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Abstract

The interlanthanide compounds Er;SmSg, Er;SmSeg, and Er; 1,Smg ggSe; have been synthesized from stoichiometric reactions of the
elements in a KI salt flux at 1273, 1173, and 1123 K, respectively. Er;SmSs and Er;SmSeg, which are isostructural and ordered, crystallize
in space group P2;/m in the ScEr;S¢ structure type whereas Ery 1,Smg ggSes, in which the Er and Sm atoms are disordered, crystallizes in
space group Pnma in the U,S; structure type. ErsSmSq is a paramagnet with a peer = 11.25(1) pg/mol. From optical measurements a
direct band gap of 2.0eV for light perpendicular to the (100) crystal face of Er;SmSeg is derived whereas for isostructural Er;SmS¢ an
optical transition at 2.2-2.4eV and a broad absorption peak at lower energies are observed.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Interlanthanide chalcogenides comprise a number of
families, including LnsLn|,Q, [1,2], LnLniQq [3.4],
LnLn' Q5 [5-12], and LnLn’' Q, [13] (Ln = Ln' = rare-earth
metal; O = S, Se, or Te). These compounds are all sulfides
with the exceptions of the LnYbSe3 (Ln = La—Sm) [11] and
the LnErTe, (Ln =Tb, Dy) [13] compounds. The inter-
lanthanide chalcogenides show diverse structural chemistry
among what are largely ordered phases. Investigations of
their physical properties have been limited. The magnetic
susceptibilities of ErLn,Q,4 [14], f-LaYDbS;, and LnYbSe;
(Ln = La, Ce, Pr, Nd, and Sm) [11], and the magnetic and
optical properties of some LnLn'S; compounds have been
determined [12].

Here, we report the syntheses and structures of the
ordered selenide Er;SmSeq, the disordered selenide
Er; 1,Smg ggSes, and ErzSmSs. The optical properties of
Er;SmSeq, ErsSmSg4, and Ery ,SmgggSe; along with the
magnetic properties of Er;SmSg¢ are presented.
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2. Experimental
2.1. Syntheses

KI (Aldrich, 99.9%) was heated to 473 K under vacuum to
remove moisture. The remaining reactants were used as
obtained. Reactions were carried out in fused-silica tubes.
The tubes were charged with reaction mixtures under an Ar
atmosphere in a glove box and then they were evacuated to
~10~*Torr and flame sealed. The desired products were
colored needles and this facilitated their being manually
extracted from the melts. Selected single crystals from each
reaction were examined with an EDX-equipped Hitachi
S-3500 SEM. The compounds are all moderately stable in air.

2.2. Synthesis of Er;SmSg

The previously reported synthesis of Er;SmS4 powder [4]
involved the stoichiometric reaction of the elements at
1223 K. We have prepared single crystals of Er;SmSg by
the reaction of Er (0.66mmol; Cerac, 99.9%), Sm
(0.22 mmol; Aldrich, 99.9%), and S (1.32 mmol; Mallink-
rodt, 99.8%) in a KI flux (1.5mmol). The reaction was
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heated to 1273 K in 24 h, kept at 1273 K for 96 h, cooled at
5K/h to 778K, and then the furnace was turned off.
Yellow needles of Ers;SmS¢ were obtained in about 70%
yield.

2.3. Synthesis of Er;SmSeg

The reaction mixture consisted of Er (0.66 mmol), Sm
(0.22mmol), Se (1.32mmol, Cerac, 99.9%), and KI
(1.5mmol). The sample was heated to 1173 K in 48 h, kept
at 1173 K for 72 h, cooled at 8.3 K/h to 773 K, and then the
furnace was turned off. The major products consisted of
red needles of ErsSmSeq in about 40% yield and black
needles of what we will describe as Er; 1,Smg ggSe; in about
20% vyield. EDX analysis of the red and black needles
showed Er:Sm:Se~ 3:1:6.

2.4. Synthesis and analysis of Er; ;,Smg ggSes

The reaction mixture was identical to that of the
Er;SmSeq synthesis, but the heating profile was altered.
The sample was heated to 1123 K in 24 h, kept at 1123 K
for 144 h, cooled at 10K/h to 723 K, and then the furnace
was turned off. The stoichiometric compound of Er;SmSeq
did not form but rather black crystals of non-stoichio-
metric Er; ;,Smg ggSe; were obtained in about 65% yield.

