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NaCeP,Ses, Cug4Ce;,P,Ses, and AgCeP,Ses were prepared from nearly stoichiometric proportions of the starting
materials plus extra selenium at 750—850 °C. Cey.33P,Ses (or Cey(P2Seg)s) was obtained from the same reaction
that produced Cug4Ce1 2P,Ses. The structure of all four compounds was determined by single-crystal X-ray diffraction.
NaCeP,Ses, CupsCes,P,Ses, and Ce; 33P,Ses crystallize in the monoclinic space group, P2i/c, with a = 12.1422-
(2), b =7.6982(1), c = 11.7399(2) A, p = 111.545(1)° and Z = 4 for NaCeP,Ses; a = 12.040(1), b = 7.6418(8),
¢ = 11.700(1) A, B = 111.269(2)° and Z = 4 for Cu4Ce;,P,Ses; and a = 6.8057(5), b = 22.969(2), ¢ =
11.7226(8) A, B = 124.096(1)° and Z = 6 for Ce;33P,Ses. NaCeP,Ses has a two-dimensional character and is
isostructural to the KLnP,Qs family of compounds, where Ln = La, Ce, and Pr for Q = Se and Ln = La for Q =
S. The structure consists of [CeP,Seg],"~ layers which are separated by Na* cations. Each layer contains CeSeq
distorted, tricapped trigonal prisms and [P,Seg]*~ ethane-like anions. Cug4Ce; 2P,Ses possesses a similar structure;
however, substitution of the alkali metal by copper and cerium atoms renders the structure three dimensional.
Ce133P,Ses is the pure lanthanide member of this structure type. In this three-dimensional structure, there are
three cerium metal sites which are partially occupied. The structure of AgCeP,Ses was solved in the superspace
group P2;/c(a0y) and represents an incommensurately modulated version of the KLnP,Qs Structure type, with a
=9.971(5), b = 7.482(3), c = 11.757(4) A, B = 145.630(9)°, q = 0.3121(18)a* + 0.4116(19)c*, and Z = 2. The
structures of the compounds reported here and those of the KLnP,Qs family are highly related to the monoclinic-II,
M'PQs structure type (where M = Pb, Sn, Ca, and Sr for Q = S and M = Pb and Sn for Q = Se). Optical and
vibrational spectroscopic characterization is also reported.

Introduction

prepared and investigated over the last 30 years. The family

Recently there has been a renewed interest in rare-earttPf LnPS compounds (where Lr Y, La, Ce, Pr, Nd, Sm,
chalcogenide$:5Of particular interest to our research group Gd, Tb, Er, Tm, and Yb) stands out because of their

are rare-earth chalcophosphdi@hese materials comprise

a relatively small class of compounds; which have been
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interesting luminescent behavior. Also rather intriguing is
the recent discovery that KTb®e exhibits a pressure-
induced phase transition a9.2 GPa? It has been proposed

that the high-pressure phase is due to charge transfer from
the selenium to the phosphorus accompanied by the forma-

tion of a Se-Se bond.

(5) Narducci, A. A.; Yang, Y. T.; Digman, M. A,; Sipes, A. B.; Ibers, J.
A. J. Alloy Compd200Q 303 432-439. (b) Huang, F. Q.; Brazis,
P.; Kannewurf, C. R.; Ibers, J. Anorg. Chem.200Q 39, 3176—
3180. (c) Huang, F. Q.; Ibers, J. A. Solid State Chen2000 151,
317-322.

(6) Kanatzidis, M. GCurr. Opin. in Solid State Mater. Sd997, 2, 139~
149, and references therein.
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Initially, our goal was to synthesize selenium analogues The structure of the compounds described here is highly
of the LnPS phases. In the process of our investigations related to the “monoclinic-11", MPQ; structure-type(P2/
into the Ce-P—Se system, we discovered NaG8R. This c),2!where M= Pb?2Sn22Ca2®and Sf:for Q=S and M
phase was formed when the starting materials reacted with= PI?* and S@& for Q = Se. Several members of this
the fused silica reaction tube and abstracted sodium ions.structure type, such as $1Ss and SaP.Se;, show ferro-
Later a more rational synthesis was devised. This surprise€lectric-paraelectric phase transitions and have recently
was well received since sodium containing selenophosphateditracted attention as promising materials for use in memory

are little knowr?° NaCeRSe; is isostructural to the KLnf®s
family of compounds, where L& La, Ce, and Pr for G=
Sé® and Ln = La for Q = S17 The highly impressive
tendency of this system to mine Né&ons in order to form
a quaternary compound, rather than a ternary-EeSe

phase, emphatically underscored the considerable stability

devices?® (Phy4sSnys9).P.Ses is useful as a sensitive and
tunable thermometer at low temperatures, as it is unaffected
by large magnetic fields (up to 20 #)Here we report the
synthesis, structure, and optical and Raman spectroscopic
properties of NaCeBe;, Cuw e P.Se;, Ce 3P,Se, and
AgCeRSe;.

of this structure type and prompted us to prepare analoguesExperimental Section

with similarly charged and sized cations, e. g., Cu and Ag.

Reagents.The chemicals for this work were used as obtained

Investigations with these coinage metals led to three otherpjess noted otherwise: (i) sodium metal, analytical reagent,

new phases, namely giCe -P,Se&, AgCeRSe;,, and Cg(P,-
Se)s, which will be referred to as Ge#.Se; from here on.
Albeit more intricate, C1Ce ,P,Se and Cesd,Se; are also
related to the KLnRQs structure type. Interestingly, AQCgP
Se; presents a complicated crystallographic problem becaus

it possesses an incommensurately modulated version of th

KLnP,Qg structure, which could only be solved accurately
using the four-dimensional space groBg./c (a0y).

(7) LnPS (where Ln=Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Er, Tm, and Yb:)
(a) Yampolakaya, V. V.; Serebrennikov, V. \Russ. J. Inorg. Chem.
1972 17,1771-1772. (b) Wibbelmann, C.; Brockner, W.; Eisenmann,
B.; Schder, H. Z. Naturforsch.1984 39a 190-194. (c) Palkina, K.
K.; Maksimova, S. I.; Chibiskova, N. T.; Kuvshinova, T. B.; Volodina,
A. N. Inorg. Mater. Engl. Tr.1984 20, 1557-1560. (d) Volodina, A.
N.; Koubchinova, T. B.; Maximova, S. |.; Mouraviev, E. N.; Niazov,
C. A.; Tchibiskova, N. I.Zh. Neorg. Khim SSSRI87, 32, 2899
2901. (e) Le Rolland, B.; MoliriieP.; Colombet, PC. R. Acad. Sci.
Paris Seie 11 199Q 310, 1201-1206. (f) Le Rolland, B.; McMillan,
P.; Molinig, P.; Colombet, PEur. J. Solid State Inorg. Chert99Q
27, 715-724. (g) Palkina, K. K.; Kuvshinova, T. B.; Maksimova, S.
I.; Chibiskova, N. T.; Tirpolskaya, T. Anorg. Mater. Engl. Tr1989
25, 1555-1556. (h) Huang, Z. L.; Victoria, C.; Pilippe NL.Rare Earth
1999 17, 6-11. (i) Huang, Z. LJ. Rare Earth1998 16, 167—171.

(j) Huang, Z. L.; Cajipe, V. B.; LeRolland, B.; Colombet, P.; Schipper,
W. J.; Blasse, GEur. J. Solid State Inorg. Cheri992 29, 1133—
1144.

(8) EwP,Ss: Brockner, W.; Becker, RZ. Naturforsch1987, 423 511—
512.

(9) EwP,Se; is mentioned briefly as a footnote in ref 16b.

(10) TIEUPS: Carrillo-Cabrera, W.; Peters, K.; von Schnering, H.ZG.
Anorg. Allg. Chem1995 621, 557—561.

(11) LiEuPSe and KEuPSg Aitken, J. A.; Chondroudis, K.; Young, V.
G. Jr.; Kanatzidis, M. Glnorg. Chem.200Q 39, 1525-1533.

(12) K4Eu(PSe)2: Chondroudis, K.; McCarthy, T. J.; Kanatzidis, M. G.
Inorg. Chem.1996 35, 840-844.

(13) RyCe(PSg)s: Chondroudis, K.; Kanatzidis, M. Gnorg. Chem.
Communl1998 1/2, 55-57.

(14) AREx(PSe)2(P:Se) (A = Rb, Cs; RE= Ce, Gd), ARE(PSe), (A
= Rb, Cs; RE= Ce, Gd): Chondroudis, K.; Kanatzidis, M. Gorg.
Chem.1998 37, 3792-3797.

(15) A;ThPsSe (A = K, Rb) and CsThy,PsSe7: Piccoli, P. M. B.; Abney,
K. D.; Schoonover, J. R.; Dorhout, P. Khorg. Chem.200Q 39,
2970-2976.

