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Abstract

The layered compounds CuCr{P,Ses] (m.p. 730 °C, incongruent), AgCr[P,Seg] (m.p. 720
°C, incongruent), AgAl{P,Ses] (m.p. 588 °C, congruent), Culn[P,Ses] (m.p. 642 °C,
incongruent), AgIn[P,Seg] (m.p. 673 °C, congruent), a-AgGa[P,Seg] (m.p. 450 °C, con-
gruent) and B-AgGa[P,Seq] (metastable) were prepared from the elements in evacuated
silica tubes (molar ratios M:M":P:Se =1:1:2:6) by heating up to 750 °C (10 h) followed
by quenching/annealing or by cooling from the melt (Bridgman technique).

The crystal structures of Culn[P,Seg], AgIn[P,S¢] (trigonal, P3lc; a=639.2(0),
648.3(1); ¢=1333.8(1), 1333.0(4) pm; Z=2) and B-AgGa[P,Seq] (trigonal, P3lc;
a=637.5(6), c=1332.0(1) pm; Z=2) are related to the Cdl; structure type whereas the
crystal structures of CuCr[P,Se;], AgCr[P,Ses] and AgAl[P,Ses] (monoclinic, C2/m;
a=619.3(3), 630.5(8), 634.8(5); b=1072.4(2), 1091.7(3), 1098.9(3); ¢=690.9(9),
699.1(1), 702.8(4) pm; B=107.2(7), 107.7(1), 107.2(1)°; Z=2) are related to the CdCl,
structure type. a-AgGa[P,Ses] (orthorhombic, Pbca;, a=1216.9(5), b=2248.4(6),
¢="747.3(2) pm; Z=4) shows close relationships to the crystal structure of Ag,{P,Seg].

1. Introduction

The first selenodiphosphate(1V), Fe,[P,Ses], was reported by Hahn et
al. in 1973 [1]. The crystal structure contains Seg octahedra with central
P-P pairs (corresponds to [P,Seg]*” structural units). Today we know a
large variety of ternary selenodiphosphates(IV) with M' (Ag [2]; TI [3]), M!
(Fe [1]; Co, Ni, Mn, Mg, Ca, Cd [4]; Sn, Pb [5]; Hg [6]) and M™ (In [7]).
The crystal structures of the ternary phases (M™),[P,Seq] are related either
to the Cdl, structure type (for example Fe,[P,Se¢]l, [1]) or to the CdCl,
structure type (for example Niy[P,Segl, [4]). Selenium atoms are arranged
in “close-packed’’ layers which are stacked with the sequences ...AB... and
...ABC... respectively. M" ions and P, pairs occupy the octahedral sites of
every second Se double-layer in such a way that the P, pairs are surrounded
by M" species.

The only ternary M™ selenodiphosphate(IV) known up to now was
In,; 53000.67[P2Ses] (corresponds to Ing[P3;Sey]) which was found to exist in
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two different modifications: (i) statistical distribution of In(IIl) and vacancies
on the octahedral sites (trigonal, R3; a=637.3(3), ¢=1986.8(8) pm; Z=3,
[7D; (i) superstructure In; zs[loe7[P2Seg] with an ordered distribution of
In(lIl) and vacancies on the octahedral sites (orthorhombic, Pba2;
a=1919.7(9), b=1109.0(9), c=2006.7(7) pm; Z=6, [8]). Investigations of
the photoelectrical properties of In; 33, ¢7[P2Seg] showed the ternary phase
to be suitable for photovoltaic devices [9].

Together with the knowledge of some new solar-cell materials based on
the ternary selenides CulnSe, and CuGaSe, [10] we were interested in
quaternary selenodiphosphates(IV) containing the cationic components M!
and M™ with a molar ratio of 1:1. In other words, the aim was to substitute
M" in compounds (M™),[P,Ses] by M(Ag, Cu) and M™(Al, Ga, In, Cr) in
order to obtain quaternary phases of composition M'M[P,Seq4], [3, 11]. The
possibility of substitution of M cations by M'(Ag, Cu) and M™ (Cr, In, Sc,
V) had already been demonstrated for a number of thiodiphosphates(IV)
[12-17, 19] as well as for the quaternary selenodiphosphate AgV[P,Seg]
[18].

2. Experimental details and crystallographic data

Quaternary selenodiphosphates(IV) were prepared from the elements
(molar ratios M:M™:P:Se=1:1:2:6) in evacuated silica tubes by heating up
to 750 °C (10 h) followed by quenching/annealing (incongruent melting) or
by cooling (congruent melting behaviour) from the melt (cooling rate 30 °C
h~1). Single-phase products were characterized by differential thermal analysis
(DTA) (sealed silica tubes; thermocouples Ni—NiCr; inert reference; heating
rate 3 °C min™!) and by X-ray powder diffraction (STOE diffractometer
6.11.1.; position sensitive detector; Cu K, radiation; Debye—Scherrer method).
In cases of isotypic relations to phases with crystal structures which were
already known the structure refinements were carried out by use of the
Rietveld full-profile method [20]. Single crystals were investigated on a Philips
PW 1100 four-circle diffractometer (Mo K« radiation; graphite monochrom-
ator).

Melting points, melting behaviour as well as basic crystallographic data
of the compounds under investigation are given in Table 1.

CuCr[P;Seg]: details concerning the crystal structure determination from
X-ray powder data (isotypic relation to Niy[P,Ses], [4]) and the resulting
positional and thermal parameters are summarized in Table 2. X-ray powder
patterns (observed and calculated) are given in Fig. 1 and Table 3.

AgCr[P,Seq] and AgAl[P,Seg]: the X-ray powder data are consistent with
isotypic relations to CuCr[P;Seq] (Fig. 2 and Table 4).

