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Abstract The rhodium-rich phosphides RERhgP4 (RE =
Sc, Yb, Lu) were synthesized from the constituent elements in
bismuth fluxes and their structures were refined from X-ray
single-crystal diffractometer data: P3, a = 6.968(2),
c = 3.666(2) A, wR (Fz) = 0.0481, 895 F* for ScRhgPy;
a=6971(1), c = 3.673(1) A, wR (F*) = 0.0614, 700 F*
for YbRhePy; a = 6.971(2), ¢ = 3.682(1) A, wR (F?) =
0.0828, 722 F* for LuRhgP, with 37 variables per refinement.
All three crystals are twinned. The twinning and the structural
relationship with the aristotype LiCogP,, space group P6m2
are discussed on the basis of a group—subgroup scheme. The
RERNgP, phosphides belong to the large number of metal-
rich compounds with a metal-to-phosphorus ratio near 2:1.
The isolated phosphorus atoms have trigonal prismatic metal
coordination by RE and Rh atoms. The high rhodium content
leads to a pronounced rhodium substructure (278-293 pm
Rh-Rh in ScRh¢Py). From a geometrical point of view, the
RERhgP, structures can be viewed as intergrowth variants of
slightly distorted ThCr,Si,-related slabs as realized for
KRh,P,.
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Introduction

Ternary phosphides RRhyP, (R = alkali, alkaline earth,
rare earth, or actinoid metal) have only scarcely been
investigated. This is due to the high price and also the low
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reactivity of rhodium. So far, the phosphides RRh,P,
(R = K, Rb, Cs, Ca, Sr, Ba, La, Ce, Pr, Nd, Eu) [1-5] with
ThCr,Si,- or CaBe,Ge,-type structure, R,Rh,P; (R = Sr,
Zr, Nd, Gd, Tb, Dy, Ho, Er, Yb) [6-8], R¢Rh3¢P)o
(R = Ca, Eu, Yb) [9], RE¢Rh3,P>; (RE = La, Ce) [10],
(La, Ce)1oRh3oP;; [11], La;gRhogPs; [12], UsRhooPy3 [13],
SroRh;P¢ [14], Mg4Rh,P¢ [15], and MgRheP4 [16] have
been synthesized and structurally characterized.

Preparation of these phosphides proceeds by different
techniques. For a simple ceramic synthesis route, fine
powders of the elements can be reacted in corundum or
molybdenum crucibles at high temperature, followed by
slow cooling rates. Such reactions often require repeated
grinding and annealing cycles to obtain pure polycrystal-
line products. Well-shaped single crystals of most RyRh,P,
phosphides were grown via lead fluxes [17]. The excess
flux can easily be removed by oxidation through a mixture
of glacial acetic acid and hydrogen peroxide (30%).

Extending our recent work on bismuth or lead flux
growth of several RE,Ir,P, phosphides (RE = rare earth
element) [18-21], we also investigated the rhodium-con-
taining systems. Herein we report on the trigonal
phosphides RERh¢P, (RE = Sc, Yb, Lu) which crystallize
with a superstructure of the LiCogP, type [22].

Results and discussion

Structure refinements

Careful analyses of the three diffractometer data sets
revealed primitive hexagonal lattices and no systematic
extinctions. In agreement with the energy-dispersive X-ray

(EDX) analyses and the Guinier powder patterns we sug-
gested isotypism with LiCogP4 [22], space group P6m2, a
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Pem2 891: 1a|Rh1:3j |Rh2: 3k| P1:1c | P2: 3k
6m2 mm?2 mm2 6m2 mm2
0 0.5341 1 0.1919 1/3 0.8161
0 -X -X 2/3 -X
0 0 0 1/2 0 112

Ll

P3m1 Sc1:1a|Rh1: 3d|Rh2: 3d| P1:1b | P2: 3d
3m. .m. .m. 3m. .m.

