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An investigation of the rare-earth telluride system BaLn Te2 4

(Ln5Sm–Tm, Y): syntheses, crystal structures, and magnetic properties
*Amy A. Narducci, Yuting Yang, Michelle A. Digman, Abe B. Sipes, James A. Ibers

Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, IL 60208-3113, USA

Abstract

Single crystals of BaLn Te (Ln5Gd–Tm, Y) form as black needles from the stoichiometric reaction BaTe12Ln13Te at 10008C.2 4

BaSm Te forms as a by-product in the reaction BaTe1Sm1Zn1Te at 8508C with the aid of a BaBr /KBr flux. The compounds2 4 2
16crystallize with four formula units in the space group D –Pnma (No. 62) in the CaFe O (calcium ferrite) structure type. Unit cell2h 2 4

˚ ˚ ˚ ˚constants range from a513.6883(10) A, b54.5148(3) A, and c516.3427(12) A in the Sm compound to a513.5677(10) A, b54.4058(3)
˚ ˚A, and c515.9989(12) A for Tm (t521208C). Ln atoms are coordinated by six Te atoms in an octahedral arrangement. These octahedra
share corners and edges to form a three-dimensional channel structure. Ba atoms occupy the bicapped trigonal-prismatic sites within these
channels. Magnetic susceptibility data for two representative compounds (Ln5Er and Tb) show paramagnetic behavior in the region
5–300 K.  2000 Elsevier Science S.A. All rights reserved.

Keywords: Synthesis; Solid-state compounds; Tellurides; Rare-earths

1. Introduction 2. Experimental

The family of compounds MLn Q (M5divalent cation; 2.1. Syntheses2 4

Ln5La–Lu, Y; Q5O, S, Se) has been discussed in detail
in the literature [1–15]. The family comprises a variety of Single crystals of BaLn Te (Ln5Gd–Tm, Y) were2 4

similar structure types with the majority of compounds synthesized by reacting the appropriate Ln element with
adopting the Yb S , MnY S , Th P , or CaFe O (calcium BaTe and Te in stoichiometric amounts at 10008C for 63 4 2 4 3 4 2 4

ferrite) structures. In addition to the reaction temperature, days in evacuated fused silica tubes. The reagents used
21 31 22the sizes of the M and Ln cations and Q anion were: Dy, Er (Aldrich 99.9%); Eu, Gd, Ho, Sm, Y (Alfa

determine the structure type adopted by a given compound. Aesar 99.9%); Tb, Tm (Strem 99.9%); BaTe (Alfa Aesar
Several studies of the MLn Q system have mapped these 99.5%); and Te (Aldrich 99.8%). The reactions proceeded2 4

trends [16–18]. However, a large portion of the data used in good yield, from 40% to 100% (for Er and Tm) of
involves powder X-ray diffraction methods as the only crystals and powder; binary rare-earth tellurides were the
form of structural identification and some of these data major impurities. The purity of bulk powder samples was
have been questioned [19–21]. Thus, a complete picture of checked by comparing experimental and calculated X-ray
the structural trends in this system is lacking. Additionally, diffraction patterns. For Ln5Sm the stoichiometric pro-
the behavior of the telluride analogues is virtually un- cedure failed, but a few single crystals were obtained
known, as only a few compounds have been reported [7]. unexpectedly in the reaction of BaTe, Sm, Zn, and Te in a
To this end, the compounds BaLn Te (Ln5Sm–Tm, Y) BaBr /KBr flux (1.1 /1 ratio) at 8508C for 6 days. Single2 4 2

have been synthesized and structurally characterized. The crystals were manually extracted from the product mix-
magnetic properties of two representative compounds have tures. The elemental contents of all single crystals used for
also been studied. diffraction studies were determined by means of an EDS-

equipped Hitachi-4500 SEM; atomic ratios were found to
be approximately Ba:Ln:Te51:2:4.

All attempts to prepare the analogous compounds of the
*Corresponding author. Tel.: 11-847-491-5449. lighter rare earths (La–Sm) by this stoichiometric route

0925-8388/00/$ – see front matter  2000 Elsevier Science S.A. All rights reserved.
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failed. For Eu, transparent red crystals of nominal com- Magnetization of each sample was measured as a function
position BaEu Te were obtained. As Eu is most often of both temperature and field strength with a Quantum4 5

divalent in solid-state chalcogenides, we would not expect Design SQUID magnetometer. All measurements were
BaEu Te to exist as a stable phase. corrected for core diamagnetism [26]. Plots of magneti-2 4

zation versus field strength at 35 K indicate no hysteresis
42.2. Crystallographic details up to 10 G.

