(1) -2M3 0.3217(7)
Pr -4 M3 0.3453(1) Sm -M3 0.3419(6)
-4 Pr 0.3742(3) -4 Sm 0.3675(2)
-1 M1 0.4173(7) -M1 0.4087(6)
-2 Pr 0.44081(8) -2 Sm 0.43634(5)
-2 M2 0.281(1) -2M2 0.2756(5)
-2M1 0.2810(9) -1 0.2780(2)
M3 -2 M3 0.302(2) M3 -3 0.2984(9)
-2 Pr 0.328(1) -2 Sm 0.3217(7)
-4 Pr 0.3453(1) -4 Sm 0.3419(6)
M2 -3M3 0.281(1) M2 -av13 0.2756(5)
-6 Pr 0.3087(1) -6 Sm 0.3043(1)
M1 -6 M3 0.2810(9) M1 -eM3 0.2780(2)
-3 Pr 0.3059(7) -3Sm 0.3031(3)
M3 = 0.65(3)Ag + 0.35(3)Al M3 = 0.61(5)Ag + 0.39(5)Al
M2 = 0.22(8)Ag + 0.78(8)Ge M2 = 0.26(7)Ag + 0.74(7)Ge
M1 = 0.32(8)Ag + 0.68(8)Ge M1 =0.36(1)Ag + 0.64(1)Ge
Table 11 Details of the structure refinement for the pojgtalline sample Bs3A026. Al 20.d5€0.0
(synchrotron data, = 0.049063 nm).
Phase PrAg s/Al 0. 36G&.75
Space group P62m
Unit-cell parameters a, nm 0.72311(2)
¢, nm 0.44101(2)
V, nn? 0.19971(2)
Formula units per cell 3
DensityDy, g cm® 7.4682(7)
20 range, ° 4.5-90.0
Number of reflections 1028
FWHM parameterd), V, W 0.21994, -0.00725, 0.00032
Asymmetry parametety, -0.00007
Number of refined parameters 27
Reliability factors R 0.0402
Ro 0.1072
Rup 0.1211
Rabw 0.0795

Table 12 Atomic coordinates and isotropic displacement petars for PrAgs-Al o :6Ge 75 (Space group
P62m, a = 0.72311(2)¢ = 0.44101(2) nm).

. Wyckoff Bisor Occupancy
Site position X y z 102 nnt
Pr Ki 0.57705(9) 0 0 0.57(2) 1
M3 K's 0.2402(2) 0 1/2 1.28(5) 0.619(3)Ag + 0.381(3)Al
M2 Vs 1/3 2/3 1/2 0.81(4) 0.31(1)Ag + 0.69(1)Ge
M1 la 0 0 0 1.17(6) 0.14(1)Ag + 0.86(1)Ge
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Intensity, a.u.

Jhiill_uu F PP WPy

10 20 30 10 50 50 70
26, °

Fig. 8 Observed (dots), calculated (line) and differefla@tom) X-ray synchrotron diffraction patterns for
the Pg3 4Ag26 Al 2045600 Sample { = 0.049063 nm).

Table 13 Anisotropic displacement parameters Table 14 Interatomic distances for
(102 nn?) for PrAg sAlo 365 75 PrAg, g7Al o 36Gev.75
Site B11 B,, Bss B, | Biz| Bxs Atoms J, Nm

Pr | 0.50(2)| 0.44(3] 0.56(2) Bz | O 0 -1 M1 0.30584(4)
M3 | 1.17(6)| 1.10(6) 1.16(6) 12, | O 0 -4 M2 0.30871(3)
M2 | 0.76(4)| By;; | 0.66(7)| 1/By; | O 0 -2 M3 0.32858(7)
M1 | 0.98(7)] By 1.1909)| 1/B,; | O 0 Pr -4 M3 0.34527(7)
M3 =0.619(3)Ag + 0.381(3)Al -4 Pr 0.37421(5)
M2 =0.31(1)Ag + 0.69(1)Ge 1M1 0.41727(4)
M1 =0.14(1)Ag + 0.86(1)Ge -2 Pr 0.44101(2)
-2M1 0.28069(5)

-2 M2 0.28085(8)

M3 -2M3 0.3008(1)
-2 Pr 0.32858(7)
-4 Pr 0.34527(7)

M2 -3M3 0.28085(8)
-6 Pr 0.30871(3)

-6 M3 0.28069(5)
M1 -3 Pr 0.30584(4)
-3 Pr 0.41727(4)

M3 = 0.619(3)Ag + 0.381(3)Al
M2 = 0.31(1)Ag + 0.69(1)Ge
M1 = 0.14(1)Ag + 0.86(1)Ge

In the FeP-type structure Fig.9) columns of

Fig. 9 Projection of the F£-type structure trigonal prismsRs are joined together by edges to form
along [001]. channels[13]; in these channels columns of trigonal
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prisms Mg are situated. We studied the deformations
of the trigonal prisms within the solid solutionstiw
FeP-type structure (seeables4,5). The height of the
trigonal prismsRs andMg is equal to the-parameter,
whereas its base can be calculated by the formulas:

a«/3xF2,r - 3xp, +1 (for Rg) and (3axM3 (for Mg),

wherexp, andxys are the coordinates of tieandM3
atoms, respectively. The height/base ratio of the
trigonal prisms, which reflects the prism deforroas,

is greater than 1. It means that the trigonal psisme
stretched along the 6-fold axes. Within the
homogeneity range of the fRetype solid solutions the
height/base ratio of the trigonal prisri® increases
with increasing Al and decreasing Ge (or Ag) cohten
for a fixed Ag (or Ge) content. It should be nothdt

for the AlB,-type anda-ThSk-type quaternary solid
solutions formed in the {Pr,Sm}-Ag—-Al-Ge systems
the height/base ratio of the trigonal prisRsis less
than 1 (the prisms are compressed) and increasks wi
increasing valence electron concentration per aibm
the statistical mixturd/.

for

[1]

(2]

[3]

[4]

[5]
[6]

Conclusions
Limited solid solutions based on the
ternary  compounds  PrAgo.1.65&e6008 and [7]

SMAQ 40.0.965&.60-1.02With the FgP-type structure are
formed in the quaternary systenR-Ag—Al-Ge

(R = Pr, Sm) at 33.3 at.% and 873 K. Within the
homogeneity ranges of the solid solutions the [8]
a-parameter decreases with increasing Al and
decreasing Ge (or Ag) content for a fixed Ag (on Ge
content, whereas the-parameter increases. This is
accompanied by an increase (decrease) of the valenc
electron concentration per atom of the statistical
mixture Ag+Al+Ge (VEG = 3.55-4.17). A statistical
mixture of Ag+Al atoms forms columns of trigonal
prisms (3 site) with predominantly Ge atoms at the
centers (& site), whereas a statistical mixture of
Ge+Ag atoms occupy the centers of the trigonal
prisms Rs (2d site). The height/base ratio of the
trigonal prismsRs within the homogeneity range of
the FeP-type solid solution is greater than 1 and
increases with increasing Al and decreasing Ge (or
Ag) content for a fixed Ag (or Ge) content.

[9]
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[12]

[13]
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