0 0.5341 | 0.1919 1/3 0.8161
0 -X -X 2/3 -X

17 0.0000 | 0.0000 | 0.5000 | 0.0000 | 0.5000

oLl

P3 Sc1:1a|Rh1: 3d|Rh2: 3d| P1:1b | P2: 3d
3. 1 1 3. 1

0 0.53411 0.1919 1/3 0.8161

0 0.4659 | 0.8081 2/3 0.1915

0.0000 | 0.0000 | 0.5000 | 0.0000 | 0.5000

refined | Sc1:1a|Rh1:3d|Rh2:3d| P1:1b | P2: 3d
3. 1 1 3. 1

0 0.5475] 0.1859 1/3 0.8181

0 0.4800 | 0.7990 2/3 0.1915

0.0003 | 0.0003 | 0.5002 | 0.9993 | 0.4998

Fig. 1 Group-subgroup scheme in the Bdrnighausen formalism [27—
30] for the subcell and the superstructure of ScRh¢P,4. The indices for
the translationengleiche symmetry reductions and the evolution of the
atomic parameters are given

structure type which was also observed for the chemically
related compounds o-UCrgP, [23], MgCo¢P, [24],
MgRheP4, MgRhgAs,, CaRhgAsy, SrRhgAsy, and Yb-
RhgAs, [16]. The structure of the scandium compound was
refined first. The positional parameters of LiCogP4 [22]
were taken as starting values and the structure was refined
using SHELXL-97 [25, 26] (full-matrix least-squares on
F?) with anisotropic atomic displacement parameters for all
sites. This refinement converged to R; = 0.0678 and
wR, = 0.1741 with enhanced U;; = U,, values for Rhl
and enhanced Us; for P2. Considering the high residual and
the anisotropic displacements we assumed twinning and a
symmetry reduction. Also the high standard deviation of
the batch scale factor (BASF) value of 0.5(7) was indica-
tive of a symmetry problem.

Inspection of the subgroups of P6m2 led to the Bdr-
nighausen tree [27-30] presented in Fig. 1. Subsequent
refinement of the structure with Jana 2006 [31] in space
group P3 (two translationengleiche symmetry reductions
from P6m2 via P3ml to P3), assuming the twin matrix
(=100,110,00 1) drastically drops the residuals to the
values listed in Table 1. The YbRhgP4 and LuRhgP4
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crystals showed the same twinning and were refined ade-
quately. The final difference-Fourier synthesis revealed no
significant residues. The refined atomic positions and the
anisotropic displacement parameters are given in Tables 2
and 3. As an example we present the interatomic distances
of ScRhgP, in Table 4. Further information on the structure
refinements is available in the “Experimental”.

Crystal chemistry

The new rhodium-rich phosphides RERhgP, (RE = Sc, Yb,
Lu) belong to the large family of metal-rich compounds
with a metal-to-phosphorus ratio near or equal to 2:1 with
layered structures. Overviews on the rich crystal chemistry,
the building principles, and the physical properties of these
phosphides are given in diverse review articles [32-34].
One of the basic building principles of such metal-rich
phosphides is the trigonal prismatic metal coordination of
the phosphorus atoms. This is emphasized for ScRhgP, in
the left-hand part of Fig. 2. The building units drawn with
thin and thick lines are shifted by approximately half the
¢ translation period. The P1 atoms within the rhodium
prisms are capped by three additional rhodium atoms on
the rectangular sites, leading to coordination number nine,
as typically observed for such structures. This is different
for the P2 atoms. They are located in distorted trigonal
prisms formed by four rhodium and two scandium atoms.
Because of the propeller-like condensation motif of these
trigonal prisms, only two of the rectangular faces are
capped by additional rhodium atoms. Although this
description is a purely geometrical one, it is well suited to
describe and distinguish the large number of different
structure types of metal-rich phosphides [32].