Small black needles of each compound were used for
single-crystal diffraction studies. Each crystal was

3. Results and discussionmounted on the end of a glass fiber and placed in the cold
stream [22] of a Bruker SMART-1000 instrument

The compounds BaLn Te (Ln5Sm–Tm, Y) crystallizeequipped with a CCD detector. The samples were kept at 2 4

in the calcium ferrite structure type (Fig. 1). The structure21208C throughout the data collection. Data were col-
consists of two crystallographically unique Ln atoms eachlected with 0.38 v scans for either 15, 20, or 30 s for each
coordinated in an octahedral arrangement by six Te atoms,frame depending on the size of each crystal and hence the
as well as one Ba atom at the center of a bicapped trigonalintensity of its diffraction pattern. Final unit cell parame-
prism of Te atoms. Each Ln-centered octahedron sharesters were obtained by a global refinement of the positions
edges to form two distinct dimers, i.e. Ln(1) Te andof all reflections with the use of the processing program 2 10

Ln(2) Te , illustrated in the polyhedral view in Fig. 2.SAINT1 [23]. A face-indexed absorption correction was 2 10

Each octahedron of the pair shares edges with octahedra ofapplied to each data set with the use of XPREP [24] and
two neighboring dimers to form infinite one-dimensionalsubsequently the program SADABS [23], which relies on

1 1chains along [010], ( [Ln(1) Te ] and [Ln(2) Te ]).redundancy in the data, was used to apply some semi- ` 2 10 ` 2 10

Additionally, each dimer shares corners with four neigh-empirical corrections. Each structure was solved with the
boring dimers to form layers perpendicular to [010],use of the direct methods program SHELXS [25] of the

21SHELXTL-97 suite. The structures were refined by full- creating a three-dimensional channel structure. Ba cat-
matrix, least-squares techniques with the program ions fill the bicapped-trigonal prismatic sites within these
SHELXL-97 [24]. Final refinements included anisotropic channels. Selected Ln–Te bond distances (Table 3) agree

˚displacement parameters and, for the Sm, Gd, and Tm well with literature values, i.e. 3.1–3.7 A for Gd Te [27]2 3
˚compounds, secondary extinction corrections. Relevant and 3.1–3.3 A for (HoS) Te [28]. The angles (Table 4)2 1.34

crystallographic parameters are presented in Table 1. Final of the octahedron surrounding atom Ln(1) are within about
positional parameters and equivalent isotropic displace- 48 of 908 or 1808. The angles of the octahedron around
ment parameters are given in Table 2. atom Ln(2), however, deviate far more, up to approximate-

ly 188. This distortion of both octahedral sites is inherent in
2.3. Magnetic susceptibility the CaFe O structure type [29]. The nature and effects of2 4

this distortion will be discussed below.
21Samples of BaEr Te and BaTm Te weighing approxi- Owing to the large size of the Ba cations, it is not2 4 2 4

mately 0.150 g were ground into fine powders and used for surprising that the present compounds form the CaFe O2 4

magnetic susceptibility measurements. The purity of each structure type. The preference of larger divalent cations for
sample was checked by powder X-ray diffraction methods. the calcium ferrite structure over the related, mixed-valent

Table 1
aCrystal data and structure refinement for BaLn Te2 4

Ln5 Sm Gd Tb Dy Y Ho Tm Er

Formula weight 948.44 962.24 965.58 972.74 825.56 977.60 982.26 985.60
˚a (A) 13.6883 (10) 13.6924 (8) 13.6611 (14) 13.6567 (12) 13.646 (3) 13.6211 (9) 13.5992 (12) 13.5677 (10)

b 4.5148 (3) 4.4822 (2) 4.4611 (5) 4.4517 (4) 4.4430 (9) 4.4322 (3) 4.4177 (4) 4.4058 (3)
c 16.3427 (12) 16.2597 (9) 16.1817 (16) 16.1465 (14) 16.141 (3) 16.0959 (11) 16.0487 (14) 15.9989 (12)

