Journal of Solid State Chemistry 196 (2012) 586-595

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at SciVerse ScienceDirect

Journal of Solid State Chemistry

Jounseor
SOLID STATE
CHEMISTRY

New rare-earth metal germanides with bismuth substitution.
Synthesis, structural variations, and magnetism of the RE[Bi,Ge;_x]>
(RE=Y, Pr, Nd, Sm, Gd-Tm, Lu) compounds

Jiliang Zhang?, Benjamin Hmiel ?, Anthony Antonelli?, Paul H. Tobash?, Svilen Bobev ®* Shanta SahaP®,
Kevin Kirshenbaum®, Richard L. GreeneP, Johnpierre Paglione”

@ Department of Chemistry and Biochemistry, University of Delaware, Newark, DL 19716, USA

b Department of Physics, University of Maryland, College Park, MD 20742, USA

ARTICLE INFO ABSTRACT

Article history:

Received 11 June 2012
Received in revised form

12 July 2012

Accepted 14 July 2012
Available online 23 July 2012

Keywords:

Polar intermetallics

Crystal structure
Single-crystal X-ray diffraction
Rare-earth metals

Magnetism

Single-crystals of the novel rare-earth metal-bismuth digermanides with idealized formula RE[Bi,Ge; _x]»
(RE=Y, Pr, Nd, Sm, Gd-Tm, Lu; x <0.16(1)) have been obtained using the Bi-flux technique. Their
structures have been established by single-crystal X-ray diffraction; they can be divided into three
classes, closely related to the ZrSi, structure with the space group Cmcm (no. 63). The structural
relationship and the variations with the type of the rare-earth metal have been explored and discussed.
Temperature-dependent magnetization measurements on the single-crystals reveal magnetic behavior,
which have been rationalized based on the mean-field theory. At cryogenic temperatures, the localized 4f
electrons in most of the compounds exhibit antiferromagnetic ordering, mediated by the conduction
electrons via Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange interactions.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Rare-earth metal (RE) containing compounds offer a wealth of
structures and intriguing properties [1]. They are also excellent
candidates for fundamental studies on the factors determining a
bonding arrangement of a specific kind, the evolution of the
properties within a given structure, and ultimately the structure-
property relationships. RE-silicides and RE-germanides are well
suited for these types of investigations, and in recent years, such
compounds have attracted considerable attention [2]. For instance,
in the Dy-Ge binary phase diagram alone [3,4], it has been
reported that there are at least eight distinct phases in the narrow
compositional range from DyGe to DyGe,. Such structural diversity
suggests that the realization of the multitude of structures is a
consequence of multiple cooperating factors, among which topo-
logical or electronic considerations are the primary ones [5].

In our previous work, we have demonstrated that one can
extend the ZrSi, structure type (known only for REGe, when
RE=Tm and Lu) to the mid-to-late rare-earth metals by the
addition of Sn, forming the series RE[Sn,Ge;_x]> (RE=Y,
Gd-Tm) [6]. These orthorhombic structures afforded an unusual
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result—Ge and Sn showed a tendency to order on two polyanionic
sub-lattices, effectively rendering the compounds in question as
nearly stoichiometric (referred to as RESnGe hereafter). The
synthesis in these cases was greatly facilitated by the use of the
flux techniques [7], which can depress thermal strain (and to
some degrees the heterogeneous nucleation) compared with the
traditional arc-melting route. However, when we attempted to
synthesize analogous compounds with In (notice the small
difference in atomic sizes and electronegativity between indium
and tin [8]), the RE,InGe, (RE=Sm, Gd-Ho, Yb) with the tetra-
gonal UsSi, type structure formed instead [9]. We reasoned that
indium is one electron-poorer than Sn, thereby leading to elec-
tronic deficiency, which is likely the reason the chemistry did not
work. In the next set of experiments, we attempted to determine
if the size of the dopant element is a critical factor and considered
the existence of RE[Pb,Ge,_y]» (isoelectronic substitution of Ge
with a much heavier element, Pb). These experiments were also
unsuccessful and led to the identification of a number of binary
germanides, including RE;Ge, (RE=Y, Gd-Tm) [4b,10]. At this
point, we decided to also explore the electron-richer Bi, which
surprisingly produced a very large family of bismuth-substituted
digermanides with general formulas RE[Bi,Ge; _x]> (RE=Y, Pr, Nd,
Sm, Gd-Tm, Lu). Depending on the nature of the rare-earth metal,
they form in three very similar structures, which for the sake of
simplicity, are hereafter referred to as REBiGe.
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With the paper, we report the synthesis and the flux-growth of
single-crystals of these compounds. Their structures, established
from single-crystal X-ray diffraction, and the basic magnetic
properties - determined by means of bulk magnetometry - are
also discussed.

2. Experimental
2.1. Synthesis

Most of the synthetic work was performed inside an argon-
filled glove box or under vacuum. All elements used for
synthesis were purchased from Alfa or Aldrich with stated purity
greater than 99.9 wt.%. In a typical experiment, a reaction
mixture containing the starting materials in the molar ratio
RE:Ge:Bi=1:2:8 (RE=La-Sm, Gd-Lu) was loaded into 2cm?®
alumina crucibles. The crucibles were subsequently encapsulated
in fused silica tubes, which were flame-sealed under vacuum and
heated for reaction in a box furnace. The heating program
included a quick ramping to 1273 K at a rate 200 K/h, homo-
genization for 20 h, and cooling down to 873 K at a rate of 10 K/h.
At this temperature the excess molten flux was easily removed by
decanting it and the grown crystals were isolated. Details of the
metal flux method can be found elsewhere [7].