(16) K(RE)RSe (RE=Y, La, Ce, Pr, Gd, Th): (a) Chen, J. H.; Dorhout,
P. K. Inorg. Chem.1995 34, 5705-5706. (b) Chen, J. H.; Dorhout,
P. K.; Ostenson, J. Enorg. Chem1996 35, 5627-5633. (c) Orgzall,
l.; Lorenz, B.; Dorhout, P. K.; Van Calcar, P. M.; Brister, K.; Sander,
T.; Hochheimer, H. DJ. Phys. Chem. Solid&00Q 61, 123-134.

(17) KLaR:Ss, KaLa(PQs)12(PQu), KsLa(PQi)2, KalagedPQu)2, Ko
Lag+w3)(PQs)s, KEUPQ, where Q= S or Se, and KEU(PS)2: (a)
Evenson, C. R. IV; Dorhout, P. Knorg. Chem.2001, 40, 2884-
2891. (b) Evenson, C. R. IV; Dorhout, P. Kiorg. Chem2001 40,
2875-2883.

€
e

Mallinckrodt Inc., Paris, KY; (ii) copper metal powder, Fisher
Scientific Company, Fair Lawn, NJ; (iii) silver metal 99.99%,
Liberty Coins, Lansing, MI; (iv) cerium metal powder 99.9%250
micron, Alfa Aesar, Ward Hill, MA; (v) red phosphorus powder,
100 mesh, EM Science, Gibbstown, NJ; (vi) selenium powder
99.5+%, 100 mesh, Aldrich Chemical Co., Inc., Milwaukee, WI.
Synthesis. Ag Metal Powder.A silver coin (99.99%) was
dissolved in 250 mL of hot 8.4 M nitric acid. This solution was
neutralized to a pH of 6 with 150 mL of ammonium hydroxide.
Next, 15 mL of formic acid was added over a time period of 30
min. The solution was allowed to stir at 30 for 2 h followed by
filtering. The granular precipitate of silver was washed with ethanol
and acetone and dried in vacto.

Na,Se and BSe. NaSe and BSe; were prepared as described
elsewere?:29

Preparation of NaCeR:Se;. |. Initial Synthesis. In a nitrogen
filled glovebox, 0.035 g (0.25 mmol) Ce, 0.342 g (0.75 mmagh P

(18) C%Us(P3S_]_o)2(PS;)5, KloTh3(st7)4(Psl)2, and AsAn(PSO?,, where A
=K, Rb, Cs and An= U, Th: Hess, R. F.; Abney, K. D.; Burris, J.
L.; Hochheimer, H. D.; Dorhout, P. Knorg. Chem2001, 40, 2851~
2859.

(19) KsCe(PS)2: Gauthier, G.; Jobic, S.; Brec, R.; Rouxelldorg. Chem.
1998 37, 2332-2333. (b) kCe(P3)4: Gautheir G.; Jobic, S.; Danaire,
V.; Brec, R.; Evain, M.Acta Crystallogr.200Q C56, E117.

(20) Na sPhy7sPSa: Aitken, J. A.; Marking, G. A.; Evain, M.; lordanidis,
L.; Kanatzidis, M. G.J. Solid State Chen200Q 153 158-169.

(21) In 1973 Hahn and Klingen studied a number off¥Qs compounds
(where M= a divalent metal and & S or Se) and categorized them
into three categories: hexagonal, monoclinic-l, and monoclinic-II.
Klingen, W.; Hahn, HZ. Anorg. Allg. Chem1973 396, 271-278.

(22) Scott, B.; Pressprich, M.; Willet, R. D.; Cleary, D. A. Solid State
Chem1992 96, 294-300. (b) Voroshilov, Y. V.; Vysochansky, Y.
M.; Grabar, A. A.; Potorij, M. V.; Prits, I. P.; Rizak, V. M.;
Sejkovskaja, L. A.; Slivka, V. Y.; Vatsenko, A. \Ukr. Fiz. Zh.1990Q
35, 71-75.

(23) Hadenfeldt, C.; Hoedel, IX. Anorg. Allg. Chem1996 622, 1495-
1500.

(24) Yun, H.; Ibers, J. AActa Crystallogr.1987, C43 2002-2004.

(25) Voroshilov, Y. V.; Potorii, M. N. Seikovskaya, L. A.; Yatsenko, A.
V.; Prits, I. P.Sa. Phys., Crystallogr1988 33, 761-762. (b) Isreal,
R.; Eijt, S. W. H.; de Gelder, R.; Smits, J. M. M.; Beurskens, P. T.;
Rasing, T.; van Kempen, H.; Maior, M. M.; Motrija, S. EZ.
Kristallogr. 1998 213 34—41.

(26) Arnautova, E.; Sviridov, E.; Rogach, E.; Savchenko, E.; Grekov, A.
Integr. Ferroelectr.1992 1, 147—-150.

(27) Penning, F. C.; Maior, M. M.; Weiegers, S. A. J.; van Kempen, H.;
Maan, J. CRev. Sci. Instrum.1996 67, 2602-2605.

(28) Maxson, R. NInorganic Synthese®ooth, H. S., Ed.; McGraw-Hill
Inc.: New York, 1939; p 4.

(29) Feher, FHandbuch der Prparativen Anorganischen ChemiBrauer,

G., Ed.; Ferdinand Enke: Stuttgart, Germany, 1954; Vol. 1, pp-280
281.
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Se, and 0.177 g (2.25 mmol) Se were loaded into a fused silica described for NaCeBe; (rational synthesis). A DMF/en solution
tube. The tube was flame sealed under vacut® x 104 mbar) (6:1) was used to remove the unwantg8é&and Se, and washing
and inserted in a computer controlled furnace. The tube was heatedwith ether revealed silver polyhedra and orange platelike crystals
to 300°C in 5 h and held at that temperature for 48@AUTION: in a 60/40% mixture. Analysis of the silver polyhedra using EDS
Lanthanide metals usually react violently with chalcogens at indicated the presence of 4##Se;.22 Analysis of the orange crystals
temperatures around 30®.) The temperature was then raised gave an average composition of AG€eRSe . The powder
slowly to 850°C in 4 days and allowed to remain there for 3 days diffraction pattern of the bulk sample confirmed the presence of
before cooling at 6C/hr to 250°C; this was followed by rapid Ag4P-Se?® and AgCeRSe;.

cooling to room temperature. Analysis of the products using  Physical Measurements. Powder X-ray Diffraction.Powder
semiquantitative energy dispersive spectroscopy (EDS) attached taX-ray diffraction analyses were performed using a computer-
a scanning electron microscope (SEM) indicated that the silver controlled INEL CPS120 powder diffractometer with graphite
platelike crystals were Ceg& and the red glassy pieces possessed monochromatized Cu dradiation. Powder patterns were calculated
various BSe compositions. Only a few yellow platelike crystals  with the Cerius2 software packagfe.

were obtained. EDS showed the presence of Na, Ce, P, and Se in Electron Microscopy. Quantitative microprobe analyses of the
these crystals. Given that we observed visual evidence of glasscompounds were performed with a JEOL JSM-35C scanning
attack, it was assumed that the Na ions came from the fused silicaelectron microscope (SEM) equipped with a Tracor Northern energy
tube, which contains only a few ppm of Na. After the single-crystal dispersive spectroscopy (EDS) detector. Data were acquired with

structure was determined and the composition revealed, we devisedn accelerating voltage of 20 kV and a 40 s accumulation time.

a rational synthesis as follows below.

Il. Rational Synthesis. In a nitrogen filled glovebox, 0.070 g
(0.5 mmol) Ce, 0.228 g (0.5 mmol),Be;, 0.031 g (0.25 mmol)
N&Se, and 0.158 g (2.0 mmol) of Se were load into a graphite
tube3! The graphite tube was inserted into a 13 mm fused silica
tube and flame sealed under vacuur2(x 10~4 mbar). This tube
was heated from 50 to 30T in 5 h and kept at this temperature
for 48 h. Next, the temperature was increased to G 1 day,
held there for 4 days, and cooled at a rate 6€%h to 250°C; this
was followed by cooling to 50C in 3 h. An intimate mixture of

Single-Crystal UV—vis. Optical transmission measurements
were made at room temperature on single crystals using a Hitachi
U-6000 microscopic FT spectrophotometer with an Olympus BH-2
metallurgical microscope over a range of 3800 nm.

Raman Spectroscopy.Raman spectra were recorded on a
Holoprobe raman spectrograph equipped with a 633 nm HeNe laser
and a CCD camera detector. The instrument was coupled to an
Olympus BX60 microscope. For each sample, crystals were simply
placed onto a small glass slide, and a 50x objective lens was used
to choose the area of the crystal specimens to be measured. The

yellow and silver platelike crystals in equal amounts was obtained SPot size of the laser beam when using the 50x objective lens was

after removing a small amount of excess flux WIN-dimethyl-
formamide (DMF). Analysis of the silver material using EDS
indicated CeSg*© while analysis of the yellow crystals gave an
average composition of NgCePR 1Se;». The powder diffraction

10 microns.