3˚Volume (A ) 1009.98 (12) 997.89 (9) 986.17 (18) 981.64 (15) 978.6 (3) 971.73 (11) 964.16 (15) 956.36 (12)
3

r (calc.) (g /cm ) 6.237 6.405 6.503 6.582 5.603 6.682 6.767 6.845
21

m (cm ) 266 284 296 306 273 318 331 343
2 2 bR(F ), F .2s(F ) 0.0271 0.0192 0.0337 0.0282 0.0401 0.0230 0.0264 0.0238o o

2 cRw(F ) (all data) 0.0692 0.0581 0.0738 0.0609 0.0863 0.0554 0.0627 0.0519
a Space group: Pnma, Z54, t521208C.
b R(F )5ouuF u2uF uu /ouF u.o c o
c 2 2 2 2 4 1 / 2 21 2 2 2 2 2 21 2 2 2R (F )5[ow(F 2F ) /owF ] ; w 5s (F )1( pF ) for F $0; w 5s (F ) for F #0. p50.04 (Sm, Gd, Y); 0.033 (Tb); 0.03 (Dy, Ho, Er);w o o c o o o o o o

0.025 (Tm).
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Table 2
Atomic coordinates and equivalent isotropic displacement parameters for BaLn Te ( y51/4)2 4

a aAtom x z U(eq) Atom x z U(eq)

BaSm Te BaY Te2 4 2 4

Ba(1) 0.24141(4) 0.66665(3) 0.01187(14) Ba(1) 0.23889(7) 0.66913(5) 0.0115(2)
Sm(1) 0.07940(3) 0.40225(2) 0.01112(14) Y(1) 0.08125(11) 0.40353(9) 0.0110(3)
Sm(2) 0.56575(3) 0.60830(2) 0.01147(14) Y(2) 0.55953(11) 0.60943(9) 0.0108(3)
Te(1) 0.08814(4) 0.07940(3) 0.01083(15) Te(1) 0.09127(7) 0.07663(6) 0.0101(2)
Te(2) 0.29246(4) 0.33124(3) 0.01146(15) Te(2) 0.29519(8) 0.33836(6) 0.0110(2)
Te(3) 0.36809(4) 0.02744(3) 0.01082(15) Te(3) 0.37190(7) 0.02899(6) 0.0104(2)
Te(4) 0.47686(4) 0.78343(3) 0.01167(15) Te(4) 0.47294(7) 0.78393(6) 0.0108(2)

BaGd Te BaHo Te2 4 2 4

Ba(1) 0.23972(3) 0.66821(3) 0.01013(12) Ba(1) 0.23871(4) 0.66939(4) 0.00969(13)
Gd(1) 0.08057(2) 0.40311(2) 0.00951(11) Ho(1) 0.08109(3) 0.40356(3) 0.00906(12)
Gd(2) 0.56224(2) 0.60884(2) 0.00983(11) Ho(2) 0.55951(3) 0.60933(3) 0.00920(11)
Te(1) 0.09027(3) 0.07807(3) 0.00938(13) Te(1) 0.09094(4) 0.07659(4) 0.00879(14)
Te(2) 0.29393(3) 0.33492(3) 0.00996(12) Te(2) 0.29501(5) 0.33924(4) 0.00970(15)
Te(3) 0.37008(3) 0.02855(3) 0.00931(12) Te(3) 0.37227(5) 0.02883(4) 0.00904(14)
Te(4) 0.47463(3) 0.78376(3) 0.01008(12) Te(4) 0.47312(5) 0.78407(4) 0.00954(14)

BaTb Te BaEr Te2 4 2 4

Ba(1) 0.23930(7) 0.66866(6) 0.0104(2) Ba(1) 0.23863(6) 0.66963(5) 0.00951(19)
Tb(1) 0.08077(6) 0.40313(5) 0.00965(19) Er(1) 0.08120(5) 0.40360(4) 0.00896(15)
Tb(2) 0.56109(6) 0.60890(5) 0.01007(19) Er(2) 0.55892(5) 0.60941(4) 0.00907(15)
Te(1) 0.09050(8) 0.07753(6) 0.0093(2) Te(1) 0.09097(6) 0.07626(5) 0.0087(2)
Te(2) 0.29443(8) 0.33680(6) 0.0099(2) Te(2) 0.29529(7) 0.34039(5) 0.0091(2)
Te(3) 0.37097(8) 0.02864(6) 0.0096(2) Te(3) 0.37272(7) 0.02881(5) 0.0084(2)
Te(4) 0.47399(8) 0.78392(6) 0.0104(2) Te(4) 0.47271(7) 0.78413(5) 0.0092(2)