.Culn[P,Seg] and AgIn[P,Seg]: the congruent melting behaviour of
AgIn[P,Seq] makes it possible to grow single crystals from the melt by use
of the Bridgman technique. Large single crystals (1 cm in diameter, 3 cm
in length) were obtained in closed (sealed) silica tubes (with seeding capillary



113

TABLE 1

Quaternary selenodiphosphates(IV), M'M™ [P,Sez]: melting points (°C), melting behaviour
(i=incongruent; c=congruent), temperature (°C) and time (d) of annealing after quenching
the melt to liquid nitrogen, colour (Eg (eV)), cleavage and basic crystallographic data ((P)=X-
ray powder investigation, (S)=single crystal data)

Compound Space Lattice constants (pm), (°)

group

a b c B

CuCr{P;Seg] C2/m 619.3(3) 1072.4(2) 690.9(9) 107.2(7) Z=2 (P)
(730 °C, i; 600 °C, 21 d; dark red (1.13 eV); good cleavage (001))
AgCr[P;Seg] C2/m 630.5(8) 1091.7(5) 699.1(1) 107.7(1) Z=2 (P)
(720 °C, i; 550 °C, 21 d; dark red (1.20 eV); good cleavage (001))
AgAl[P,Seq) C2/m 634.8(5) 1098.9(3) 702.8(4) 107.2(56) Z=2 (P)
(688 °C, c¢; 550 °C, 21 d; yellow (2.42 eV); good cleavage (001))
Culn[P;Seg] P31c 639.2(0) 1333.8(1) Z=2 (P)
(642 °C, i; 500 °C, 14 d; dark red (1.78 eV); perfect cleavage (001))
AgiIn[P,Seg] P31¢c 648.3(1) 1333.0(4) Z=2 (P)
(673 °C, ¢; 500 °C, 14 d; dark red (1.79 eV); perfect cleavage (001))
B-AgGa[P,Seg] P31c 637.5(6) 1332.0(1) Z=2 (8S)

(metastable; dark red (1.91 eV); perfect cleavage (001))

a-AgGa[P;Seg] Pbca 1216.9(5) 2248.4(6) 747.3(2) Z=2 (S)
(450 °C, c; 400 °C, 21 d; yellow-red (2.60 eV); good cleavage (010))

at the bottom), a maximum temperature of 800 °C and a ‘‘dropping-rate”
of 4 cm per day. Details concerning the crystal structure determinations
(isotypic relation to AgIn[P,S¢], [12]) and the resulting positional and thermal
parameters for AgIn[P,Sez] and Culn|[P,Sey] are suramarized in Tables 5 and
7. X-ray powder patterns (observed and calculated) are given in Tables 6
and 8 and Figs. 3 and 4. The relatively poor R(Z, kkl) values of the structure
determinations of AgIn[P,Sesz] and Culn[P,Seg] are presumed to be caused
by effects of texture because of the perfect cleavage of the crystals’ parallel
(001).

AgGa[P,Seq]: depending on the special mode of preparation the compound
is obtained in two different modifications. a-AgGa[P,Seg] is the stable phase
under conditions of thermal equilibrium and is prepared by quenching the
homogeneous melt followed by annealing at 400 °C for a period of 21 d.
By cooling down the melt from 750 °C to room temperature with a rate of
30 °C h~! the metastable B-modification is formed first (Ostwald’sche Stu-
fenregel). B-AgGa[P,Seg] can be converted to the stable a-phase by annealing
at 350 °C for a period of 14 d. Single crystals were obtained from both
modifications. Details concerning the crystal structure determinations and
the resulting positional and thermal parameters are given in Tables 9 and
10.



114

TABLE 2

CuCr([P,Seq]: data pertaining to the structure determination; positional and thermal parameters;

selected interatomic distances (pm) and bond angles (°)

Space group
Lattice parameters (pm)

Cell volume

VA

Calculated density

Absorption coefficient p (Cu Ka)
Diffractometer

Radiation

20 range
Structure solution and refinement

C2/m (12), monoclinic
a=619.3(3)

b=1072.4(2) p=107.2(7)
c=690.9(9)

690.9 pm®x10°¢

2

49 g cm™2

425.7 ecm™!

STOE, STADI/P
Transmission powder
diffractometer with
position sensitive

detector (STOE-PSD)

Cu Ko,

(Germanium monochromator)
9°<20<70°

Isotypic relation to
Nip[P;Seq] [4]

Rietveld method [20]

Number of measured data points 2027
Number of profile parameters refined 13
Number of positional parameters refined 8
Number of thermal parameters refined 4
Rup; R, R kD) 8.6; 10.0
Atom x Y z Occupation Uy, (pm3)*
Cu 0 0.3288(51) 0 0.5 674(95)
Cr 0 0.3288(51) 0 0.5 674(95)
P 0.0538(120) 0 0.1537(56) 1.0 204(138)
Se 0.7402(65) 0 0.2531(29) 1.0 185(87)
Se 0.2486(50) 0.1722(18) 0.2503(17) 1.0 257(53)
Cu/Cr-Se 263.4 2% Se—Cu/Cr-Se 94.32 1%
263.7 2% 94.84 2%
264.1 2X 85.57 2%
179.63 2%
85.63 2%
179.39 1%
85.562 2%
94.07 2%
94.41 1X
P-pP 225.6
P-Se 211.3 1% P-P-Se 103.76
211.5 2% Se—P-Se 114.32 2%
114.62 1%
103.98 2%

o is defined as exp(—87*U* sin®6/A%).
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Fig. 1. CuCr{P,Seq]: observed (top), calculated [20] (middle) and difference (bottom) X-ray powder patterns (Cu Ka,).
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TABLE 3
CuCr[P;Seg): X-ray powder diffraction data; observed and calculated [20] intensities