Single-Crystal X-ray Crystallography. NaCeP:Se;. A yellow
platelike crystal with dimensions of 0.09 0.07 x 0.01 mm was
mounted on a glass fiber. A Bruker SMART Platform CCD

pattern of the bulk sample also confirmed the presence of LeSe diffractometer, operating at 50 KV/40 mA and using graphite

and NaCeFSe;.

Preparation of Cug 4Ce; ;P,Se; and Ce 3,Ses. In a nitrogen
filled glovebox, 0.049 g (0.35 mmol) Ce, 0.011 g (0.175 mmol)
Cu, 0.160 g (0.35 mmol) Be, and 0.138 g (1.75 mmol) of Se
were loaded into a graphite tuBeThe graphite tube was inserted

into a 13 mm fused silica tube, flame sealed under vacuum, and

heated in the same manner as described for Ng&zRrational
synthesis). A solution of 6 parts DMF and 1 part ethylenediamine
(en) was used to remove the unwantg8é&and Se, and washing
with ether revealed silver polyhedra, yellow platelike crystals, and
orange platelike crystals in approximately equal proportions. ED
analysis gave an average formulagsBuSe, ; for the silver crystals,
Cuw «Cey P, 1S6s ; for the yellow crystals, and GgP,.;Se; , for the
orange crystals. The majority of peaks in the powder diffraction
pattern of the bulk sample could be indexed to eithes Le, ,P--
Se; or Ce 3P-Se;, while the remaining peaks indicated the presence
of CusPSaq.32

Preparation of AgCeP,Se.. In a nitrogen filled glovebox, 0.035
g (0.25 mmol) Ce, 0.027 g (0.25 mmol) Ag, 0.114 g (0.25 mmol)
P,Se, and 0.099 g (1.25 mmol) of Se were loaded into a graphite

tube. The graphite tube was inserted into a 13 mm fused silica tube,
flame sealed under vacuum, and heated in the same manner a

(30) Marcon, J. P.; Pascard, Revue Internationale des Hautes Temper-
ature et des Refractaires, Pari968 5, 51.

(31) A graphite tube was used in order to prevent reaction of the starting

materials with the fused silica tube.

(32) Garin, J.; PartheE. Acta Cryst 1972 B28 3672-3674. (b) Toffoli,
P.; Rodier, N.; Khodadad, Bull. Soc. Fr. Mirieal. Cristallogr. 1976
99, 403-405.
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monochromatized Mo & radiation at—100°C, was used for data
collection. A hemisphere of data was collected in three major swaths
of frames, with 0.30 steps inw and an exposure time of 20 s per
frame. Crystal stability was determined at the end of the data
collection by recollecting the first 50 frames and comparing them
to the original first 50 frames. No crystal decay was detected. An
initial cell was obtained using the SMARY program, which
extracted reflections from frames of the actual data collection. This
matrix was used to integrate the data using the SAMpFogram.

The final cell constants were determined from a set of 4391 strong

s reflections obtained from data collection.

The absorption correction was done using SADABENd all
refinements were carried out using the SHELXTlpackage of
crystallographic programs. The systematic absences clearly pointed
to the space groug2;/c. Ten atoms were located in general
positions, R1= 0.05 and wR2= 0.13. All atoms were subsequently
refined anisotropically to obtain final R1 and wR2 values of 0.0352
and 0.0895, respectively. The maximum and minimum peaks on
the final difference Fourier map corresponded to 2.039-a2@13
e /A3 See Table 1 for a summary of crystallographic data. A
complete listing of crystallographic details is deposited as Sup-
gorting Information (CIF file).

Cup«Ce; ,P,Ses. A yellow platelike crystal with dimensions of
0.13 x 0.09 x 0.02 mm was mounted on a glass fiber. The same

(33) Toffoli, P.; Khodadad, P.; Rodier, Mcta Cryst 1978 B34, 1779~
1781.

(34) CERIUS, Version 3.8, Molecular Simulations Inc.: Cambridge,
England, 1995.

(35) SMART, SAINT, SHELXTL V-5, SADABS, and RLATT, Bruker
Analytical X-ray Instruments Inc.: Madison, WI, 1998.
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Table 1. Crystallographic Data for NaCe®e;, Cly 4Cer P-Se;, and as for NaCelSe;. The final cell constants were determined from
CersP>Se a set of 3195 strong reflections obtained from data collection.
empirical formula  NaCefSe; Cuw.CeP-Ses Ce sP.Ses P2;/c was chosen as the space group based upon systematic
fw 698.81 729.26 722.06 absences. Fifteen atoms were revealed in general positions within
Z%ge group 1P221ﬁ(212‘t)2) Pl221/((:)4(1]i£(?.) P261g30(51;‘25) three rounds of least-squares/difference Fourier cycles{R112
b (A) 7.6982(1) 7.6418(8) 2'2.969(2) and wR2= 0.35). However, the |sot_rop|c displacement paramete_rs
c(R) 11.7399(2) 11.700(1) 11.7226(8) of the three Ce atoms were very high. Therefore, the occupancies
B (deg) 111.545(1) 111.269(2) 124.096(1) of these three atoms were allowed to refine freely. Rwalues
Vv (A3) 1020.69(3) 1003.2(2) 1517.4(2) dropped significantly (R1= 0.07 and wR2= 0.21) as did the
Zalcd density 3.548 ‘2.828 64'741 occupancies of the _three_ Ce atoms (Ce{1).85, Ce_(Z}v 0.31,
(glen®) Ce(3)~ 0.76). At this point, the formula was considered. It was
u (mm-L) 26.138 28.258 27.774 determined that there was-&24 charge from the [fSe]* anions,
A (A) 0.71073 0.71073 0.71073 while there was at-23.1 charge from the Gé atoms. Next, a
¢ range for data  1.80-26.99 3.23-27.12 1.77 0 27.01 constraint was added to the instruction file such that the occupancies
collection (deg)
temp (K) 173 298 173 of the Ce atoms gave a charge.balanced formula. Rivalues
Rindices RE= 0.0352 R1= 0.0430 R1= 0.0555 were not affected by this constraint. All atoms were subsequently
(1 > 20(1)) WR2=0.0879 WwR2=0.0968 wR2=0.1350 refined anisotropically in order to obtain final RZ 0.0555 and
Rindices R1=00393  RI=0.0631  RI1=0.0955 wR2 = 0.1350. The maximum and minimum peaks on the final
ggga;ﬁzzz 1"."(')?724: 0.0895 8'.5725 0.1022 V(‘)'%i:z 0.1474 difference Fourier map corresponded to 2.316 ad138 e/A3.
See Table 1 for a summary of crystallographic data. A complete

AR1= 3 |IFol — IFdI/Y IFol. "WR2= {3 [W(Fs? — FAF/S [W(Fe?)7} 2 listing of crystallographic details is deposited as Supporting
Bruker SMART Platform CCD diffractometer that was used for nformation (CIF file).
the data collection of NaCeBe; was used; however, in this case, AgCeP,Se;. Initial data collections for AgCefSe; were per-

it was operating at room temperature. Determination of an initial formed on a Bruker Smart Platform CCD diffractometer as
cell, data collection (40 s per frame), data processing, an absorptiondescribed above. Attempts to index the cell of Ages® were
correction, and all refinements were performed in the same mannerMet with great difficulty. Although the-7.5 A axis was relatively

as for NaCeRSe,. The final cell constants were determined from €asy to determine, the other two axes could not be clearly defined.
a set of 1566 strong reflections obtained from data collection. Therefore, a superstructure was suspected, and several sets of data

The systematic absences indicated the space ge@up. One were collected. For each data collection we used a larger crystal
cerium atom, six selenium atoms, and two phosphorus atoms wereand collected frames for longer periods of time. This resulted in
easily located in general positions, R10.14 and wR2= 0.39. the determination of larger and larger units cells. Structural models