BaDy Te BaTm Te2 4 2 4

Ba(1) 0.23897(6) 0.66910(5) 0.01020(18) Ba(1) 0.23854(5) 0.66982(4) 0.01043(15)
Dy(1) 0.08101(5) 0.40342(4) 0.00943(15) Tm(1) 0.08119(3) 0.40357(3) 0.00974(12)
Dy(2) 0.56017(5) 0.60919(4) 0.00978(15) Tm(2) 0.55870(4) 0.60949(3) 0.00989(12)
Te(1) 0.09085(6) 0.07693(5) 0.00914(19) Te(1) 0.09087(5) 0.07595(4) 0.00925(15)
Te(2) 0.29468(6) 0.33812(5) 0.0099(2) Te(2) 0.29532(5) 0.34126(4) 0.01016(16)
Te(3) 0.37180(6) 0.02883(5) 0.00917(19) Te(3) 0.37329(5) 0.02859(4) 0.00942(16)
Te(4) 0.47338(6) 0.78388(5) 0.01007(19) Te(4) 0.47266(5) 0.78419(4) 0.01002(16)

a U(eq) is defined as one third of the trace of the orthogonalized U tensor.ij

Yb Se structure type has been discussed in detail [15]. MLn O compounds will crystallize in the calcium ferrite3 4 2 4

For example, CaY S adopts the Yb S structure type structure type. However, radius-ratio rules are of limited2 4 3 4

consisting of a three-dimensional Ln-centered octahedral use for the chalcogenides, because they rely on a hard-
framework that accommodates the two small cations in the sphere approximation that is not reliable when covalent

22channels of the structure. SrY S and BaY S , however, bonding is involved. The role that the size of the Q2 4 2 4

form the calcium ferrite structure that can only accommo- anion plays in determining structure type remains un-
31date one large cation in each channel. The size of the Ln known.

cation also plays a role in determining structure type; this Plots illustrating the trends of the cell constants versus
21can be seen for oxides, sulfides, and selenides, and all M the ionic radius of the rare-earth atom are shown in Fig. 3.

cations in the MLn Q family. In the Sr and Ba selenides, These cell constants decrease linearly with decreasing2 4

the larger lanthanides form the Th P structure whereas the radius. Because the changes in cell constants are small, the3 4

smaller lanthanides crystallize in the calcium ferrite struc- volume of the cell also decreases linearly with decreasing
ture [18]. The structural change occurs between Gd and Tb radius. Although the values used for ionic radii are the
for the Sr compounds and between Nd and Sm for the Ba usual ones [31], the anomalies at Y suggest that its ionic
compounds [18]. radius falls between those of Dy and Ho for these

Note that no ternary compounds of the lighter lanth- tellurides. This has also been noted previously with the
anides (La–Nd) could be obtained either by stoichiometric sulfides [15] and selenides [2] of this family.
reactions or with the aid of a flux. We do not know if such In addition to the decrease of the cell parameters, the
compounds are stable, and, if they are, what structure types overall distortion in the structure decreases with decreasing
they will adopt. It has been proposed [30] that when the ionic radius. This distortion is present to some extent in all

21 31radius of M is larger than the radius of Ln then the compounds that possess the calcium ferrite structure type.
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Fig. 1. View down [010] of the unit cell of BaLn Te showing the three-dimensional channel structure. Here and in subsequent figures atoms are of2 4

arbitrary size.