The shortest interatomic distances in the ScRhgPy
structure occur for Rh—P. They range from 228 to 258 pm.
The shorter ones compare well with the sum of the covalent
radii [35] of 235 pm, indicating substantial covalent Rh—P
bonding, similar to LasRhgPy (229-254 pm) [36] or
MgRheP4 (242-250 pm) [16]. Together, the rthodium and
phosphorus atoms build up a three-dimensional [RhgPy]
network which leaves hexagonal prismatic cages (6
Rh + 6 P atoms) for the scandium atoms (Fig. 2). As could
be expected from the high rhodium content, within the
ScRh¢P, structure we observe a broad range of Rh—-Rh
distances (278-293 pm). They are only slightly longer than
in fcc rhodium (269 pm) [37]. Therefore, the Rh—Rh con-
tacts also contribute to the stability of the ScRhgPy
structure. A cutout of the rhodium substructure is presented
in Fig. 3.

ScRhgP, is one of the metal-rich phosphides with a very
simple structure; only 11 atoms per unit cell. The very
complex structures within this family of compounds can
often be described as intergrowth variants [32, 38] of
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Table 1 Crystallographic data
and structure refinement for

SCRh6P4, Yth6P4, and
LuRhgPy, space group P3,
Z=1
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Formula ScRhgP4 YbRhgP, LuRhgP,4
Molar mass (g mol™") 786.28 914.37 916.30
Lattice parameters (A) a = 6.968(2) a=6971(1) a=6971(12)

¢ = 3.666(2) ¢ =3.673(1) ¢ = 3.682(1)
Cell volume (/0%3) V=1542(2) V = 154.6(2) V = 155.02)
Density calc. (g cm™3) 8.47(1) 9.82(1) 9.82(1)
Crystal size (um) 10 x 40 x 60 10 x 30 x 50 20 x 40 x 60
Detector distance (mm) 60 80 80
Exposure time (min) 3 3 3
o range; increment (deg) 0-180, 1.0 0-180, 1.0 0-180, 1.0
Integr. param. A, B, EMS 12.8; 2.6; 0.012 13.0; 3.0; 0.012 12.8; 2.1; 0.013
h k [ range +11; £11; £5 +10; £10; £5 +10; £10; £5
Ornin> Omax () 3.4/34.8 3.4/31.8 3.4/31.8
Linear absorption coeff. 17.6 31.5 323

(mm™")

No. of reflections 4,652 3,779 3,843
Rine 0.0714 0.0820 0.1324
No. of independent reflections 895 700 722
Reflections used [/ > 3a(])] 886 699 720
F(000), e 351 400 401
R factors R(F)/wR(F?) 0.0203/0.0481 0.0227/0.0614 0.0392/0.0828
No. of refined parameters 37 37 37
Goodness-of-fit 1.52 1.68 1.34
Twin ratio 15(2):23(1):31(1):31(1) 25(3):34(2):24(2):17(2) 26(2):24(1):25(1):25(1)
Extinction coefficient 718(19) 440(15) 116(10)
Diff. Fourier residues (e A73) —0.80, +0.68 —-1.72, +2.10 —2.50, +2.25

Table 2 Atom positions and equivalent isotropic displacement
parameters (A2) for ScRhgP4, YbRhgP,, and LuRhgP,4