However, there remained two significant peaks in the difference obtained from these data sets showed that the structure of AgCeP
Fourier map. The first peak was located approximateh33 A Se; was related to that of NaCe®e;, Clb.4Cey2P-Se, and Cesd2-
from eight selenium atoms. The second peak was located aboutS&; however, the refinement of these models was unsatisfactory
2.2-2.5 A from three Se atoms. The first peak was assigned as Since theR values were always above 10% and the anisotropic
Ce(2), and the second peak was assigned as Cu(1)RMadues displacement parameters, especially those of Ag, were unacceptably
dropped (R1= 0.12, wR2 = 0.38); however, the isotropic large. The diffraction spots obtained from these crystals were sharp,
displacement parameters for Ce(2) and Cu(1) were large comparedound, and well defined; however, twinning was suspected when
to the other atoms. It was determined that Ce(2) and Cu(1) were We noticed that many reflections were not able to be indexed to
located abou2 A away from one another. Next, the occupancies these various unit cells. In fact, these reflections could not be
of Ce(2) and Cu(1) were allowed to refine freely. The occupancy indexed to any cell. Viewing the reciprocal lattice using the Rlatt
of Ce(2) refined to 0.19060, while the occupancy of Cu(1) reduced prograni® revealed the incommensurately modulated character of
to 0.38628. The isotropic displacement parameters of the two atomsthe structure. The systematic absencé®@0 k = 2n+1; hOlm: |
dropped significantly as did th values, R1= 0.07 and wR2= = 2n+1) indicated P2/c as the probable space group of the
0.19. At this point, the formula was considered. It was determined averaged structure af2y/c (a.0y) as the probable superspace group
that there was & 16 charge from the [Se]*~ anions, while there ~ ©Of the incommensurately modulated structure.
was a+15.82 charge from the Guand Cé&" atoms (C8&" is very Before we discuss the data collection, structure solution, and
rare in chalcogenides). Next, the occupancies of the Cu(1) and Ce-ultimate refinement of AgCeBe;, it is necessary first to understand
(2) atoms were constrained to a formula which would charge Some basic concepts of aperiodic crystals and the extension of three-
balance. No change in tHe values was noted after least squares dimensional space crystallography to{3n) dimensional space
refinement. All atoms were subsequently refined anisotropically crystallography. For a more detailed description and a comprehen-
to obtain final R1 and wR2 values of 0.0430 and 0.1020, sive treatment of modulated structures, see, for instance, de Wolff,
respectively. The maximum and minimum peaks on the final Janssen et al., and van Smaaden.
difference Fourier map corresponded to 2.160 arid675 e /A3, Superspace Description of Aperiodic Crystals Aperiodic or
See Table 1 for a summary of crystallographic data. A complete quasi-periodic crystals do not possess three-dimensional translational
listing of crystallographic details is deposited as Supporting Symmetry. There are three categories of such crystals: modulated
Information (CIF file). structures, intergrowth or composite materials, and quasicrystals.
Ce; 3P.Se. An orange platelike crystal with dimensions of 0.25  Although there is no translational symmetry in these materials, they
x 0.10x 0.03 mm was mounted on a glass fiber. The same Bruker
SMART Platform CCD diffractometer that was used for the data (36) de Wolff, P. M.Acta Crystallogr.1974,A30, 777-785. (b) Janssen,

; inati it T., Janner, A., Looijenga-Vos, A., de Wolff, P. M. International
collection of NaCeESe was used. Determination of an initial cell, Tables for CrystallographWilson, A. J. C., Ed.: Dordrecht: Kluwer

data collection (30 s per frame), data processing, an absorption Academic Publishers: 1993; Vol. C, Ch. 9.8. (c) Van Smaalen, S.
correction, and all refinements were performed in the same manner Cryst. Re. 1995,4, 79-202, and references therein.
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are not disordered. Because they lack three-dimensional periodicity, Table 2. Crystallographic Data for AgCeBe;
aperiodic crystals cannot be adequately described using conventional

. A e empirical formula AgCefSe;
three-dimensional crystallography. Therefore, it is necessary to fw 783.7
extend the concept of a crystal to{3n) dimensional space. X-ray superspace group P2/c(a0y)
diffraction of aperiodic crystals reveals sharp, well-defined dif- a(ﬁ) 9.971(5)
fraction spots; however, even though the strongest reflections can EéA)) 114%(73&)
be ilnd(.e>.<ed to an average structure with a F:onventional Space group, g (deg) 145 630
a significant number of observed reflections cannot be indexed. q(modulation vector) 0.3121(18) + 0.4116(193*
These additional reflections are called “satellites” and must be taken V (A%) 495.1(8)
into account to determine the real structure of the material. An . 2
. calcd density (g/ci) 5.273
incommensurately modulated structure, such as that of AgCeP 4 (mm-1) 28.92
Se, can be described as a perturbed periodic crystal. In this case, 2 (A) 0.71073
the atomic positions can be specified as the sum of a basic position 6 range for data collection (deg) 3427.97
with respect to a three-dimensional lattice and a deviation thereof. tRea/“g)Nng 625 main reflect 28%33/0 072

A . . T . or main refiections . .
The d.eV|.aF|on or quqlatlon is itself penodm, however, |t' POSSESSeS  pamwibror 1405 1st order satellites 0.046/0.090
a periodicity which is incommensurate with the three-dimensional  raRwbfor 282 2nd order satellites 0.121/0.256
lattice. There are two kinds of modulations which can create satellite  R¥RwPfor 27 3rd order satellites 0.288/0.708
reflections. One is a displacive modulation, in which a periodic ~ R¥RwPoverall (2539) 0.046/0.090

displacement of the atomic_ coordinates _belonging to_the basic aR=Y||Fo| — [Fell/S |Fol (for I > 3a(1)). bRW = s W(|FO|2 _ ||:C|2)2/z
structure occurs. The other is an occupational modulation, where w(|F,|4]Y2
the atomic positions of the basic structure are occupied with a
periodic probability function. Both types of modulations exist in  were optimized, with the Stoe X-shape progré&from equivalent
AgCeRSe;. reflections. Both data sets were subsequently merged on the basis
In an incommensurate (3 n) dimensional case, a structure is  0f common reflections, with/o(l) > 10. All data treatments,
fully described by giving the metric and the atomic descriptions. refinement, and Fourier syntheses were carried out with the
The metric description is composed of the lattice parameters andJana2000 prografi.The highly redundant set of 22 362 reflections
wave vectorsg. The atoms are described by the type, position, (full sphere, redundancy of 7.5) was averaged according to the (2/
occupancy, anisotropic displacement parameters, and modulationm11)(3 + 1)D point group, yielding arRy value of 0.054 for
functions for each parameter. The concept of{8) dimensional observed reflections| (> 3o(l)). See Table 2 for additional
crystallography has been firmly established since the 1970s but hagnformation.
not yet achieved main stream use because it requires an understand- The structural arrangement of the averaged structure (main
ing of several complicated concepts, such as superspace. Neverthe€flections only) was found with SHELX direct metho@sAll
less, the modulated description of some crystal structures is essentialefinements were performed & using all main reflection data;
in understanding the properties of the materfals. however, residual factors are reported for observed reflections [
The Incommensurately Modulated Structure of AgCeRSe. > 3o(l)]. In the average structure, the Ag and Ce atoms were
Single crystals of AgCeSe; were isolated from the batch sample  initially positioned on the same site, with a 1:1 occupancy to fulfill
and tested for quality (intensity and shape of the spots) on a Stoethe Ag"Ce*[P*>Se¢]*~ charge balance. For this model, tRe
image plate diffraction system (IPDS), which uses an oriented Was 0.12, the kb anisotropic displacement parameter for Ag/Ce
graphite (002) monochromator. An orange blocklike crystal of 0.09 Was large, and significant residual peaks remained in the difference
x 0.08 x 0.08 mm was chosen as the best crystal for the data Fourier map. A splitting of the Ag/Ce position improved tReo
collection. The modulated character of the structure was obvious ~ 0.09 and reduced the anisotropic displacement parameters.
from the recorded frames, with satellites up to the third order clearly Furthermore, the splitting caused the Ag position to be more
visible on the reconstructed framesplanes). Two data collections  tetrahedral-like, with shorter AgSe distances (ca. 2.75 A), and
were, therefore, carried out in scan mode, with the IP at 60 mm  that taken by Ce to be more spherical-like, with eight Se neighboring
(6 < 28, 6 min exposure time) for the main reflections and the atoms (2.9-3.5 A).
first-order satellites and at 100 mi &€ 21°, 6 min exposure time) From that starting point, it was obvious that the incommensurate
for all reflections up to the third order. The reflection sets were Modulation of the AgCefSe; structure implied a splitting in the

found consistent with a monoclinic symmetry and could be indexed internal space (phase space) of the Ag/Ce occupation and a
with the following metric: a = 6.64,b = 7.47,c =995 A, = simultaneous displacive modulation of the atomic positions. A

92.#, and q = 0.27a* + 0.31c*. This cell was subsequently ~ common 3D space position and anisotropic displacement parameters
transformed to comply with a standard superspace group (seeWere used for Ag and Ce, while modulations of the occupancy (Ag

below), and its metric was refined with the U-fit progrérfrom and Ce only, ensuring a full occupancy of the site through an
903 main and first-order reflectionss = 9.971(5)b = 7.482(3),  €quation) and atomic positions (all atoms) were introduced.
c=11.757(4) A8 = 145.630(9), q = 0.3121(18)* + 0.4116- Refinements carried out with satellite reflections up to the third
(19)ct, and V = 495.1(8) B (z = 2). order confirmed the splitting of Ag and Ce. This splitting resulted

The integrated intensities were corrected for Lorentz polarization N @ close to ideal tetrahedral coordination for Ag and a more
and absorption. The absorption correction was performed using aSPherical eight-coordinate surrounding for Ce. However, even

Gaussian analytical method after the crystal shape and dimensiongnough the splitting of the Ag and Ce positions was clear-cut, a
large overshooting X1.5) and undershooting<(-0.5) of the