31Why exactly the distortion of one octahedral site is more Ln cation on the distortion in the present compounds,
pronounced than that of the other has never been adequate- the shift of each Ln atom out of the equatorial plane of its
ly discussed. As a measure of the effect of the size of the respective octahedron, formed by atoms Te(3) and Te(4)

Fig. 2. Polyhedral view down [010] of BaLn Te . Light polyhedra are Ln(1)-centered, dark polyhedra are Ln(2)-centered. Open circles are Ba atoms.2 4
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Table 3
˚Selected bond lengths (A) for BaLn Te2 4

Ln5 Sm Gd Tb Dy Y Ho Er Tm

Ln(1)–Te(4)32 3.0756(5) 3.0593(4) 3.0424(9) 3.0383(7) 3.0345(12) 3.0258(5) 3.0154(8) 3.0057(6)
Ln(1)–Te(3) 3.1124(7) 3.0889(6) 3.0714(14) 3.0593(11) 3.0574(19) 3.0454(8) 3.0355(11) 3.0223(8)
Ln(1)–Te(3)32 3.1303(5) 3.1047(4) 3.0878(9) 3.0774(8) 3.0732(12) 3.0628(5) 3.0512(8) 3.0388(6)
Ln(1)–Te(2) 3.1388(7) 3.1247(6) 3.1099(14) 3.1028(11) 3.1032(19) 3.0923(8) 3.0832(11) 3.0715(9)
Ln(2)–Te(1) 3.0828(7) 3.0633(6) 3.0434(13) 3.0343(11) 3.0343(18) 3.0230(8) 3.0115(11) 2.9987(8)
Ln(2)–Te(4) 3.1100(7) 3.0868(6) 3.0719(13) 3.0595(11) 3.0544(18) 3.0489(8) 3.0393(11) 3.0291(8)
Ln(2)–Te(1)32 3.1235(5) 3.1038(4) 3.0857(10) 3.0789(8) 3.0741(13) 3.0640(5) 3.0524(8) 3.0428(6)
Ln(2)–Te(2)32 3.1368(5) 3.1205(4) 3.1053(10) 3.0995(8) 3.0944(13) 3.0860(5) 3.0755(8) 3.0653(6)

Ba(1)–Te(3)32 3.5370(6) 3.5269(5) 3.5183(11) 3.5174(9) 3.5125(11) 3.5093(7) 3.5042(10) 3.5016(7)
Ba(1)–Te(1)32 3.5477(6) 3.5481(5) 3.5435(11) 3.5455(9) 3.5406(11) 3.5392(7) 3.5347(10) 3.5307(7)
Ba(1)–Te(2)32 3.5416(6) 3.5472(5) 3.5483(11) 3.5515(9) 3.5514(11) 3.5491(7) 3.5499(9) 3.5478(7)
Ba(1)–Te(4) 3.7094(8) 3.7128(6) 3.7049(16) 3.6991(12) 3.6925(15) 3.6880(9) 3.6757(13) 3.6658(10)
Ba(1)–Te(4) 3.7479(8) 3.7250(6) 4.3455(13) 3.7057(13) 3.7073(16) 3.6944(9) 3.6916(13) 3.6816(10)

for Ln(1), and atoms Te(1) and Te(2) for Ln(2), is shown 5 and values for u and C as well as the effective magnetic
]Œas a function of ionic radius (Fig. 4). An interesting trend moment, m 5 8C m where m is the Bohr magneton,eff B B

is observed. The shift of Ln(2) decreases dramatically with are given in Table 5. The value of m of 8.9(1) m foreff B
31decreasing size of the rare-earth atom but the shift of Ln(1) Er may be compared with 9.07 m for Er Te [32], 10.3B 2 3

tends to increase slightly. This can be rationalized by m for ErGe [33], and the ‘average’ experimental valueB 1.83
31considering the Ln Te framework to be a flexible network of 9.5 m [34]. The value of m of 7.3(3) m for Tm2 4 B eff B

of Ln-centered octahedra. Thus as the size of the Ln atom agrees with the ‘average’ experimental value of 7.3 mB

increases, the Ln(2) atoms are shifted farther away from [34].
the centers of their octahedra and the Ln(1) atoms are
subsequently pulled into a more regular environment.