Rkl dy, (dbm) FWHM®* I, Tae hkl dg, (pm) FWHM® I, Iy
001 660.74 0.265 171.88 160.05 331 157.50 0.211 33.97 35.42
020 536.22 0.250 10.63 062 062 157.30 0.212 32.74 34.43
111 47097 0.240 3.15 0.53 333 157.11 0.212 30.56 33.66
021 416.19 0.230 15.85 3.20 261 154.43 0.215 623 5.36
111 364.28 0.220 6.29 1.94 260 153.10 0.217 16.38 21.05
002 330.29 0.212 183.57 177.70 402 152.99 0.217 7.73  10.27
130 306.21 0.207 50.50 48.97 400 148.01 0.224 27.94 24.89
201 305.99 0.207 40.71 39.13 262 147.79 0.224 49.00 49.69
200 296.03 0.204 87.24 8498 334 13854 0.242 1.94 046
131 29559 0.204 172.23 166.47 115 136.66 0.246 1.31 051
022 28128 0.201 2.03 666 401 13599 0.248 169  0.29
040 268.33 0.198 5.18 2.74 243 13474 0.251 2.01 064
131 262.90 0.197 430.49 43259 154 13452 0.252 411 1.62
202 262.32 0.197 217.05 217.04

112 250.71 0.195 0.75 8.28

201 244.32 0.194 1.43 2.96

132 24391 0.194 5.66 14.33

113 224.64 0.191 1.60 5.83

221 222.33 0.191 1.20 3.88

003 220.02 0.191 1.20 0.82

132 209.01 0.190 3.56 2.16

042 20827 0.190 5.41 6.37

023 20827 0.191 2.76 5.99

341 201.74 0.191 5.08 1.00

240 19865 0.191 3.32 0.48

151 198.51 0.191 3.43 0.51

523 194.12 0.192 7.09 6.02

202 193.81 0.192 49.17 48.48

133 193.33 0.192 121.24 115.43

151 187.64 0.193 4.55 2.41

113 186.08 0.194 8.47 5.81

222 182.29 0.195 7.44 4.84

241 180.59 0.195 1.60 1.06

331 178.89 0.196 153.96 128.71

060 178.88 0.196 76.44 63.85

311 172.97 0.196 2.94 1.96

330 172.80 0.199 10.24 7.28

061 172.67 0.199 5.86 4.06

313 17246 0.199 2.28 1.55

332 170.46 0.199 2.77 1.86

114 17050 0.200 1.81 4.06

043 170.08 0.201 1.21 2.10

133 167.07 0.203 50.61 52.67

304 166.69 0.203 23.59 25.92

004 165.15 0.204 34.34 31.97

152 164.84 0.204 2.17 1.99

343 164.58 0.205 2.59 2.39

024 157.71 0.211 1.91 2.14

*Full width at half maximum.
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TABLE 4

Comparison of the observed X-ray powder data of AgCr[P,Ses] and AgAl[P,Seq] with the
calculated powder data of CuCr[P,Seg]

hkl CuCr[PZSeG] AgCr[Pgsee] AgAl[PZSee]

(calc.) (obs.) (obs.)

d (pm) )/ . d (pm) I/l d (pm) Il
001 666.16 36.0 666.15 57.1 671.69 34.8
020 536.22 2.4 545.87 0.0 549.51 7.4
i11 470.97 0.7 478.86 0.0 481.49 1.1
021 416.19 3.7 422.10 9.6 425.22 0.0
111 364.28 1.5 367.70 2.4 372.16 0.0
002 330.08 41.0 332.86 22.8 335.69 27.3
130 305.19 11.6 311.21 24.0 313.57 10.8
201 305.78 40.7 311.64 6.0 313.25 17.3
200 295.87 19.6 300.25 9.7 303.24 15.5
i31 295.40 38.5 300.84 22.6 302.44 29.7
022 281.28 1.5 284.44 2.6 286.75 1.3
040 268.33 0.6 273.20 1.6 274.99 5.9
131 262.70 100.0 266.27 100.0 268.83 100.0
202 262.11 50.2 267.12 47.4 267.82 459
112 250.71 1.9 252.65 1.6 255.65 0.1
201 244.32 0.3 246.88 3.0 249.96 0.9
132 243.91 3.3 247.93 4.1 249,13 10.4
113 224.64 1.3 227.58 0.7 228.60 0.1
221 222.33 0.2 224.95 0.0 227.53 0.0
003 220.02 0.3 221.91 0.0 223.78 1.2
132 209.01 0.8 211.27 0.4 213.43 0.5
042 208.27 1.4 211.23 1.7 212.79 2.2
023 203.72 1.3 205.74 1.8 207.44 6.2
241 201.74 1.0 205.47 3.8 206.72 0.1
240 198.65 0.7 201.94 1.7 203.59 4.3
523 194.12 1.4 197.82 1.6 198.44 0.5
202 197.66 3.5 195.29 12.9 197.78 13.8
i33 193.17 26.7 195.93 23.8 196.93 20.8
151 187.64 0.4 190.58 1.2 192.13 0.7
113 186.08 1.3 187.47 1.9 189.57 2.3
222 182.29 1.1 184.03 0.6 186.25 0.5
241 180.59 0.4 183.09 0.1 184.89 0.1
331 178.75 29.7 181.99 24.6 183.22 23.6
060 178.74 14.8 181.95 1.9 183.18 10.7
311 172.97 0.7 175.02 0.7 177.09 0.9
330 172.80 1.7 175.51 0.7 177.12 2.4
061 172.67 0.9 175.66 1.3 176.86 0.4
313 172.46 0.5 175.76 1.9 176.24 1.3
332 170.46 0.6 175.72 3.4 176.564 0.1
i14 170.50 0.4 172.49 0.4 173.46 0.1
043 170.08 0.3 172.18 0.1 173.51 0.3
133 166.95 12.2 168.54 6.0 170.25 8.3
204 166.67 6.0 169.08 4.0 169.64 2.7
004 165.02 7.3 166.45 5.5 167.83 4.5