(37) Evain, M.; Boucher, F.; Gourdon, O.; Petricek, V.; Dusek, M.; occupation could not be avoided.
Besdicka, PChem. Mater1998 10, 3068-3076. (b) Gourdon, O.;
Hanko, J.; Boucher, F.; Petricek, V.; Whangbo, M.-H.; Kanatzidis, (39) X-Shape program. Stoe & Cie Gmbh: Darmstadt, Germany, 1996.
M. G.; Evain, M.Inorg. Chem.200Q 39, 1398-1409. (40) Petricek, V.; Dusek, M. Jana2000 program. Institute of Physics,

(38) Evain, M. U-Fit program. Institut des Mataux, Nantes, France, 1990. Academy of Sciences of the Czech Republic: Prague, 1996.
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Table 3. Fractional Atomic Coordinates, Centér) and Width (\), and Equivalent Isotropic Displacement Paramete® {dr AgCePSe?

atom X y z (%) A Ueq

Ag 0.2820(6) 0.5577(4) 0.5299(12) 0.5238(18) 1/2 0.042(4)
Ce 0.28671(18) 0.6106(2) 0.5411(2) 0.0299 1/2 0.015(2)

P 0.3732(3) 0.1072(2) 0.4367(2) 0.0137(18)
Se(1) 0.12048(14) —0.01825(12) 0.37571(13) 0.0201(15)
Se(2) 0.60461(13) 0.30711(14) 0.67695(12) 0.0198(9)
Se(3) 0.21244(14) 0.21199(12) 0.16950(11) 0.0191(11)

aFor an atomw, occupation crenel function of centéf and width A” is defined as:p'(xs) = 1 x4 O, — AY/2, %, + AV/20 p'(xs) = 0 X4
O, — A2, %, + Av/20

To get a proper splitting of the Ag/Ce occupation, a built-in crenel  of Cu 4Ce 2P,Se;, AgCeRSe;, and Ces.Se;, which pos-
functiorf*~#3was used, which considerably improved the agreement. sess related structure types.
With the inclusion of new waves (on the positions up to the 2nd  NaCeBRSe;,, Cwy Ce P>Se, and AgCeBSe; were synthe-
order for Ag, Ce, and P, the 3rd order for Se, and on the anisostropic sjzeq from nearly stoichiometric proportions of the elements
displacement parameters up to the 1st order for Ag, Ce, and Seplus some extra selenium at temperatures in the range of
atoms) and a secondary extinction coeffici#rhe overall residual 750-850 °C. Attempts to prepare the compounds in pure

factor converged at the final stage to=R0.046 and Rw= 0.090 f b . | fi t t
for 2539 reflections and 207 parameters. The maximum and orm by varying Several reaction paramelers were no

minimum peaks on the final difference Fourier map corresponded SUcCessful. Increasing the ratio of Ce from 1 to 2 equiv
t0 3.9 and—2.5 e /A3. See Table 2 for thR values for each setof ~ favored the formation of Ce$¥€ in the Na system. In the

reflections. Other essential results for this model are gathered in Cu and Ag systems, this change resulted only inPAge:>
Table 3. Since two rather short Age distances occur near the or CwPSe,? and CeSgand did not lead to quaternary
crenel edge (see structure description), several attempts were madeompounds. Additional amounts of p&e in the Na system
to homogenize the AgSe distances over the full crenel width by  also promoted CeSeReactions rich in Ag or Cu in the Ag
means of more complicated models, including saw-tooth functions Ce—p—Se or Cu-Ce—P—Se systems gave markedly larger
and/or multi-crenel functions for both Ag and Se atoms. Apart from gmounts of AgP,Se; and CuPSa. Added quantities of £
increasing the number of parameters for an equivalent residual Se, made reaction isolations more difficult and also aided
factor, these attempts could not suppress the two shottS&y he f tion of CeSeExtra Se in all three systems vielded
distances. A complete listing of crystallographic details are the orma_ . y y .
deposited as Supporting Information (CIF file). products rlch_ln CeSas WeII_. For example, when the ratio
of Se was raised to 10 equiv, no quaternary products were
found. Lesser amounts of Se in all systems led to poorly

Results and Discussion melted reaction mixtures. Likewise, lower reaction temper-
) ) . atures also gave insufficient melting.
Synthesis.Unlike previous reports from our laboratory, Ce.sP>Se was found in the same reaction that produced

flux chemistry was not employed in this work. Our initial ¢, ,Ce, P,Se;. Since Raman and band gap measurements
goal to synthesize CePSeia stoichiometric reactions, as  \yere performed on single crystals (which were subsequently
an analogue of the LnR$amily, was not achieved; instead, taken to the SEM for EDS analysis), there were no problems
we observed that in several Ce#g/Se reaction mixtures,  \jth the characterization of these two phases. Oddly, attempts

significant attack of the silica tubes occurred to abstract g synthesize this compound in the ternary system were met
sodium atoms to form NaCe®e. After this serendipitous  jith difficulty, although a number of reaction mixtures

synthesis, we performed several sets of reactions in the Celyroquced a small amount of this phase. For example, the
P,Se/Na;Se/Se system. Since NaG8R forms by scaveng-  reaction of Ce/pSe/Se in a 1:2:6 molar ratio produced
ing traces of sodium, we recognized that this structure type several orange crystals of GgP,Se,, but not nearly as much

is extremely stable and set out to prepare substitutional Cuas was found in the Ce/Be/Cu/Se system reaction. These
and Ag analogues. These investigations led to the discoveryyeactions rich in BSe; and Se were also very hard to work
up since they also produced large amounts of glagSg.P
Reactions that were closer to the;G#,Se; stoichiometry

(41) Petricek, V.; van de Lee, A.; Evain, Mcta Crystallogr.1995 A51,

529-535.
(42) Boucher, F.; Evain, M.; Petricek, ¥icta Crystallogr.1996 B52, 100~ produced large amounts of a new ternary phase that we have
109. not yet been able to fully characterie.

(43) A crenel function is preferable to the Fourier series in many respects. . l he fail hesi leni |
First, it considerably reduces the number of parameters. Only two V€ rationalize the failure to synthesize selenium analogues

parameters are required to describe an occupation crenel function forof LnPS, by the tendency of phosphorus to acquire an

an atomy, the crenel width 4), and the crenel midpoint’fx oxidation state of 4 rather than 5- in a selenide environ-
Second, it avoids nonphysical occupation probabilities. Finally, it

prevents intermediate situations produced by the Fourier series MeNt under the conditions employed. This is supported by
expansion at the crenel-like “steps”. In the present case, the intermedi- the many more selenophosphates containing thﬁeﬁ]’*

ate situation would be the simultaneous presence of Ag and Ce. In . s . .
this situation an orthogonalization procedure is usually necessary to UNit than those containing the [P unit, which suggests

reduce correlations. Indeed, with the application of crenel functions, that P is preferred over P in the selenium systems.
the modulation functions are not defined for &)l values and thus
the orthogonality condition is not fulfilled for the set of harmonic  (45) The powder X-ray diffraction pattern of this ternary phase was similar
functions. to that of CeSg suggesting it may be CeSgPy. Energy dispersive
(44) Becker, P. J.; Coppens, Rcta Crystallogr.1974 A30, 129. spectroscopy indicated at least 10 atomic % of P in this phase.

Inorganic Chemistry, Vol. 41, No. 2, 2002 185



Aitken et al.
Table 4. Selected Distances (A) and Angles (deg) for NagSePand Cu «Ce; P>Ses