Atom Wyckoff x y z Ueq
position
ScRhgP4
Sc la 0 0 0.0004* 0.0173(3)
Rhl  3d 0.5475(1) 0.4800(1) 0.0003(1)  0.0183(2)
Rh2 3d 0.1859(1) 0.7990(1) 0.5002(1)  0.0168(2)
Pl 16 173 2/3 0.9993(7)  0.0197(4)
P2 3d 0.8181(4) 0.1915(3) 0.4998(4)  0.0201(4)
YbRh¢P,
Yb la 0 0 0.00002* 0.0084(2)
Rhl 3d 0.5476(3) 0.4797(3) 0.994(2) 0.0091(4)
Rh2 3d 0.1878(3) 0.7960(2) 0.4927(19) 0.0071(4)
P1 1b 173 2/3 0.999(10)  0.0069(9)
P2 3d 0.8163(7) 0.1930(7) 0.501(7) 0.0070(12)
LuRhgP,
Lu la 0 0 0.0689%* 0.0155(2)
Rhl 3d 0.5365(6) 0.4679(5) 0.0634(17) 0.0140(7)
Rh2  3d 0.1971(6) 0.8032(5) 0.5594(9)  0.0128(7)
P1 16 1/3 2/3 0.083(3) 0.0120(10)
P2 3d 0.802(2)  0.186(2)  0.580(3) 0.013(2)

* The z parameters of the RE sites were fixed during the refinement

simpler structure types. This is also possible for ScRhgP,.
As emphasized at the right-hand part of Fig. 2, ScRheP,
can be described as an intergrowth variant of slightly dis-
torted ThCr,Si,-related slabs. Such an arrangement is
known for KRh,P, [5]. This classification scheme has
successfully been applied to various metal-rich iridium
phosphides [18-21].

Finally we draw back to the superstructure formation. So
far, this structural arrangement has been observed for LiCogP,
[22], O(-UCT6P4 [23], MgC06P4 [24], Mth6P4, MthﬁAS4,
CaRhgAs,, StRhgAs,, and YbRhgAs, [16]. All these phos-
phides and arsenides have been described with the higher
symmetric hexagonal space group. A critical inspection of the
displacement parameters of these compounds shows (1)
enhanced equivalent isotropic parameters for Crl and P2 of
o-UCrgP,4 [23] and (2) enhanced Uss values for Co2 and P2 of
LiCogP4 [22]. It is interesting to note that preliminary X-ray
film data of ZrCrgP, [39] indicated a doubling of the subcell
c axis. Most likely a second superstructure exists for the
family of 1-6-4 phosphides. A detailed structural investiga-
tion on ZrCr¢P, and a reinvestigation of LiCogP, are in
progress. Most likely the superstructure formation is a geo-
metrical effect. This hypothesis, however, can only be
verified when all 1-6—4 structures have been refined.
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Table 3 Anisotropic displacement parameters (10\2) for ScRhgP,4, YbRheP,4, and LuRhgP,

Atom Uy Uxn Us; Ux Uis Uz
ScRhgP4

Sc 0.0185(5) Uy, 0.0147(5) 0.0093(2) 0 0

Rh1 0.0179(2) 0.0189(2) 0.0199(2) 0.0105(2) 0.00007(19) 0.0001(2)

Rh2 0.0157(2) 0.0158(2) 0.0192(2) 0.0081(1) 0.00009(17) —0.00006(19)

P1 0.0186(6) Uy, 0.0218(7) 0.0093(3) 0 0

P2 0.0208(6) 0.0169(5) 0.0208(5) 0.0080(4) 0.0000(5) 0.0002(4)
YbRhP,

Yb 0.0089(2) Uy, 0.0073(3) 0.0044(1) 0 0

Rh1 0.0100(6) 0.0091(4) 0.0105(5) 0.0065(3) —0.0003(15) —0.0005(15)

Rh2 0.0063(5) 0.0058(4) 0.0091(6) 0.0030(3) 0.0015(12) —0.0017(12)

P1 0.0062(9) Uy, 0.0083(18) 0.0031(5) 0 0

P2 0.0051(12) 0.0069(13) 0.008(2) 0.0019(12) 0.002(5) —0.001(4)
LuRhgP,

Lu 0.0173(3) Uy, 0.0119(3) 0.0086(2) 0 0

Rhl 0.0249(13) 0.0069(9) 0.0127(3) 0.0097(3) 0.006(2) 0.001(2)