(continued)
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TABLE 4 (continued)

hEl CuCr[P,Seq] AgCr[P,Ses] AgAl[P,Se;)

(cale.) (obs.) (obs.)

d (pm) I/Lax d (pm) Iy d (pm) I ax
152 164.84 0.5 167.07 0.5 168.55 0.1
243 164.58 0.6 167.44 0.1 168.13 0.1
024 157.71 0.4 159.19 0.4 160.51 0.2
331 157.37 8.2 159.41 2.3 161.14 5.4
062 157.17 8.0 159.66 3.6 160.78 4.8
333 157.00 8.0 159.96 4.3 160.50 3.4
261 154.43 1.2 157.25 0.5 158.26 1.2
260 152.99 5.0 155.61 2.0 156.79 3.3
402 152.99 2.3 155.93 1.2 156.74 1.1
400 147.90 5.7 150.10 43 151.58 5.0
262 147.84 11.5 150.38 8.0 151.20 2.2
334 138.54 0.4 141.00 0.1 141.87 0.7
115 136.66 0.3 138.16 0.5 139.36 0.4
401 135.99 0.4 137.65 0.0 139.50 0.3
243 134.74 0.5 136.09 0.3 137.84 0.4
154 134.52 0.9 136.40 0.8 137.59 0.1

Without exception, the crystals of metastable B-AgGa[P,Seg] were of
very poor quality because of their perfect cleavage parallel (001) and their
extreme sensitivity against mechanical strain (preferably bent crystals). The
structure determination was started with the atomic positional parameters
of the isotypic phase AgIn[P,Sg], [12]. Observed and calculated X-ray powder
data of B-AgGa[P,Seq] are given in Table 11. Again, the relatively poor
consistency of the calculated and observed intensities is presumed to be
caused by effects of texture because of the perfect cleavage of the crystals’
parallel (001).

3. Crystal structures, results and discussion

The crystal structures of the isotypic phases Culn[P,Seg], AgIn[P,Seq]
and B-AgGa[P,Seq] are closely related to the Cdl,-type structure. The selenium
atoms form a h.c.p. arrangement with the layer sequence ...AB... running
along the [001] direction (Fig. 5). The octahedral sites of every second
selenium double-layer are occupied by M!, M™ and P, pairs in such a way
that the P, pairs within the (001) planes are alternately surrounded by M’
and M™ species (ordered distribution). The occupied octahedral layers turn
with the sequence ...ab... along the [001] direction.

The isotypic phases CuCr[P,Ses], AgCr[P;Seg] and AgAl[P,Seg] show
close relations to the CdCl, type structure. The selenium atoms form a c.c.p.
arrangement with the layer sequence ...ABC... running along the [001]
direction. M!, M™ and P, pairs occupy the octahedral sites of every second
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TABLE 5

AgIn[P,Seq): data pertaining to the structure determination; positional and thermal parameters;
selected interatomic distances (pm) and bond angles (%)

Space group
Lattice parameters (pm)

Cell volume

VA

Calculated density

Absorption coefficient u (Cu Ka)
Diffractometer

Radiation

20 range
Structure solution and refinement

P31c (163), trigonal
a=648.3(1)
¢=1333.0(4)

485.2 pm®x 108

2

10.4 g ecm™?

1220.0 cm™!?

STOE, STADI/P
Transmission powder
diffractometer with
position sensitive
detector (STOE-PSD)
Cu Ke,

(Germanium monochromator)
10°<26<100°
Isotypic relation to
AgIn[P;8¢] [12]
Rietveld method [20]

Number of measured data points 1705
Number of profile parameters refined 12
Number of positional parameters refined 9
Number of thermal parameters refined 4
Ryp; R(I, R k 1) 7.9; 17.1
Atom x y z Occupation Uy (pPm?)?*
Ag 0.6667 0.3333 0.25 1.0 752(115)
In 0 0 0.25 1.0 290(72)
P 0.3333 0.6667 0.1618(29) 1.0 5(128)
Se 0.3291(38) 0.3474(36) 0.1178(7) 1.0 281(34)
Ag—Se 284.7 6 Se—Ag—Se 85.7 6%
92.0 3X
96.5 3%
176.7 3X
In-Se 281.6 6% Se—In-Se 85.0 66X
92.2 3x
97.9 3%
175.7 3x
P-P 234.9
P-Se 213.5 3% P—P-Se 103.7 3x
Se-P—Se 59.5 3%
86.5 3x
87.7 3%
112.7 3%
140.9 3%

*J,, is defined as exp(—872*U*sin26/A%).



TABLE 6
AgIn[P,Seg): X-ray powder diffraction data; observed and calculated [20] intensities