distances NaCeBe; distances CsuCe P.Se; angles NaCefSe; angles Cu4Ce P,Se
Ce-Se(2) 3.0674(8) Ce(BDSe(2) 3.060(1) Se(4)Ce-Se(5) 74.49(2) Se(4)Ce(1)-Se(5) 74.75(3)
Ce-Se(3) 3.0773(8) Ce(BDSe(3) 3.063(1) Se(3)Ce-Se(6) 76.79(2) Se(3)Ce(1)-Se(6) 75.63(3)
Ce-Se(4) 3.1078(8) Ce(1)Se(5) 3.090(1) Se(2)Ce-Se(4) 80.10(2) Se(2)Ce(1)-Se(4) 77.91(3)
Ce—Se(5) 3.1112(8) Ce(3)Se(4) 3.092(1) Se(2)Ce-Se(5) 80.76(2) Se(2)Ce(1)-Se(5) 80.99(3)
Ce—Se(5) 3.1393(8) Ce(3)Se(5) 3.109(1) Se(3)Ce-Se(5) 86.30(2) Se(3)Ce(1)y-Se(5) 87.31(3)
Ce-Se(6) 3.1855(8) Ce(BDSe(6) 3.174(1) Se(5)Ce-Se(6) 87.81(2) Se(5)Ce(1)-Se(6) 89.23(3)
Ce-Se(6) 3.2365(8) Ce(BDSe(6) 3.227(1) Se(H)Ce-Se(4) 115.78(2) Se(1)Ce(1)-Se(4) 114.82(3)
Ce-Se(4) 3.3344(8) Ce(1)Se(4) 3.345(1) Se(4)Ce—Se(6) 119.25(2) Se(4)Ce(1)-Se(6) 120.76(3)
Ce—Se(1) 3.4733(9) Ce(3)Se(1) 3.647(1) Se(H)Ce—Se(6) 124.15(2) Se(3)Ce(1)-Se(6) 123.75(3)
Na—Se(4) 3.097(3) Ce(2)Se(3) 2.955(4) Se(H)Na—Se(3) 68.65(7) Se(H)Ce(2)-Se(3) 72.81(9)
Na—Se(3) 3.099(3) Ce()Se(1) 2.996(4) Se(3)Na—Se(6) 73.35(7) Se(3)Ce(2)-Se(6) 75.23(9)
Na—Se(1) 3.102(3) Ce(2)Se(4) 3.063(4) Se(H)Na—Se(6) 74.22(7) Se(2)Ce(2)-Se(4) 75.42(8)
Na—Se(1) 3.110(3) Ce(2)Se(1) 3.080(4) Se(2)Na—Se(4) 76.78(7) Se(:)Ce(2)-Se(6) 77.38(9)
Na—Se(2) 3.297(3) Ce(2)Se(2) 3.255(4) Se(H)Na—Se(2) 94.76(8) Se(H)Ce(2)-Se(2) 91.4(1)
Na—Se(3) 3.380(3) Ce(2)Se(6) 3.296(4) Se(H)Na—Se(4) 99.04(9) Se(H)Ce(2)-Se(4) 93.9(1)
Na—Se(6) 3.403(3) Ce()Se(2) 3.448(4) Se(2Na—Se(3) 129.4(1) Se(2)Ce(2)-Se(3) 128.08(11)
Na—Se(2) 3.501(3) Ce(2)Se(3) 3.449(4) Se(3H)Cu—Se(3) 114.0(2)
Ce(2y-Cu 2.052(6) Se()Cu—Se(3) 116.0(2)
Cu—Se(1) 2.258(4) Se(H)Cu—Se(1) 129.8(2)
Cu—Se(3) 2.374(4) Se(4P(1)-P(2) 103.65(9) Se(HP(1)-P(2) 103.0(1)
Cu—Se(1) 2.455(4) Se(HP(1)-P(2) 104.73(9) Se(4)P(1)-P(2) 104.1(1)
P(1)-P(2) 2.230(3) P(BHP(2) 2.231(4) Se(2)P(1)-P(2) 105.83(9) Se(2P(1)-P(2) 106.0(1)
P(1)-Se(1) 2.167(2) P(H)Se(2) 2.169(3) Se(2)P(1)-Se(4) 107.29(8) Se(2P(1)-Se(4) 108.5(1)
P(1)-Se(2) 2.186(2) P(1)Se(4) 2.176(3) Se(HP(1)-Se(4) 112.62(8) Se(HP(1)-Se(4) 114.1(1)
P(1)-Se(4) 2.194(2) P(H)Se(1) 2.186(3) Se(HP(1)-Se(2) 121.08(9) Se(BP(1)-Se(2) 119.5(1)
P(2)-Se(3) 2.177(2) P(2)Se(3) 2.175(3) Se(3)P(2)-P(1) 103.08(9) Se(3)P(2)-P(1) 103.0(1)
P(2)-Se(6) 2.203(2) P(2)Se(6) 2.193(3) Se(5)P(2)-P(1) 105.05(9) Se(5)P(2)-P(1) 105.2(1)
P(2)-Se(5) 2.214(2) P(2)Se(5) 2.204(3) Se(6)P(2)-P(1) 108.51(9) Se(6)P(2)-P(1) 109.0(1)
Se(5)-P(2)-P(6) 110.69(8) Se(5)P(2)-P(6) 111.0(1)
Se(3)-P(2)-P(6) 112.57(8) Se(3)P(2)-P(6) 113.1(1)
Se(3)-P(2)-P(5) 116.10(8) Se(3)P(2)-P(5) 114.8(1)

Perhaps the use of lithium containing selenophosphate fluxesCeSg connects to five others by sharing an edge with one
will prove more useful in meeting the synthetic challenge other CeSgand corners with four other Cegpolyhedra.

of stabilizing LnPSg compounds. Each [BSe]* anion connects to four CeSenits by sharing
Structure. NaCeRSe; is isostructural to the KLnfs faces with two CeSg an edge with another Ce$eand a

family of compounds, where L# La, Ce, Pr for Q= Se® corner with a fourth CeSesee Figure 2.

and Ln = La for Q = S’ The structure consists of According to Dorhout et al., one can derive the KLOQR

[CeRSe]" slabs separated by Naations, see Figure 1.  structure from that of F€,S* (monoclinic-l, M'PQ;

The Na atoms are not located in the middle of the interlayer structure typ&) by taking two FeP,S; layers and condensing
space but instead are nestled into holes present in the layerghem together into a bilayer while removing half of the metal
The coordination environment of the Na atoms can be bestatoms!®® The metal coordination sphere expands and the
described as a highly distorted square antiprism or bicapped[P.Se]*" ligands twist during this condensation. Figure 3a
trigonal prism. The NaSe distances range from 3.097(3) shows a layer of F£,Ss. Figure 3b shows the bilayered

to 3.501(3) A, see Table 4. Each layer of [GBR].," structure of NaCefSe; broken down into monolayers. Within
consists of CeSedistorted tricapped trigonal-prisms and each monolayer the Ce atoms have a coordination number
[P.Se]* ethane-like ligands. The nine €&e distances  of seven. Looking at the large holes in these layers, it is
range from 3.0674(8) to 3.4733(9) A, see Table 4. The Ce easy to understand why the Na atoms are nestled into them
and Se atoms alone form a two-dimensional network. Eachrather than into the interlayer space, see Figure 3c. Conden-
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° o Figure 2. The binding mode of the PSe]*~ anion in NaCepSe;. The
Figure 1. ORTEP representation of NaC&¥&; viewed down theéb axis [P2Ses]*~ unit connects to four Cegolyhedra by sharing faces with two
with thermal vibrational (95%) ellipsoids. CeSe, an edge with another Cesand a corner with a fourth Cege
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(a) A layer of FeoP2Sg

(b)

condesation of the
NaCeP2Seg bilayer

Figure 3. (a) One layer of Fg%Ss (monoclinic-I, M'PQ; structure type) viewed down the axis. Removal of half the metal atoms in this layer, in
combination with a twisting of the fSs]*~ units, creates an “MfSs” layer similar to that found in NaCeBe. (b) In NaCeRSe;, two layers of “CeRSes”,

which contain seven-coordinate Ce atoms, condense side-by-side via cross-layfe Bends in order to create a bilayered structure and expand the Ce
coordination number to nine. (c) A single "G&®&" layer viewed down the axis.

sation of these monolayers into a bilayer expands the Ce SnzPSes (P21/c) NaCeP2Ses
atom coordination number to nine. The lamellar KESB (a)
and KSbRSe*” have structures which are are also similar
to the structure of the KLnf®s family. In these compounds,
the monolayers contain five-coordinate Bi or Sb atoms. The
association of two single layers gives rise to a bilayered
structure in which the metal coordination is expanded to a
distorted octahedron.

A simpler and more concise relationship between NaCeP
Se and the members of the KLa®s family can be drawn
to the monoclinic-1l, MPQ; structure type (PiP,Ss,2? PlpP2-
Se,?* SP,Se?? (one of three allotropes), $»Se?® (one of
two allotropes), SP.Ss,2% CaP,Ss,° and BaP,Se*®). Phases
belonging to the monoclinic-Il structure type have three- (b)
dimensional frameworks, with lattice parameters similar to
those reported here and to the KLQI family. Furthermore,
compounds of the monoclinic-1l structure type adopt the
same space group as those reported hé/c, and,
therefore, better resemble thefe]*~ arrangement observed
in these structures, see Figure 4. A simple substitution of
the 2" metal by a T metal and 3 metal in an AABB fashion
takes place in order to create a layered structure with a
doubling of thea axis. The metal coordination sphere in the
monoclinic-Il structure (CN= 8—9) is similar to that found
in the new selenophosphates reported here.

The structure of CauCe P.Se is similar to that of ©)
NaCeRSe; however, it is three dimensional because the Ce-
(2) and Cu(1) atoms take the place of the alkali cations and
connect the layers, Figure 5. Atom Ce(1) is eight-coordinate

and resides in a distorted bicapped trigonal prism. These eight
Figure 4. A comparison of the structure of §»Se; (monoclinic-11, M'-

&
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(46) Klingen, W.; Eulenberger, G.; Hahn, B. Anorg. Allg. Chem1973 PQ structure type) to that of NaCe®e;. (a) Both structures viewed down
101 97-112. theb axis. (b) Removal of all SnSe and Ce Se bonds shows more clearly
(47) McCarthy, T. J.; Kanatzidis, M. Gl. Chem. Soc., Chem. Commun. the arrangement of the {Be&;]*~ ligands in these two structures. (c) The
1994 1089-1090. binding mode of the [(Se;]*~ ligand in each structure. Dashed bonds are
(48) Chondroudis, K.; Kanatzidis, M. G. unpublished results. used to show Na- - -Se interactions.
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!