Rh2 0.0147(10) 0.0121(11) 0.0116(5) 0.0066(3) —0.004(2) 0.001(2)

P1 0.0145(11) Uy, 0.007(2) 0.0072(6) 0 0

P2 0.013(4) 0.010(3) 0.013(2) 0.0028(16) 0.014(4) 0.010(4)

Coefficients U;; of the anisotropic displacement factor tensor of the atoms are defined by: —2n? [(ha*)?Uyy + - - + 2hka*b* Uy

Table 4 Interatomic distances (10\) for ScRhgP,

Scl

DD W W W W W W

)
=

[ NS T NG S NG Y Sy g S

P2
P2
Rh2
Rh2
Rh1
Rh1
Scl

P2
P1
P2
P2
P2
Rh1
Rh2
Rh2

2.904(2)
2.906(2)
2.968(1)
2.969(1)
3.413(1)
3.603(1)
3.666(1)

2.418(3)
2421(3)
2.421(1)
2.573(3)
2.576(3)
2.784(1)
2.815(2)
2.836(2)

Rh2

P2
P2
P1
P1
Rhl
Rh1
Rh2
Scl
Scl

_—= NN DN e e

w =

Rh1
Rh2
Rh2
P2

1 Rh2
1 Rh2
1 Rhl
1 Rhl
1 Rhl
1 Rhl
1 Scl

1 Scl

2.280(2)
2311(3)
2.491(3)
2.495(3)
2.815(2)
2.836(2)
2.926(1)
2.968(1)
2.969(1)

2.421(1)
2.491(3)
2.495(3)

2.280(2)
2.311(3)
2.418(3)
2.421(3)
2.573(3)
2.576(3)
2.904(3)
2.906(3)

All distances of the first coordination spheres are listed
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Experimental
Synthesis

Single crystals of the three metal-rich phosphides were pre-
pared by the bismuth flux technique [17]. Starting materials
were pieces of scandium, ytterbium, and lutetium (Smart
Elements, >99.9%), rhodium powder (Heraeus, >99.9%), red
phosphorus (Hoechst, Knapsack, ultrapure), and bismuth
shots (ABCR GmbH, 99.99%). Pieces of scandium, ytter-
bium, lutetium, rhodium powder, red phosphorus, and
bismuth shots were mixed in molar ratios of 1:2:2:30 (Sc/Rh/
P/Bi), 1:2:2:60 (Yb/Rh/P/Bi), and 3:2:2:30 (Lu/Rh/P/Bi) and
sealed in evacuated silica tubes. The tubes were placed in a
muffle furnace and first heated to 770 K at a rate of 20 K/h
and kept at that temperature for 24 h. Subsequently the
temperature was raised to 1,320 K at a rate of 50 K/h, kept at
that temperature for 100 h, followed by slow cooling to
970 Katarate of 2 K/hand further to 570 K atarate of 4 K/h.
The samples were quenched on air and the excess bismuth
flux was slowly dissolved with a 1:1 molar mixture of glacial
acetic acid (VWR International) and H,O, (ACROS 35%).
The resulting samples were washed with demineralised
water. The reaction products consisted of partially intergrown
pillar-shaped crystals with metallic lustre. By-products
(which remained after the oxidative dissolution of the flux)
were the binary rhodium phosphides Rh,P and RhP,.
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KRhoPs
ThCroSis type

Fig. 2 Projection of the ScRh¢P, structure onto the xy plane. All
atoms lie on mirror planes at y & O (thin lines) and y ~ 1/2 (thick
lines). Scandium, rhodium, and phosphorus atoms are drawn as
medium grey, filled, and open circles, respectively. The three-
dimensional [Rh¢P4] network is emphasized at the right-hand part of
the drawing and atom designations are given within the unit cell. The
intergrowth character of ThCr,Si, (KRh,P;)-related slabs is high-
lighted. The left-hand part of the drawing emphasizes the trigonal
prismatic coordination of the phosphorus atoms. For details see text