The presence of Er, Sm, and Se in about a 3:1:6 ratio was
confirmed by EDX analysis. To quantify this, ICP analysis
was performed. Black needles were hand picked from the
reaction mixture. 3.0mg of crystalline material was
dissolved in 10mL of a 3% HNOj; solution and analyzed
on a Varian VISTA-MPX instrument. Found: Er:Sm =
1.27(2):1; this leads to the formula Er, j5(2)Sm gs(2)Ses.

2.5. Structure determinations

Single-crystal X-ray diffraction data were collected with
the use of graphite-monochromatized MoKa radiation
(2 =0.71073 A) at 153K on a Bruker Smart-1000 CCD
diffractometer [15]. The crystal-to-detector distance was
5.023 cm. Crystal decay was monitored by re-collecting 50
initial frames at the end of data collection. Data were
collected by a scan of 0.3° in w in groups of 606 frames at ¢
settings of 0°, 90°, 180°, and 270°. The exposure times for
Er;SmSg, ErsSmSeq, and Ery [oSmg gsSes were 30, 20, and
15 s/frame, respectively. The collection of intensity data was
carried out with the program SMART [15]. Cell refinement
and data reduction were carried out with the use of the
program SAINT, and face-indexed absorption corrections
were performed numerically with the use of the program
XPREP [16]. The crystals were of non-equant habit and the
linear absorption coefficients are very large. Therefore, a
Leitz microscope equipped with a calibrated traveling
micrometer eyepiece was employed to measure accurately
the crystal dimensions for the face-indexed absorption
corrections. Then the program SADABS [16] was employed
to make incident beam and decay corrections.

The structures were solved with the direct methods
program SHELXS and refined with the full-matrix least-
squares program SHELXL [16]. In the unit cells of the
isostructural Er;SmSs and Er;SmSes compounds all atoms
are on positions of symmetry m. The Ln and Q atoms were
easily distinguished, but deciding which Ln position was
Sm necessarily was based on stereochemical considera-
tions. In the sulfide, the four Ln positions have average
Ln-S distances (A) and coordination numbers of 2.71, 6;
2.80, 7; 2.69, 6; and 2.92, 8. The corresponding values in
the selenide are 2.83, 6; 2.92, 7; 2.81, 6; and 3.04, 8. Thus,
Ln4 was assigned to Sm® " because it is larger than Er**.
The ensuing refinements were straightforward. In the
Er; 1,Smg ggSes structure, there are two independent Ln
positions in the asymmetric unit. In view of the ICP
analysis that gave Er:Sm = 1.27:1, there must be disorder
of Er and Sm in these Ln positions. The Lnl position has
more electron density than the Ln2 position; the Lnl-Se
distances are shorter than the Ln2-Se distances. Thus, the
Ln1 position is more likely to be occupied by Er than by
Sm. However, in problems of this sort, it is foolhardy to
expect that the nature of the disorder at these two sites can
be determined from the present X-ray data. Accordingly,
we assumed that the composition Er; 152)Smy sg(2)Ses given
by the ICP analysis was correct, but note the caveat that
this composition came from a sampling of a number of
crystals and it is possible that the composition of the crystal
used for the X-ray data collection was different. In the
refinement, disorder of the Er and Sm atoms was allowed
at both Ln sites, but the overall Er:Sm ratio was fixed at the
value obtained from the ICP analysis. The final occupan-
cies for Lnl and Ln2 were 0.735 Er/0.265 Sm and 0.385 Er/
0.615 Sm, respectively.

Each final refinement included anisotropic displacement
parameters. The program Structure Tidy [17] was used to
standardize the positional parameters. Additional experi-
mental details are given in Table 1 and in the Supporting
information. Selected metrical details are presented in
Tables 2 and 3.

2.6. Magnetic susceptibility of Er;SmSg

DC magnetic susceptibility measurements of Er;SmSg
were carried out with the use of a Quantum Design
MPMSS5 SQUID magnetometer. Twenty milligrams of
ground single crystals were loaded into a gelatin capsule.
Measurements were made between 2 and 380K with a
measuring field of 500 G, after cooling in either zero field or
1kG. All data were corrected for electron core diamagnet-
ism [18].