121

Rkl dg (pm) FWHM® I, L hkl dos (Pm) FWHM? I, L.
002 66665 0.294 217.50 220.63 306  143.13  0.424 17.13 14.22
100 561.49 0.298 6.54 316 217 141.73  0.427 2.35 2.39
101 51750  0.300 1.77 9.46 217 141.73  0.427 6.50  6.60
102 42956  0.306 28.81 2350 314 141.08 0.428 349  3.90
103 348.48 0.315 103.41 8059 314 141.08  0.428 3.75  4.19
004 33335 0.318 94.04 66.68 401 139.59  0.431 3.34 141
110 324.19 0.319 27.33 876 402 137.35  0.435 2.64 1.06
112 29154 0.326  848.73 776.72 3156 134.47  0.441 11.65 9.32
112 29154 0.326 31.22 2857 315 13447  0.441 298 2.39
104 286.61 0.327 40.25 30.70 4083 133.84  0.443 6.38 4.74
200 280.73 0.329 10.33 342 218 131.06 0.449 191 1.70
201 27477 0.330 32.12 14.82 218 131.06 0.449 262 2.33
105 240.87  0.342 16.24 4569 226  130.94  0.449 11.47 10.81
203 237.37 0.343 3.46 427 226 130.94 0.449 17.04 15.32
114 23236 0.345 77.15 9152 404 129.36  0.453 387 4.08
114 232.36 0.345 159.09 188.71 321 128.21  0.456 2.46  1.90
006 222.18 0.350 2.92 1762 316 12751  0.458 250  2.00
204 214.74 0.354 1.95 819 316 127.51  0.458 3.68 2.94
211 20956  0.357 4.70 991 322 126.46  0.461 3.11  1.48
106 206.60 0.358 2.40 1253 308 124.45 0.466  48.73 48.22
205 193.33  0.367 256 1027 405  124.20  0.467 480 4.91
213 19152 0.368 10.17 10.75 1110 12328 0470 39.96 34.55
300 187.18 0.372  233.06 210.87 219 121.45  0.475 230 1.36
116 183.29 0.375 72.10 76.47 412 120.50  0.478 5329 46.72
116 183.29 0.375 34.33 3641 412 120.50  0.478 2.81 247
107 180.34  0.377 7.75 641 324 120.14  0.479 1.47 1.16
302 180.20 0.378 30.82 2635 324 120.14  0.479 1.13  0.89
214 179.02  0.379 4.50 486 414 11499  0.497 6.65 6.88
214 179.02 0.379 5.43 586 414 114.99  0.497 1533 15.85
206 17422  0.383 1.34 820 416 107.28 0.531 866 9.65
008 166.65 0.391 34.08 3191 416 107.28 0.531 9.41 10.49
215 166.04 0.392 14.97 16.41 327 106.69 0.534 3.87 3.73
304 163.19 0.395 37.12 40.16 327 106.69 0.534 1.84 1.77
108 159.76  0.399 5.81 2.80 332 106.66 0.534 1.14 1.10
207 15759  0.402 12.34 1067 332 106.66  0.534 124 1.19
222 157.49  0.402 91.42 81.11 421 105.77 0.539 1.87 1.39
222 157.49  0.402 4.26 3.78 1112 105.08 0.542 261 231
311 154.68  0.406 3.65 249 1112 105.08 0.542 17.81 15.74
216 153.45  0.408 3.76 347 423 103.20 0553 127 1.25
216 153.45  0.408 8.00 7.38 2210 103.00 0.554 14.52 15.50
312 151.65 0.410 3.96 2.03 334 102.78  0.555 335 3.31
118 148.20 0.416 8.42 564 334 102.78  0.555 332 3.28
118 148.20 0.416 2.11 1.41 328 101.91 0.561 1.71 131
313 146.96 0.418 10.61 7.64 328 101.91  0.561 1.20 091
313 146.96 0.418 2.95 2.13

224 145.76  0.420 15.27 12.54

224 145.76  0.420 33.06 27.14

208 143.30 0.424 3.65 3.04

*Full width at half maximum.
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TABLE 7

Culn{P,Seq]: data pertaining to the structure determination; positional and thermal parameters;

selected interatomic distances (pm) and bond angles (°)

Space group
Lattice parameters (pm)

Cell volume

zZ

Calculated density

Absorption coefficient u (Cu Ka)
Diffractometer

Radiation

20 range
Structure solution and refinement

P31c (163), trigonal
a=639.2(0)
c=1333.8(1)

472.0 pm®x 108

2

10.0 g cm™3

980.8 cm™?

STOE, STADI/P
Transmission powder
diffractometer with
position sensitive
detector (STOE-PSD)
Cu Ka,

(Germanium monochromator)
10°<268<100°
Isotypic relation to
AgIn[P;Sq] [12]
Rietveld method [20]

Number of measured data points 1705
Number of profile parameters refined 12
Number of positional parameters refined 9
Number of thermal parameters refined 4
Ruwp; R, R kD) 9.4; 19.6
Atom x y z Occupation U, (pm?)*
Cu 0.6667 0.3333 0.25 1.0 3781(617)
In 0 0 0.25 1.0 154(36)
P 0.3333 0.6667 0.1655(24) 1.0 5(96)
Se 0.3306(24) 0.3401(25) 0.1201(7) 1.0 141(19)
Cu—Se 277.7 6X Se—Cu—Se 85.2 6 X
93.7 3%
95.9 3 X
178.4 3%
In-Se 275.7 6Xx Se-In-Se 84.7 6 X
93.8 3 X
96.8 3%
177.8 3 X
P-P 225.3
P-Se 216.5 3x P-P-Se 106.2 3%
Se—P-Se 61.2 3%
86.4 3%
87.2 3xX
112.5 3%
142.3 3%

*U,, is defined as exp(— 872*U*sin6/A%).



TABLE 8
Culn{P,Seg]: X-ray powder diffraction data; observed and calculated [20] intensities
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hkl dg (pm) FWHM® I, T hkl  dgs (pm) FWHM® I, I