Fig. 3 Top the rhodium substructure of ScRhgP, as a projection onto
the xy plane. Bottom cutout of the rhodium substructure in xz
projection. Atom designations and relevant interatomic distances are
given

Scanning electron microscopy

Semiquantitative EDX analyses of single crystals investi-
gated on the diffractometer and the bulk samples were
carried out with a Zeiss EVO MAI10 scanning electron
microscope with Sc, YbFz, LuF;, Rh, GaP, and Bi as

Fig. 4 Scanning electron micrographs of an YbRheP, rod (fop) and
intergrown blocks of ScRheP, (bottom)

standards. The experimentally observed compositions of
9 + 2 at% RE: 55 + 2 at% Rh: 36 £ 2 at% P were close
to the ideal one (9.1:54.5:36.4). There was no hint of bis-
muth incorporation into the crystals, in agreement with the
single-crystal X-ray data. However, some crystals showed
small surface contamination with traces of undissolved
bismuth. The YbRhgP, and LuRhgP, crystals formed as
thin rods, whereas ScRh¢P, forms compact intergrown
blocks (Fig. 4).

X-ray diffraction data

The flux grown samples were characterized by X-ray
powder diffraction using a Guinier camera equipped with
an image plate system (Fujifilm, BAS-1800) using Cu Ku;
radiation and o-quartz (@ = 4.9130, ¢ = 5.4046 A) as an
internal standard. The trigonal lattice parameters were
deduced from least-squares refinements of the powder data.
To ensure correct indexing, the experimental patterns were
compared with calculated ones [40] using the positional
parameters obtained from the structure refinements.
Pillar-shaped crystal fragments of ScRhgP;, YbRhgP,,
and LuRh¢P, were separated from the flux-grown sample
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by mechanical fragmentation. The pillars were glued to
quartz fibres using beeswax and were characterized by
Laue photographs on a Buerger camera (white molybde-
num radiation, image plate technique, Fujifilm, BAS-1800)
to check their suitability for an intensity data collection.
The data sets were collected at room temperature by use of
an IPDS II diffractometer (graphite monochromatized Mo
Ko radiation; oscillation mode). Numerical absorption
corrections were applied to the data sets. All relevant
crystallographic data and details of the data collections and
evaluations are listed in Table 1.

Further information on the structure refinements may be
obtained from: Fachinformationszentrum Karlsruhe,
D-76344 Eggenstein-Leopoldshafen (Germany), by quot-
ing the Registry Nos. CSD-422333 (ScRhgP,), CSD-
422334 (YbRhgP,), and CSD-422335 (LuRhgPy).

Acknowledgments This work was financially supported by the
Deutsche Forschungsgemeinschaft.

References

1. Czybulka A, Noack M, Schuster H-U (1992) Z Anorg Allg Chem
609:122

2. Wurth A, Johrendt D, Mewis A, Huhnt C, Michels G, Roepke M,
Schlabitz W (1997) Z Anorg Allg Chem 623:1418

3. Wenz P, Schuster H-U (1984) Z Naturforsch 39b:1816

4. Madar R, Chaudouet P, Senateur JP, Zemni S, Tranqui D (1987) J
Less-Common Met 133:303

5. Rozsa S, Schuster H-U (1981) Z Naturforsch 36b:1668

6. Wurth A, Keimes V, Johrendt D, Mewis A (2001) Z Anorg Allg
Chem 627:2183

7. Pivan J-Y, Guérin R, Sergent M (1984) C R Acad Sci Ser II
299:533

8. Pivan JY, Guérin R, Sergent M (1985) J Less-Common Met
107:249

9. Wurth A, Lohken A, Mewis A (2002) Z Anorg Allg Chem
628:661

10. Pivan J-Y, Guérin R, Pena O, Padiou J, Sergent M (1988) Mater
Res Bull 23:513

11. Pivan JY, Guérin R (1986) J Less-Common Met 120:247

12. Pivan J-Y, Guérin R, Sergent M (1987) J Solid State Chem 68:11

13. Ghetta V, Chaudouet P, Madar R, Senateur JP, Lambert-Andron
B (1987) Mater Res Bull 22:483

@ Springer

14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.