2.7. Single-crystal optical measurements

These were performed over the range of 400 nm (3.10eV)
to 800 nm (1.55eV) at 293 K on single crystals of Er;SmSq
(yellow) and Er;SmSeq (red) with the use of a Nikon TE300
inverted microscope coupled by fiber optics to an Ocean
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Table 1
Crystal data and structure refinements for Er;SmSg, Er;SmSes, and
Ery.12Smg ggSes”

Er3Sm56 ErgsmSeﬁ Er]_lzsmo_ggSe3
Formula weight 844.49 1125.89 556.52
Space group P2,/m P2,/m Prnma
Z 2 2 4
a (A) 10.940(2) 11.443(1) 11.166(1)
b (A) 3.9258(9) 4.0671(4) 4.0574(4)
¢ (A) 11.218(3) 11.734(1) 10.904(1)
p (deg) 108.731(3) 109.078(2) 90
V(A% 456.3(2) 516.11(9) 493.97(8)
pe (g/em?) 6.147 7.245 7.483
i (em™") 349.33 508.27 511.65
R (F)® 0.040 0.030 0.030
R, (PP 0.104 0.077 0.078

#For all three structures 7 = 153(2)K and / = 0.71073 A.

PR(F) = Y.||Fo|—|F./|[S2|F,| for F3>20(F).

CRy(Fg) = [ w(Fa—Fo [ wFel, w™' = 6*(Fo)+(q' x Fo)* for Fo>0;
wl = 6X(F2) for F2<0. q = 0.07 for Er;SmSs, 0.04 for Er;SmSes, and
0.05 for Er14|25m0.88Se3.

Table 2
Selected bond lengths (A) for ErsSmQ¢ (Q = S, Se)

Distance Er;SmSg Er;SmSeg
Erl-01 x 2 2.689(2) 2.8125(9)
Erl-Q1 2.743(3) 2.854(1)
Erl-02 x 2 2.751(2) 2.8638(9)
Erl-03 2.637(3) 2.766(1)
Er2-02 2.834(3) 2.958(1)
Er2-03 2.866(3) 3.009(1)
Er2-03 x 2 2.684(2) 2.8082(9)
Er2-04 x 2 2.909(3) 3.0269(9)
Er2-06 2.695(4) 2.805(1)
Er3-0l 2.665(3) 2.785(1)
Er3-05 2.701(3) 2.826(1)
Er3-0Q5 x 2 2.759(2) 2.8618(9)
Er3-06 x 2 2.630(2) 2.7500(9)
Sm-Q2 x 2 2.972(2) 3.0906(9)
Sm-04 x 2 2.833(2) 2.9519(9)
Sm-04 2.891(4) 3.031(1)
Sm-05 x 2 3.001(3) 3.108(1)
Sm-06 2.898(4) 3.023(1)
Table 3
Selected bond lengths (A) for Ery 1,Smg ggSes
Ln1*-Se3 x 2 2.8885(7) Ln2°-Se3 x 2 2.9793(7)
Lnl-Se4 x 2 2.8779(8) Ln2-Se3 2.997(1)
Lnl1-Se4 2.905(1) Ln2-Se4 x 2 2.9844(8)
Lnl1-Se5 2.914(1) Ln2-Se5 x 2 2.9831(8)
Lnl-Se5 2.940(1)

#0.735 Er/0.265 Sm.

©0.385 Er/0.615 Sm.
Optics model S2000 spectrometer. Similarly, optical

measurements were performed on a single crystal of
Er; 1,Smg ggSes (black) with the use of a Control Develop-
ment model 128L-1.7T1 (T.E. cooled InGaAs array)

spectrometer over the range 900 nm (1.38¢V) to 1700 nm
(0.73eV) at 293K. Selected single crystals of Er;SmSg,
Er;SmSeq, and Ery ;,Smg ggSes were face-indexed and their
crystal dimensions were measured by means of the video
attachment on a Bruker Smart-1000 CCD diffractometer.
Crystal dimensions along [100], [010], and [001] were 21.1,
350, and 12.3um for ErsSmSg; 20, 300, and 14 pum for
Er;SmSeq; and 28, 14, and 390 um for Er; ;,SmgggSes,
respectively.