002 66090 0.230 293.21 328.17 217 140.88 0.267 1.14 1.16
100 55364 0.232 6.49 5883 217 140.88  0.267 4.49 457
102 42597 0.235 172.64 13846 314 139.47  0.268 16.13  14.28
103 34665 0.238 62.58 23.76 314 139.47 0.268 16.50 14.60
004 33345 0.238 360.61 23883 402 13552  0.270 7.01 6.27
110 31963 0.239 20.24 1.90 218 130.39 0.272 8.89 9.64
112 28823 0.241 1492.83 1388.04 218 130.39 0.272 9.53 10.33
112 28823 0.241 189.27 17598 226 129.76 0.273 41.23  41.20
104 28564 0.241 114.71 121.16 226 129.76 0.273 41.67 41.64
200 276.80 0.242 36.71 21.72 1010 129.67 0.273 518  5.00
201 27103 0.242 7.16 064 404 12783 0274 15.87 11.70
202 255.66  0.244 27.67 46.06 320 127.01 0.274 5.45  4.04
114 23075  0.247 122.72 160.73 321 126.43 0.275 1.54 1.19
114 230.75  0.247 223.73 293.03 316 126.33 0.275 13.42 10.14
204 21298  0.249 27.51 4752 316 126.33 0275 1593 12.03
210 20925  0.249 9.02 20.16 322 12476 0.276 504  3.32
211 206.72 0.250 6.30 1040 322 12476 0.276 8.44 5.56
106 20629 0.250 42.12 5941 308 12371  0.276 121.63 126.50
213 19965 0.251 15.76  19.40 1110 123.09 0.277 82.63 82.49
212 19965 0.251 23.42 28.82 1110 128.09 0.277 5.41 5.41
205 192.08 0.252 4.18 4.04 405 1228 0277 3.77  3.64
213 189.32 0.253 2.78 1.43 333 122.12  0.278 2.64 1.49
300 18454 0.254 530.33 417.90 2010 120.16 0.279 3.51 3.47
116 18250 0.254 130.37 159.03 412 118.87 0.280 157.25 122.43
116 18250 0.254 111.54 136.06 412 118.87 0.280 26.13  20.35
107 180.17 0.255 5.81 330 324 118.69 0.280 8.36  6.12
302 17785 0.255 44.70  28.46 324 11869 0.280 7.96  5.83
214 17724 0.256 34.58 27.87 406 117.49 0281 11.04  8.43
214 17724  0.256 35.86 28.90 228 11537 0.283 3.62 10.10
206 173.33  0.257 4195 35.16 414 11358 0284 24.75 21.11
008 166.73 0.258 63.47 67.34 414 11358 0.284 47.34 40.39
215 16464 0.259 8.41 847 318 11294 0.285 4.19 491
304 16146 0.260 168.52 170.30 318 112.94 0.285 4.41 5.17
108 15964 0.260 19.23 1895 326 110.28  0.287 1.72  8.58
207 15695 0.261 8.94 6.32 330 106.54 0.291 75.97 56.81
222 15542  0.262 206.30 169.69 408 106.49 0.291 5.08 3.69
222 15542  0.262 34.41 2831 416 106.15 0.291 51.88 41.93
310 15355 0.262 6.51 549 416 106.15 0.191 47.90 38.71
311 15254 0.263 2.00 225 327 10568 0.292 412  3.75
311 15254 0.263 8.41 9.50 332 10521 0.292 2.39 2.09
216 15236 0.263 16.75 1966 332 105.21 0.292 2.42 212
216 15236 0.263 21.52 25.26 504 105.08 0.292 462  4.00
312 149.63 0.264 10.81 10.35 1112 104.98 0.293 48.63  40.09
312 14963 0.264 8.30 795 1112 104.98  0.293 11.26  9.27
118 147.82 0.264 27.31 24.60 2210 10240 0.296 3.08 2.71
313 145.13 0.266 4.49 2.18 2210 102.40 0.296 51.14 44.99
224 144.12 0.266 33.13 2733 334 101.49 0.297 16.57 16.97
224 144.12 0.266 62.51 5157 334 101.49 0.297 16.56 16.96
208 14282 0.266 15.22 1466 328 101.03  0.297 6.18  4.71
306 14199 0.267 1522 1325 328 101.03  0.297 6.72  5.12

*Full width at half maximum.
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TABLE 9

Crystallographic data, positional parameters and the interatomic distances (pm) and angles

(®) of a-AgGa[P,Seq]

Crystallographic data

Space group
Lattice parameters (pm)

Cell volume
z
Calculated density

Data collection

Pbca (61)
a=1216.9(5)
b=2248.4(6)
c=747.3(2)
2044.67 pm®x 10°
4

2.32 g cm™3®

Diffractometer Four-circle Philips

PW 1100 diffractometer,
Radiation Mo Ko, graphite monochromator
Scan mode 08/20
Number of measured reflections 1541
(6°<26<90°)
Number of observed reflections 855
{=20(D)
Number of refined parameters 91
Absorption coefficient u(Mo Ka) 92.7 ecm™!
Absorption correction DIFABS [21]
Structure solution and refinement SHELX-86 [22]
Final R (aniso) 0.0622
Positional and thermal parameters® ®
Atom x Y z U, (pm®)?
Ag 0.3997(4) 0.9839(2) 0.1593(6) 519(17)
Ga 0.3652(3) 0.1583(2) 0.2708(6) 187(22)
P 0.0995(7) 0.1567(4) 0.4557(15) 121(45)
P 0.6269(9) 0.0877(4) 0.2586(15) 184(52)
Se 0.2341(3) 0.1329(2) 0.0398(5) 200(19)
Se 0.5063(3) 0.2274(2) 0.1885(6) 188(19)
Se 0.3040(3) 0.9933(2) 0.8483(6) 226(21)
Se 0.2636(3) 0.1918(2) 0.5293(6) 249(20)
Se 0.4906(3) 0.8797(2) 0.1756(5) 225(20)
Se 0.4636(3) 0.0695(2) 0.3754(5) 163(19)
Atom Un Upe Uss Use Uy Uss
Ag 791(31) 332(21) 435(24) 174(22) —279(25) 179(19)
Ga 116(20) 232(22) 212(24) —37(19) —24(19) 23(20)
P 87(43) 61(39) 215(562) -4(38) 10(42) 26(41)
P 266(56) 110(48) 176(52) —21(46) —~51(48) 125(45)
Se 129(17) 288(21) 183(18) —-31(19) 45(18) 60(19)
Se 186(19) 143(17) 234(20) 15(16) 47(19) 73(17)
Se 214(19) 216(21) 249(22) 63(17) —-58(19) —69(19)

(continued)
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TABLE 9 (continued)