217.
28.

29.
30.

31.

32.

33.
34.

35.
. Pfannenschmidt U, Johrendt D, Behrends F, Eckert H, Eul M,
37.
38.

39.

40.

Wurth A, Mewis A (1999) Z Anorg Allg Chem 625:1486
Wurth A, Lohken A, Mewis A (2001) Z Anorg Allg Chem
627:1213

Wurth A, Mewis A (1999) Z Anorg Allg Chem 625:449
Kanatzidis MG, Pottgen R, Jeitschko W (2005) Angew Chem
117:7156

Pfannenschmidt U, Rodewald UC, Péttgen R (2010) Z Anorg
Allg Chem 636:314

Pfannenschmidt U, Rodewald UC, Péttgen R (2010) Z Kristallogr
225:280

Pfannenschmidt U, Rodewald UC, Péttgen R (2011) Z Kristallogr
13 (in press)

Pfannenschmidt U, Rodewald UC, Pottgen R (2011) Z Natur-
forsch 66b:7

Buschmann R, Schuster H-U (1991) Z Naturforsch 46b:699
Jeitschko W, Brink R (1992) Z Naturforsch 47b:192

Hellmann A, Mewis A (2001) Z Anorg Allg Chem 627:1357
Sheldrick GM (1997) SHELXL-97, program for cystal structure
refinement. University of Gottingen

Sheldrick GM (2008) Acta Crystallogr A64:112

Bérnighausen H (1980) Commun Math Chem 9:139
Birnighausen H, Miiller U (1996) Symmetriebeziehungen zwis-
chen den Raumgruppen als Hilfsmittel zur straffen Darstellung
von Strukturzusammenhingen in der Kristallchemie. Universitit
Karlsruhe und Universitiat/GH Kassel

Miiller U (2004) Z Anorg Allg Chem 630:1519

Wondratschek H, Miiller U (2010) International tables for crys-
tallography, vol Al: symmetry relations between space groups,
2nd edn. Wiley, Chichester

Petricek V, Dusek M, Palatinus L (2006) Structure determination
software programs. Institute of Physics, University of Prague,
Prague (Czech Republic)

Kuz’ma Yu, Chykhrij S (1996) Phosphides. In: Gschneidner KA
Jr, Eyring L (eds) Handbook on the physics and chemistry of rare
earths, vol 23. Elsevier, Amsterdam, chap 156, p 285

Chykhrij SI (1999) Pol J Chem 73:1595

Pottgen R, Honle W, von Schnering HG (2005) Phosphides: solid
state chemistry. In: King RB (ed) Encyclopedia of inorganic
chemistry, vol VII, 2nd edn. Wiley, New York, p 4255

Emsley J (1999) The elements. Oxford University Press, Oxford

Pottgen R (2011) Inorg Chem (in press)

Donohue J (1974) The structures of the elements. Wiley, New
York

Parthé E, Chabot B, Cenzual K (1985) Chimia 39:164

Brink R (1989) Strukturchemische Untersuchungen von Phos-
phiden des Urans mit Chrom und Molybdin. Dissertation,
Universitidt Miinster

Yvon K, Jeitschko W, Parthé E (1977) J Appl Crystallogr 10:73



	Bismuth flux crystal growth of RERh6P4 (RE = Sc, Yb, Lu): new phosphides with a superstructure of the LiCo6P4 type
	Abstract
	Introduction
	Results and discussion
	Structure refinements
	Crystal chemistry

	Experimental
	Synthesis
	Scanning electron microscopy
	X-ray diffraction data

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