A single crystal was positioned at the focal point above a
20 x objective with the use of a goniometer mounted on a
translation stage (Line Tool Company). Fine alignment of
the microscope assembly was achieved by maximizing the
transmission of the lamp profile. White light originating
from a tungsten-halogen lamp source impinged on a crystal
face of the single crystal and the light that transmitted
through the crystal was then spatially filtered before being
focused into a 400 um core diameter fiber coupled to the
spectrometer.

Absorption measurements with polarized light were
performed on single crystals of Er;SmSq and ErsSmSes.
Unpolarized light was used on a single crystal of
Er; 1,Smg ggSes because the polarizer does not function in
the near-infrared range. The absorbance spectra of light
perpendicular to the (100) and (001) crystal faces of
ErsSmSg, the (100) crystal face of Er;SmSes, and the
(100) and (010) crystal faces of Er;,SmgggSe; were
collected. The scaled absorption value and the crystal
thickness were used to calculate the absorption coefficient o
[19]. From the plots of (a/v)” vs. hv, where n = 1/2 is for an
indirect transition and n = 2 is for a direct transition, the
nature of the optical transition was determined [20,21]. The
optical band gap E, was obtained from the intersection of
the least-squares lines of the baseline and the fundamental
absorption band edge.

3. Results and discussion
3.1. Syntheses

Yellow single crystals of Er;SmS¢ were obtained in a
70% yield from the stoichiometric reaction of the elements
in a KI flux at 1273 K. The syntheses of both Er;SmSeg and
Ery 1,SmgggSe; proceeded from the stoichiometric reac-
tions of the elements in a KI flux. Red crystals of Er;SmSeq
were obtained at a reaction temperature of 1173 K in about
a 40% vyield; in addition, there was about a 20% yield of
black crystals of what we describe as Er; ;,Smg ggSe;. The
yield of the latter compound increased to about 65% when
the reaction temperature was 1123 K. The composition
Ery 122)Smg gg2)Ses for these black crystals was obtained
from ICP analysis.

3.2. Structures

The compounds Er;SmQg (Q = S, Se) are isostructural
and have the ScEr;Sq structure type [22]. The structure of
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Er;SmSeq is shown in Fig. 1. Every atom sits on a site with
m symmetry. Of the three crystallographically independent
Er atoms, Erl and Er3 are octahedrally coordinated by six
Q atoms, and the seven-coordinate Er2 atom sits in a
capped trigonal prism of @ atoms. The three ErQ,
polyhedra combine to form a three-dimensional network
that is penetrated by double-stranded SmQ chains. The
eight-coordinate Sm atom is in a bicapped trigonal prism
of Q atoms. Each SmQg polyhedron face shares with like
polyhedra in the [010] direction to form chains; each
polyhedron in the chain further edge shares with two like
SmQg polyhedra in the [001] direction to form the double-
stranded chains.

Because there are no Q—-Q bonds in ErsSmS¢ and
Er;SmSes, formal oxidation states can be assigned as
Er’*, Sm®", and 0*~. The bond distances listed in Table 2
are normal. For the Er;SmQg compounds, the following
comparisons can be made: Er-S, 2.630(3)72.909(3)1& Vs.
2.60(2)-3.07(2)A in CrEr,S, [23]; Er-Se, 2.7500(9)-
3.0269(9) vs. 2.770(2)-2.939(2) A in CsEr;Ses [24]; Sm-S,
2.833(2)-3.001(3) vs. 2.799(1)72.992(2)10\ in SmCuS, [25];
Sm-Se, 2.9519(9)-3.108(1) A vs. 2.8692(11)-3.1705(1) A in
Sm;CeSeq [26]. Although the stereochemistry, the nor-
malcy of the distances, and the satisfactory refinements
suggest that there is minimal Sm/Er disorder in these
compounds, there is no way to quantify this with the use of
the present X-ray data. The same statement can, of course,
be made for all interlanthanide structures derived from
X-ray data collected at standard wavelengths.