Initially, the dependence of molar magnetic suscep- Acknowledgements
tibility on temperature was fit by least-squares methods to
the modified Curie–Weiss relation x5x 1C /(T1u ), but This research was supported by NSF Grant No. DMR-o

the resultant values of x were not significantly different 9709351. A.B. Sipes was funded by NSF Grant No.o

from zero. Thus, the Curie–Weiss law was used. Plots of DMR-9803995 (NSF Summer Research Program in Solid
21

x vs. T for the Er and Tm compounds are shown in Fig. State Chemistry) and M.A. Digman by NSF-MRL Grant

Table 4
Selected angles (8) in BaLn Te2 4

Ln5 Sm Gd Tb Dy Y Ho Er Tm

Te(4)–Ln(1)–Te(3)32 90.02(2) 86.66(1) 86.56(2) 86.52(2) 86.60(2) 86.51(1) 86.47(2) 86.35(1)
Te(3)–Ln(1)–Te(3)32 88.40(2) 88.10(1) 87.87(3) 87.72(2) 87.69(4) 87.62(2) 87.51(3) 87.32(2)
Te(4)–Ln(1)–Te(3)32 86.61(1) 89.87(1) 89.91(3) 89.93(2) 89.94(4) 89.96(2) 90.01(3) 90.08(2)
Te(4)–Ln(1)–Te(2)32 89.96(2) 90.34(1) 90.68(3) 90.80(2) 90.78(4) 90.98(2) 91.17(3) 91.23(2)
Te(3)–Ln(1)–Te(2)32 91.62(2) 91.70(1) 91.53(3) 91.53(2) 91.58(4) 91.43(2) 91.30(3) 91.36(2)
Te(3)–Ln(1)–Te(3) 92.30(2) 92.41(1) 92.50(3) 92.65(3) 92.58(5) 92.70(2) 92.76(3) 92.92(2)
Te(4)–Ln(1)–Te(4) 94.44(2) 94.20(2) 94.30(4) 94.21(3) 94.12(5) 94.18(2) 94.20(3) 94.26(2)
Te(4)–Ln(1)–Te(3)32 178.11(2) 177.79(2) 177.62(4) 177.55(3) 177.52(6) 177.48(2) 177.43(3) 177.33(3)
Te(3)–Ln(1)–Te(2) 179.97(2) 179.70(2) 179.12(4) 178.92(3) 178.94(6) 178.62(2) 178.28(3) 177.89(2)

Te(4)–Ln(2)–Te(1)32 82.84(2) 83.52(1) 83.78(3) 84.06(2) 84.25(4) 84.29(2) 84.44(2) 84.59(2)
Te(1)–Ln(2)–Te(1)32 85.21(2) 85.66(1) 85.73(3) 85.69(2) 85.70(4) 85.67(2) 85.65(2) 85.56(2)
Te(1)–Ln(2)–Te(2)32 86.84(1) 87.32(1) 87.36(2) 87.46(2) 87.53(2) 87.49(1) 87.50(2) 87.48(1)
Te(4)–Ln(2)–Te(2)32 87.26(2) 88.58(1) 89.16(3) 89.70(2) 89.81(4) 90.02(2) 90.40(2) 90.68(2)
Te(2)–Ln(2)–Te(2) 92.05(2) 91.81(2) 91.83(4) 91.80(3) 91.76(5) 91.80(2) 91.81(3) 91.89(2)
Te(1)–Ln(2)–Te(1) 92.56(2) 92.45(2) 92.58(4) 92.59(3) 92.55(5) 92.65(2) 92.71(3) 92.77(2)
Te(1)–Ln(2)–Te(2)32 104.59(2) 102.22(1) 101.34(3) 100.58(2) 100.26(4) 100.06(2) 99.55(2) 99.22(2)
Te(1)–Ln(2)–Te(4) 162.67(2) 164.33(2) 164.80(4) 165.14(3) 165.45(6) 165.44(2) 165.63(3) 165.70(3)
Te(1)–Ln(2)–Te(2)32 170.08(2) 172.07(2) 172.91(4) 173.71(3) 174.03(6) 174.26(2) 174.79(3) 175.22(2)
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Fig. 3. Plots of axis length versus ionic radius for all BaLn Te compounds. The lines represent the best linear fit to the data, excluding Y in all cases. No2 4

error bars are given, as the errors in cell constants, though undoubtedly larger than those stated in Table 1, remain small compared with the scale of the
ordinate.
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Fig. 4. Plot showing the shift out of the equatorial plane versus ionic radius for the two independent Ln atoms. ♦, Ln(1); and h, Ln(2).
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