Atom U, U,y Uss Uy Uys Uss

Se 154(18) 363(22) 230(20) -12(19) 8(20) —125(21)
Se 228(20) 232(21) 216(19) —10(18) —-51(19) —56(20)
Se 168(18) 152(19) 168(19) —50(15) -7(17) 25(17)

Interatomic distances and angles

Ag-Se(2) 262.8(5) Se(6)-Ag—Se(4) 107.7(2)
Ag—Se(4) 260.8(6) Se(6)-Ag—Se(2) 120.4(2)
Ag-Se(4%) 290.0(4) Se(6)-Ag—Se(4*) 120.1(2)
Ag-Se(6) 259.5(6) Se(4)-Ag—Se(2) 128.3(2)
Se(4)-Ag—Se(4*) 92.2(2)
Se(2)-Ag—Se(4*) 79.8(1)
Ga—Se(1) 241.8(6) Se(3)-Ga—Se(1) 116.2(2)
Ga-Se(2) 245.6(6) Se(3)-Ga—Se(2) 105.0(2)
Ga-Se(3) 239.6(6) Se(3)-Ga~Se(5) 111.7(2)
Ga—Se(5) 241.5(6) Se(1)-Ga—Se(2) 110.9(2)
Se(1)~Ga—Se(5) 107.8(2)
Se(5)-Ga-Se(2) 104.4(2)
P(1)-P(2) 225.9(8)
P(1)-Se(6) 213.8(5) P(2)-P(1)-Se(6) 111.4(2)
P(1)-Se(5) 221.7(6) P(2)-P(1)-Se(5) 105.9(2)
P(1)-Se(3) 223.0(4) P(2)-P(1)-Se(3) 103.2(2)
Se(6)-P(1)-Se(5) 114.0(2)
Se(6)-P(1)-Se(3) 112.5(3)
Se(5)-P(1)-Se(3) 108.9(2)
P(2)-Se(4) 214.8(5) P(1)-P(2)-Se(4) 112.3(2)
P(2)-Se(1) 221.3(5) P(1)-P(2)-Se(1) 105.0(2)
P(2)-Se(2) 224.4(2) P(1)-P(2)-Se(2) 104.8(2)
Se(4)-P(1)-Se(1) 115.2(2)
Se(4)-P(1)-Se(2) 109.2(2)
Se(1)-P(1)-Se(2) 109.6(3)

2Ueq is defined as $(2;3;U;;af afa;).
®U,; is defined as exp|— 27 (U, h¥a** + ... + 2Uphka*b* + ..)].

selenium double-layer (Fig. 6). The P, pairs within the (010) planes are in
a random surrounding by M! and M™ species. The occupied octahedral layers
run with the sequence ...abc... along the {010] direction.

The crystal structure of a-AgGa[P,Sey] contains [P,Seg] octahedra which
share common edges with [GaSe,] tetrahedra, thereby giving polyhedral
chains running within (010) planes parallel to the [100] direction. Along
[010] adjacent chains (planes) are interconnected by sharing common edges
and common apices with [AgSe,] tetrahedra. The resulting layer structure
is shown in Fig. 7. The structure is related to the crystal structure of Ag,[P,Ses]
[2] which also contains the metal atoms in tetrahedral coordination and
which shows similar principles of polyhedral condensation ([P,Seqs] octahedra
sharing common edges and apices with [AgSe,] tetrahedra). As distinguished
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TABLE 10

Crystallographic data, positional parameters and interatomic distances (pm) and angles (°) of

B-AgGa[P,Seg]

Crystallographic data

Space group
Lattice parameters (pm)

Cell volume
Z
Calculated density

Data collection

P31c (163)
a=637.5(6)
¢=1332.0(12)
468.81 pm®x10°
2

5.05 g cm ™3

Diffractometer Four-circle Philips
PW 1100 diffractometer,
Radiation Mo Ka, graphite monochromator
Scan mode 6/20
Number of measured reflections 1537
(6°<20<90°)
Number of observed reflections 392
I>20(D)
Number of refined parameters 16
Absorption coefficient u(Mo Ka) 92.7 cm™?
Absorption correction DIFABS [21]
Structure solution and refinement SHELX-86 [22]
Final R (aniso) 0.245
Atom parameters and temperature factors
Atom x/a y/b z/c U, (pm??*
Ag 2/3 1/3 1/4 521(84)
Ga 0 0 1/4 275(70)
Se 0.3015(9) 0.3218(1) 0.1214(5) 232(22)
P 1/3 2/3 0.1718(24) 242(57)
Atom U Use Uss Uy Uss Uss
Ag 196(39) 196(39) 1171 98(19) 0(0) 0(0)
Ga 106(41) 106(41) 614 53(21) 0(0) 0(0)
Se 1(2) 536(36) —6(8) 22(23) -5(6)
Interatomic distances and angles
Ag-Se 286.2(6) 6% Se—Ag—Se 87.9(9) 6%
93.9(2) 3%
90.4(2) 3x
177.5(0) 3X
Ga—Se 262.6(6) 6% Se—Ga—Se 101.3(3) 3x
94.8(3) 3X
82.0(2) 6%
175.0(3) 3%
P-P 206.7(6)
P-Se 221.1(11) 3% P-P-Se 107.9(0) 3%
Se-P-Se 111.0(7) 3%

.Ueq is defined as i@izjaraj*a‘j).