In the structure of Er; 1,Sm ggSe; (Fig. 2), which has the
U,S; structure type [27], each of the two independent Ln

¢ @) Er .Sm OQ

b

Fig. 1. The structure of Er;SmSeg viewed approximately down [010].

atoms has m site symmetry and is in a capped trigonal
prism of Se atoms. Lnl polyhedra corner share along [001]
and edge share along [010] to form layers. The layers are
separated by Ln2 double-stranded chains. These are
formed by Ln2 polyhedra face sharing with like polyhedra
in the [010] direction and edge sharing with two like Ln2
polyhedra in the [001] direction. Between double-stranded
chains the Lnl layers bridge by edge sharing every third
Lnl atom in the [100] direction. The layers and chains pack
in an ABCD pattern where A and C are like Ln1 shifted by
%c from each other, and B and D are like Ln2 layers shifted
by 3¢ from each other.

The Lnl position has Ln-Se bond lengths of
2.8779(8)-2.940(1) A (Table 3), which are consistent with
the smaller cation Er being predominantly at this site. The
Ln2 position has Ln-Se bond lengths of 2.9793(8)-
2.997(1)1&, which are consistent with the larger Sm cation
being predominantly at this site.

3.3. Magnetic susceptibility

The molar magnetic susceptibility y, and the inverse
magnetic susceptibility ' of ErsSmSg from 2 to 380K are
shown in Fig. 3. The compound shows Curie—Weiss
behavior y,.! = (T —0,)/C between 10 and 380K. ZFC
and FC data are almost superimposable. Below 10K
crystal field effects result in a slight deviation from
Curie-Weiss behavior. The values of the Curie constant

¢ & n1 @ Ln2 O Se

Fig. 2. The structure of Er; ;,Smg ggSe; viewed down [010].
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Fig. 4. Absorbance vs. energy (eV) for Er;SmSes. The spectrum calculated for a direct band gap (right) most closely resembles the observed spectrum.

C, the Weiss constant 0, and the effective magnetic
moment e are 15.83(4)emuK/mol, —3.4(5)K, and
11.25(1) pg/mol. The calculated free-ion moment for
ErsSmS¢ is 16.6 ug [28]. A lowering of the observed
effective magnetic moment is not surprising, and is likely
a result of splitting of the ground state terms for the ions. A
field significantly larger than that used to obtain the present
data would be needed to observe the full moment.

3.4. Optical properties

Optical measurements on a single crystal of
Er; 1,Smg ggSes display absorption in the region between
0.73 and 1.38¢V for light perpendicular to the (100) and
the (010) crystal faces. However, there are no indications of
a fundamental absorption band edge or of optical
transitions. Owing to the small size of the single crystals
of Ery 1,Smy ggSes electrical resistivity measurements could
not be performed. It is thus uncertain whether the
compound is metallic or semiconducting. If Er; 1,Smg ggSes
is a narrow-gap semiconductor, then the optical band gap
must be less than 0.73 eV, which is consistent with the black
color of the compound.

A steep fundamental absorption edge in the region of
1.55-3.10¢V is clearly visible for light perpendicular to the

(100) crystal face of ErsSmSeq (Fig. 4). Thus, Er;SmSeq is
probably a semiconductor. Because the fit of the original
absorbance data to a direct transition is superior to that for
an indirect transition, a direct optical band gap of 2.0eV is
assigned.

Neither for light perpendicular to the (100) nor the (001)
crystal face of ErsSmSq is a steep fundamental absorption
edge found. Rather an optical transition at ~2.2-2.4¢eV
with a characteristic broad absorption peak below the
optical transition is found. The origin of this broad
absorption peak is unknown.

By way of comparison the band gaps are about 1.3¢V in
CeLn'S; and about 1.6eV in LaLn’'S; (Ln' = Er, Tm, Yb)
[12].

It is clear that the electronic structure of the ordered
Er;SmQg phase is very sensitive to Q, because Er;SmSg is
yellow and ErsSmSeg is red. This is consistent with the
energy levels of S (3p) being lower than those of Se (4p).
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Appendix A. Supporting information

The crystallographic files in CIF format for Er;SmSg,
Er;SmSeq, and Erj1,SmgggSe; have been deposited with
FIZ Karlsruhe as CSD numbers 417136, 417135, and
417134, respectively. These data may be obtained free of
charge by contacting FIZ Karlsruhe at +49 7247808 666
(fax) or crysdata@fiz-karlsruhe.de (e-mail).

Supplementary data associated with this article can be
found in the online version at doi:10.1016/j.jssc.2007.
01.039.
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