Figure 7. ORTEP representation of €gf.Se; viewed down thea axis
with thermal vibrational (95%) ellipsoids. Each of the three Ce sites is
partially occupied.

Figure 6. The coordination sphere of the Cu(1)/Ce(2) site in £1e; Po-

Ses. This pocket is~40% occupied by Cu and20% occupied by Ce. The .
remaining 40% is vacant. The Cu@e(2) distance is 2.052(6) A. most, 0.875(3). Ce(2) falls between Ce(1) and Ce(3) in terms

of Ce—Se distances, 3.055(28.319(2) A, and the corre-

Ce—Se distances range from 3.060(1) to 3.345(2) A, see sponding occupancy, 0.778(2). Table 5 lists selected bond
Table 4. The ninth Se atom is too far to be considered distances and angles for Ge¢P,Se.
bonding, 3.648(2) A. The Ce(2) atom (40% occupied) also | the literature there exists several other phases with
resides in a distorted bicapped trigonal prism of selenium gtojchiometries similar to that of GeP>Ses (Cex(P2S&)s),
atoms (Figure 6) and occupies a position in the vicinity of namely, In(P,Sg)s,* Iny(P2S&)s, > -5 andB-Bi(P.S&)s,
the Na atom in NaCeBe. The copper position (20%  and Sh(P,Se)s.5! Iny(P.Se)s is related to F&P,Ss (mono-
occupied) adopts a trigonal planar geometry and lies in what gjinjc-1, M"PQ; structure type), however, theaxis is tripled
was formerly the interlayer space. The-€8e distances are  and the space group is of a lower symmetry(PaSe)s is
2.258(4), 2.374(4), and 2.455(4) A. The €0e(2) non-  related to FgP,Se (hexagonal, MPQ; structure type¥:
bonding distance is 2.052(6) A; however, these atoms do Ajthough a hexagonal symmetry was initially determined
not reside in this pocket at the same time, Figure 6. where the M site was 2/3 occupied by In, an orthorhombic
Furthermore, this pocket remains vacant 40% of the time. strycture was later established, with an ordering of the metal

Cev3P-Se, which can also be expressed as(Bg5e;)s, vacancies, describing 4(P,Se&)s as build from a six-fold
adopts a three-dimensional structure, which is also re|at3dsuperstructure of BEB:Se. a-BisP:Se)s; and Sh(P,Se)s
to the structures described above, but is more closely relatethaye 3 remarkable relationship with the monoclinic-I1!-M
to the monoclinic-Il, MPQ; structure type, see Figure 7. In - p@; structure type. This structure possesses cuts of the M
this case, the-2 metal is substituted by Geand vacancies. PQ; structure separated by sections of a new type. The
There are three crystallographically unique Ce atoms in the preakdown of the monoclinic-Il, MPQ, structure type
structure which are partially occupied. These three Ce atomsprgpably results from the fact that Sb and Bi can tolerate a
cause theb axis to be three-fold that of the monoclinic-Il,  |ower coordination number than eight and a highly unsym-
MUPQ; structure type, whereas tiieand ¢ axes are quite  metrical coordination sphere3-Bis(P,Se)s represents a
similar. All three Ce atoms lie within a distorted bicapped novel, complicated structure that possesses a unique arrange-
trigonal prism of Se atoms. The €&e distances dictate the  ment of the [BSe]* units.
occupancies of the Ce sites, where the more spherical the Interestingly, two members of the monoclinic-11,"FQ;

site the more heavily it is occupied. In the case of Ce(1), structure type, namely $Ss and SpP,Se;, undergo a phase
the Ce-Se distances have the largest distribution, 3.022-
(4)—3.408(4) A; therefore, Ce(1) is occupied the least, 0.345- (49) Diehl, R.; Carpentier, CActa Crystallogr.1978 B34, 1097-1105.
(3), and has the largest anisotropic displacement parameterggtl)g gatti, ﬁ\ﬂ-;ZSOAed, S.;A \I/IVOIgHAMfEt)%% Egi fﬂfﬂséz 663-666.

: uck, M.Z. Anorg. Allg.Chem .
The Ce-Se distances for Ce(3) have the smallest range, s ajtken, J. A Brown, S.. Chondroudis, K.. Jobic, S.: Brec, R.:

3.060(2)-3.263(2) A; consequently, Ce(3) is occupied the Kanatzidis, M. G.Inorg. Chem.1964 38, 4795-4800.
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Table 5. Selected Distances (A) and Angles (deg) forn &2.Ses . © o e o : ° * o0
distances angles C/—’a O?%:E-OOOQE’.O? st
Ce(1)-Se(2) 3.022(4) Se(3)Ce(1)-Se(9) 74.09(9) ct e300 %
Ce(1)-Se(7) 3.027(4) Se(2)Ce(1)-Se(5) 76.5(1) o 529 DA
Ce(1)-Se(9) 3.055(4) Se(HCe(1)-Se(3) 76.88(9) . s e s 4 e
Ce(1)-Se(3) 3.115(4) Se(H)Ce(1)-Se(9) 79.49(9) 0% Lt i o ©
Ce(1)-Se(5) 3.210(4) Se(2)Ce(1)-Se(7) 90.3(1) ' 099000 * Ce
Ce(1)-Se(1) 3.230(4) Se(5)Ce(1)-Se(7) 92.1(1) 6 00 % 4 e000B. °Ag
Ce(1)-Se(8) 3.375(4) Se(4)Ce(1)-Se(8) 123.4(1) ¢« 0 + 0 a0o0 o
Ce(1)-Se(4) 3.408(4) Figure 8. lllustration of the Ag/Ce distribution in thac plane of AgCeR
gzg)):gzgg ggggg; gzggggg)):gzgg %Sggg Se;, resulting from the occupational and positional modulations.
Ce(2)-Se(6) 3.112(2) Se(2)Ce(2)-Se(5) 76.40(4) N )
Ce(2)-Se(8) 3.117(2) Se(5)Ce(2)-Se(7) 81.90(4) [P.Se]* entities via one, two, or three Se atoms. The Ag
Ce(2y-Se(5)  3.163(2)  Se(6)Ce(2)-Se(8)  89.57(4) cations are displaced from the Ce locations to favor four
Ce(2)-Se(4) 3.222(2) Se(4)Ce(2)-Se(6) 91.70(4) . ; "
Ce(2)-Se(5) 3.283(2) Se(2)Ce(2)-Se(5) 124.77(5) shorter bonds with Se atoms of three differeniJ&]
Ce(2)-Se(2) 3.319(2) groups, thus realizing a more common lower coordinatfon.
Ce(3)-Se(9) 3.060(2) Se(6)Ce(3)-Se(8) 73.10(4) inati i
Co(3)-36(6) 3.00902) So(ACo(3)-56(8) 73.78(4) In the real, modulatgd strupture, the coor.dlnat|on dlffe_rence
Ce(3)-Se(3) 3.108(2) Se(H)Ce(3)-Se(3) 76.93(4) between Ag and Ce is realized through (i) a segregation of
Ce(3)-Se(8) 3.108(2) Se(4)Ce(3)-Se(6) 78.84(4) the cations in ribbons along ttee plane (see Figure 8) and
Ce(3)-Se(4) 3.121(2) Se(3)Ce(3)-Se(9) 91.13(4) i i i ; i
Co(3)-Se(1) 3232(2) Se(BiCe(3)-S6(9) 92.84(4) (||)' heavy displacive mt')dulatlc.)ns.both pf the catlo'ns and
Ce(3)-Se(1) 3.258(2) Se(HCe(3)-Se(3) 124.29(4) anions. Although the anisotropic displacive modulations are
Ce(3)-Se(3) 3.263(2) large (see for instance that of Se(2) in Figure 9a), the
P(1)-P(3) 2.230(5) Se(3)P(1)-P(3) 102.4(2) 4 i i
P(L)-Se(7) 2 185(3) Se(@P(L)-P(3) 106.0(2) [P2Se] group geometry is preserved as shown in theSB
P(1)-Se(3) 2.195(4) Se(BP(1)-P(3) 106.0(2) and P-P distances, see Flgure 9b. The averag@ [istance
P(1)y-Se(4) 2.207(3) Se(3)P(1)-Se(4) 107.9(2) is 2.23 A, and the averagefSe distances are 2.19, 2.19,
P(3)-Se(2) 2.182(4) Se(4)P(1)-Se(7) 115.8(2) i i
P(3)-Se(5) 2 186(4) Se(@P(L)-Se(7) 117.3(1) and 2.18 A for Se(_l), Se(2)1,6 f;r;g Se(3), respgctlvely, in
P(3)-Se(6) 2.213(4) Se(@PR3)-P(1) 104.0(2) agreement with the literatuté1647.55The Ag—Se distances
SeEG);PE?,);PElg 105.322; show a preferential four-fold coordination with a tendency
Se(5)-P(3-P(1 107.8(2 oAt
Se(2)-P(3)-Se(5) 110.3(2) fora Mo—fold coort_dlnatlon near the _crer_1e| edge-(0.45),
Se(5)-P(3)-Se(6) 113.4(2) see Figure 9c. This two-fold coordination should be cau-
Se(2)-P(3)-Se(6) 115.2(2) tiously considered since it may be an artifact of the
gg{gff()g) 22%%?3((3)) SSZ((?)EE?):E% igggg; refinement (although it was always associated with good
P(2)-Se(9) 2.196(4) Se(HP(2)-P(2) 107.1(2) residual values whatever the refinement model used). Indeed,
P(2)-Se(1) 2.203(3) Se(HP(2)-Se(8) 110.7(1) it is clear that the shortest AgSe distance arises when a Se
ggg))jgg))jgggg ﬂgggg atom abruptly enters the coordination sphere of Ag. This