TABLE 11

B-AgGa[P;Se;] comparison of the observed and calculated X-ray powder data

129

hkl dcalc (pm) I/Imax cale dobs (pm) I/Imax obs
002 666.00 26.5 665.56 14.7
103 345.99 10.1 343.66 45.0
004 333.00 12.1 332.18 41.7
112 287.51 100.0 286.63 100.0
201 270.30 3.5 268.49 7.2
105 239.92 6.5 238.19 4.8
114 230.26 35.8 228.68 20.1
300 184.03 23.6 183.20 24.1
116 182.17 16.0 181.63 8.2
302 177.38 3.8 176.74 5.2
008 166.50 4.2 166.24 8.1
215 164.27 2.7 163.96 8.1
304 161.07 3.9 160.54 5.5
222 154.99 9.2 1564.31 11.1
224 143.75 5.0 143.32 8.1
226 129.46 3.0 129.12 6.3
308 123.46 5.1 123.00 7.2
C
rals
(b

{a)

Fig. 5. Crystal structure of the isotypic phases Culn[P,Seq}, AgIn[P,Seg] and B-AgGal[P,Seg]
in polyhedral representation. Selenium atoms occupy the apices of the octahedra. The shaded
octahedra contain the P, pairs; M! and M™ are situated inside the unshaded octahedra (ordered

distribution).

from a-AgGa[P,Seq] (layer structure) the crystal structure of Ag,[P,Seg] [2]

is based on a three-dimensional framework.

The bond lengths In—-Se (275.7 pm and 281.6 pm) and Ga—Se (262.6
pm) in the crystal structures of Culn[P,Seg], AgIn[P,Seg] and B-AgGa[P,Seg]
correspond very well with the sum of the ionic radii (M™ in octahedral
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Fig. 6. Crystal structure of the isotypic phases CuCr[P,Seq], AgCr[P,Seq] and AgAl[P,Seq] in
polyhedral representation. Selenium atoms occupy the apices of the octahedra. The shaded
octahedra contain the P, pairs; M! and M are situated inside the unshaded octahedra (random
distribution).
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coordination) given by Pauling [23] (279.0 pm, 260.0 pm). The distances
Cu/Cr-Se (263.4-264.1 pm) in the crystal structure of CuCr[P,Seq] are
consistent with an average value of 272.0 pm, calculated from the sum of
the ionic radii (Cr'™-Se: 267.0 pm {23]) and the observed bond length Cu—Se
(277.7 pm) in the crystal structure of Culn[P,Seq]. The distances Ag—Se in
the octahedral layer structures of AgIn[P,Seq] and B-AgGa[P,Seq] (284.7 pm
and 286.2 pm) are much smaller than calculated from the data given by
Pauling ([23]; 324.0 pm) but they are in good agreement with the respective
value in the crystal structure of AgV[P,Ses] ([18]; 287.0 pm).

The bond lengths P-Se in the crystal structures of Culn[P;Seg], AgIn[P,Seq]
and CuCr[P,Seq] are nearly constant (216.5 pm, 213.5 pm and 211.3-211.5
pm) and do not directly depend on the size (average size) of the metal ions
which participate in the formation of the compounds. The PSe; groups in
this way appear as rigid entities, an observation already made by Brec et
al. [24] for the respective thio compounds. On the other hand, the P-P
distances within the [P,Seg] groups include the possibility of variation in
order to accommodate the metal sizes (P--P: 225.3 pm (Culn[P,Seg]), 225.6
pma (CuCr[P,Seg]) and 234.9 pm (AgIn[P,Seg])). A very short P—-P bond
length (206.7) which is even shorter than the P-P distance in the crystal
structure of Niy[P.Segl ([24]; 214.8 pm) is present in the crystal structure



131

Fig. 7. Crystal structure of a-AgGa[P,Seg]; polyhedral representation. Selenium atoms occupy
the apices of octahedra and tetrahedra. The octahedra contain the P, pairs, the darkly shaded
tetrahedra contain Ga™ and the lightly shaded tetrahedra Agl.

of B-AgGa[P,Seg]; together with the comparatively long P—Se distance of
221.1 pm the bonding conditions underline the metastable character of this
quaternary B-phase.

P—P and P—Se bond lengths (225.9 pm and 213.8-224.4 pm) in the
crystal structure of a-AgGa[P,Seg] are of the same order as observed in the
crystal structures of Culn{P,Ses] and CuCr[P,Seg] and are also consistent
with the respective values in the crystal structure of Ag,[P.Seg] ([2]; 230
pm and 216-222 pm). Ga—-Se distances (tetrahedral coordination of Ga™;
239.6—-245.6 pm) in the crystal structure of a-AgGa[P,Sey] are shorter than
the Ga—Se bonds of Ga™ with octahedral coordination (262.6 pm in -
AgGa[P,Seq]); the Ag—Se bonds (Ag' in tetrahedral coordination; 259.5-290.0
pm) in the crystal structure of a-AgGa[P,Seg] are of the same order as
observed in the crystal structure of Ag,[P.Ses]l ([2]; 262.3—286.8 pm). As
a common feature the [AgSe,] tetrahedra in the crystal structures of the
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Fig. 9. Phase relations in the quasibinary system AgIn[P,Seq}/a-AgGa[P.Seg]. DTA investigation
during heating (3 °C min~!; Ni-NiCr; inert reference); the samples were quenched from the

melt and annealed at 400 °C (21 d). Phase compositions at normal temperature were investigated
by X-ray powder methods.

ternary and the quaternary phases are characterized by three shorter and
one significantly longer Ag—Se distance.

From the viewpoint of application of the quaternary selenodiphosphates
in the field of photovoltaic devices [9, 10], the most promising material
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between the compounds given in Table 1 seems to be the silver indium
phase (AgIn[P,Seq]). The congruent melting behaviour together with the
perfect layer structure (variant of the Cdl;-type structure) make it possible
to grow thin films with crystallographic orientation directly from the melt.
Thin layers of the material are of a dark red colour with a metallic lustre
and show a sharp band-gap at Eg=1.79 eV (Fig. 8). Variation of Eg should
be realized by formation of solid solutions between isotypic phases (see
Table 1) or at least by partial (limited) solid solutions, which is shown as
an example in Fig. 9 for the quasibinary system between the non-isotypic
phases AgIn[P,Ses] and a-AgGa[P,Seyz]. Further investigations in phase equi-
libria of multicomponent selenodiphosphate systems are in progress.
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