Ag—Se distance swiftly shifts from ové A fort ~ 0.35 to
transition from the centrosymmetrie2,/c structure to that  ca. 2.8 A fort ~ 0.4, which is probably not properly
of Pcat low temperature¥?>3The Pc structure shows strong  described by a continuous function, thus the border effect.
ferroelectric behaviof® With this in mind, we solved both  The Ce-Se distance evolution shows a coordination close
NaCeRSe and CesP,Se; in the space groupcsince their  to that found in the average cell, see Figure 9c.
single-crystal data were collected at low temperature. NaCeP  Spectroscopy.The transparent, well-formed crystals of
Se; could be refined ilPcwith R1= 0.0310, wR2= 0.0767 yellow NaCeBSe;, yellow Cw.Ce P.Se&, and orange
[l > 20(1)], and a Flack parameter of 0.45(7). Anisotropic Ce, 3,Se; were suitable for single-crystal optical transmis-
refinement of the atoms caused nearly all to become sion measurements. The compounds exhibit sharp optical
nonpositive definite. Ged,Se; could be refined in the space  absorptions of 2.37, 2.24, and 1.94 eV respectively, consistent
group Pc with R1 = 0.0610, wR2= 0.1532 | > 20(l)], with their yellow to orange colors, see Figure 10. As
and a Flack parameter of 0.43(7). Anisotropic refinement of expected, there is a clear trend observed in these three
the atoms in this case lead to 1/3 of the atoms being materials, where increasing amounts of Ce lower the resulting
nonpositive definite. Therefore, we prefer the better behaving band gap. The shape of the absorption edge in these spectra
solutions inP2y/c and, consequently, the centrosymmetric can be analyzed to distinguish between a direct and an
description above (at least above00 °C). indirect gap semiconductét In semiconductors, the energy
Incommensurate Structure of AgCeRSe. AgCeRSe; dependence of the absorption coefficient is quadratic in
represents an incommensurately modulated version of thematerials with a direct energy gap, whereas in those with
structures described above. The basic structure (Oth orderindirect gaps, the dependence scales to the squar® Data
of the real modulated structure) is similar to that of NageP  plots of (absorptiorf) versus energy and (absorptiéf)
Se, Cw.Ce P,Se, and Cesf>Se. The ethane-like [Be]*
groups are bonded to the Ag and Ce cations to form a three-(54) Gaudin, E.; Boucher, F.; Evain, M. Solid State Chemin press.

dimensional structure. The Ce cations are linked to four such ®® ﬂ%%‘f’mhy' T. J; Kanatzidis, M. Anorg. Chem.1995 34, 1257
(56) This type of analysis is only valid if single-crystal spectra are available.
(53) Dittmar, G.; Schier, H. Z. Naturforsh.1974 29h 312-317. It is less reliable when using diffuse reflectance data.
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Figure 10. (a) Optical transmission spectra converted to absorption for a
2.30 P-P single crystal of NaCefSe; (solid black line), Cy4Ce P,Ses (line with
large dashes), and €eP.Se; (line with smaller dashes).
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Figure 11. The absorption edge data of GgP.Se; plotted as absorptién
28 versus energy (direct gap) and absorptwersus energy (indirect gap).
The nearly linear dependence of the latter is consistent with an indirect
Ce-Se band gap for CesP.Ses.
24
Ag-Se stretching mode of [Be]* ligand. This dominating stretch
20 is of diagnostic value for this anion and exists in other
0.0 02 0.4 0.6 0.8 1.0

¢ compounds with related structures: 215 ¢éror Ph,P,Se;,®°

222 cnt for Mg,P,Se, ' 224 cnm! for CaP,Seb?, 226 cnrt

for BaP,Se;,% and 225 cmt for KPrR.Se'%. The remaining
peaks can be tentatively assigned based on comparison with
the spectrum of MgP,Se;, see Table 6.

Figure 9. (a) The displacive modulation (in A) of the coordinatesy,
2) of the Se(2) atom as a function of the interhabordinate, (b) modulation
of the P-P (thick line) and P-Se (thin line) distances (in A), and (c)
modulation of the Ag-Se and Ce Se distances (in A) as a function of the
internal t coordinate for the incommensurately modulated structure of
AgCeRSe.

gcense Concluding Remarks
versus energy using the data points at the absorption edge

region of Ces#.Se are provided in Figure 11. The
(absorption’? versus energy plot is nearly linear for all three
compounds, while the plot of (absorpti®n)ersus energy
deviates significantly from linearity, suggesting that all three
compounds are indirect band gap semiconductors. This
method of determining the nature of the band gap in
semiconductors has been supported by electronic ban
SFrUCture calculations in the case of bothQKiRS* and (57) Pankove, J. IOptical Processes in Semiconductobover Publica-
Li,.PbGeS.5° tions: New York, 1971; pp 3442. N

The Raman spectra were obtained on single-crystal (58) Ui?;?a&%&%%%%;& j;b'cv S.; Brec, R.; Kanatzidis, NCI@m.
samples of the four compounds reported here, see Figure 12s59) aitken, J. A.; Larson, P.; Mahanti, S. D.; Kanatzidis, M. Ghem.
and Table 6. The most striking feature of the spectra is the Mater. 2001, 13, 4714-4721.
very strong peak at220-224 cntl. By analogy, this very (60) Becker, R.; Brockner, W.; Stfes, H. Z. Naturforsch1984 39a 357—

361.
strong peak can be unambiguously assigned to Ape

Four new selenophosphates have been discovered, namely
NaCeRSe;, Cw 4Ce P.Se;, Ce 3.5, and AgCelSe;. The
synthesis of these materials was very challenging due to the
high thermodynamic stability of CeS&CusPSa, and AgP,-

Se. NaCeRSe possesses a layered structure which is
isostructural to that of the KLn#®s family of compounds,
dwhere Ln= La, Ce, and Pr for G= Se and Ln= La for Q

(61) Pazmann, U.; Brockner, W.Z. Naturforsch.1987 42a 515-516.
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Figure 12. Raman spectra of (a) NaCgg®;, (b) Ca 3-Se;, and (c)

AgCeRSe.

= S. Substitution of the alkali metal by Cu and Ce, Ce alone,
or Ag results in the formation of GuCe, P.Se;, Cey 3-

Se, and AgCeRSe,. The structure of all four compounds
and that of the KLnEQs family can be derived from the
monoclinic-1l, M'PQ; structure type by a substitution of the
2+ metal by a 3 and H# metal or a 3 metal and
vacancies. This structure seems to be highly stable since it

Table 6. Raman Data (crmt) for NaCeBSe;, Cly sCer 2P-S6;,
AgCeRSe;, and Ce 3P,Se; Compared to that of MdP.Se;, which has
been Assigned Based @y Symmetry of the [BSe;]*~ Ligand?

(Dag) Mg2P:Se’! NaCeRBSe Cuw.4CerPSe CesP»Ses AgCeRSe

v3(A1g 126 m-s 128 m 127 m 123 m
142 m 135m
149 m
vo(Eg) 149s 146 m 149 m 154 m
vg(Eg) 165s 162 m 157 m 162 m 156 m
166 m 167 m 169 m 164 m
184 w
vao(A1g 222vs 224 vs 224 vs 223 vs 220 vs
252 vw 254 vw 256 m 251 vw
296 vw 295 vw 294 vw
330 vw,b
366 vw
vi(Eg) 462 vw 450 vw 448 vw 442 vw
463 vw
471 vw 472 vw 470 vw 471 vw
v1(A1g 511w 494 vw 494 vw 495 vw 495 vw

aWhere vs= very strong, m= medium, w= weak, vw= very weak,
and b= broad.

as, main group metals, alkaline earth metals, alkali metals
+ lanthanide metals, late transition metats lanthanide
metals, and lanthanide metals alone. This kind of structural
and compositional flexibility has already been clearly
demonstrated for the MPQ; compounds of the hexagonal-
and monoclinic-I-type&? Therefore, it seems plausible that
several other phases, containing mixtures of the cations
described above, could be stabilized in the structure type
described here. Some of these phases could have the potential
to display low-temperature phase transitions to e
structure that is known for Sp8; and SaP.Se.
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