The Bi-flux technique produced the best results in terms of yield
and crystal quality. Due to the very different melting temperatures of
the constituent elements and the evaporative loss of bismuth, the
REBiGe phase could not be reliably made via arc-melting. Induction
melting in sealed tubes worked, but the method was unsuccessful in
producing phase-pure material—even after a long time (1-2 weeks)
annealing, the induction melted products were multi-phase mixtures
and the size/quality of the single-crystals from induction melting
was inferior compared to the flux-produced samples.

2.2. X-ray diffraction

Single-crystal X-ray diffraction data were collected on a Bruker
SMART CCD-based diffractometer (3-circle goniometer, mono-
chromated MoKo sealed source with 1=0.71073 A). The data
acquisitions were performed in batch runs at different w and ¢
angles with the SMART software [11a]. The raw data were
integrated using SAINT [11b] and semiempirical absorption

Table 1

correction was applied using SADABS [12]. The unit cell para-
meters were refined using all measured reflections. The structure
solution and refinement were done using the SHELXTL package
[13]. Refined parameters included the scale factor, the atomic
positions with anisotropic displacement parameters (excluding
the disordered Ge4 is structures I and II—see below), extinction
coefficients (where applicable). Tables 1-3 give further details of
the data collection and structure refinement parameters for all
structures; final positional and equivalent isotropic displacement
parameters for selected ones are listed in Tables 4-6, respectively
[14]. Important interatomic distances are provided in Table 7.

X-ray powder diffraction patterns were collected using a
Rigaku MiniFlex powder diffractometer (filtered CuKa radiation
with 1=1.5418 A). The collected powder patterns were primarily
used for phase identification of the reaction products, carried out
with the aid of the JADE 6.5 software package. The experimental
powder X-ray diffraction patterns matched well with those
calculated from the single-crystal work.

2.3. Magnetic susceptibility measurements

Field-cooled dc magnetization (M) measurements were con-
ducted using a quantum design magnetic property measurement
system (MPMS) SQUID. The measurements were done on single-
crystal samples in the direction parallel to the basal plane under
an applied field (H) of 500 Oe. The temperature range of the
measurements was from 5K to 300 K. Measurement in the
direction normal to the basal plane was also performed on a
single-crystal of HoBiGe to examine the effects of crystal aniso-
tropy. Superconductivity has been reported for LuGe, [15], thus
magnetization measurements (in a SQUID magnetometer down to
1.8 K) and resistivity measurements (in a dilution refrigerator
down to 50 mK) of Lu[BiyGe; _x]» were also carried out.

2.4. Energy-dispersive X-ray spectroscopy (EDX) analysis

EDX analysis was conducted using a JEOL 7400 F electron
microscope equipped with an INCA-Oxford energy-dispersive
spectrometer. Data were acquired for several areas on the same
sample and then averaged. The obtained results (provided as
supporting information) are in good agreement with the refined
compositions and the elemental-mapping confirms the homoge-
neity of the samples.

Selected single-crystal data collection and structure refinement parameters for RE[BiyGe; ], (RE=Pr, Nd, Sm, Gd, Tb).

Structure I

Empirical formula PrBig.31(1)Ge1.631) NdBig.28(1)Ge1.62(1)
Formula weight 323.75 321.21
Space group, Z
Radiation, A
Temperature
Unit cell parameters
alA 4.147(2) 4.1204(4)
b/A 31.279(14) 31.070(3)
c/A 4.303(2) 4.2592(4)
VA3 558.1(4) 545.27(9)
Peaic/g cm ™3 7.721 7.833
p/em~! 538.9 544.6
Data: parameters ratio 477: 30 433: 30
. R R1=0.0317, R1=0.0258,
Final R1* (I> 207) WR2=0.0642 WR2=0.0589
Largest diff. peak and hole/ 1.40 and —1.50 1.71 and —1.40

e A3

SmBiO.ZG(])Gel .64(2) GdBi0.21(1 yGe1.69(2) TbBi0.14(1 \Ge1.7402)

322.86 324.45 315.01
Cmcm (no. 63), Z=8
MoKa, 0.71073 A
—153°C
4.0733(7) 4.0404(12) 4.0052(14)
30.715(5) 30.444(9) 30.213(10)
4.2047(7) 4.1629(12) 4.1210(14)
526.03(15) 512.1(3) 498.7(3)
8.153 8.416 8.391
573.6 595.5 4859
423: 29 421: 29 402: 29
R1=0.0214, R1=0.0276, R1=0.0233,
WR2=0.0484 WR2=0.0525 wR2=0.0535
1.40 and —1.57 3.04 and —3.01 1.90 and —2.33

AR1=Y||F| - |Fc

|/3|Fol; wR2=[X[W(F3 - F2)]/> [W(F3)?]]"/?, where w=1/[6F2+(A-P)*+(B-P)], and P=(F2+2F2)/3; A and B weight coefficients.
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Table 2
Selected single-crystal data collection and structure refinement parameters for RE[Bi,Ge; _«]> (RE=Dy, Ho, Y).

Structure II

Empirical formula

DyBio.00(1)Ge1.76(1)

HOBio.08(1 sGer.77¢2)

YBio,nm yGer1.75(2)

Formula weight 309.93 310.22 238.33
Space group, Z Cmcm (no. 63), Z=8
Radiation, 4 MoKe, 0.71073 A
Temperature —153°C
Unit cell parameters
alA 4.1120(10) 4.0951(8) 4.128(5)
b/A 29.917(8) 29.799(6) 30.08(3)
c/A 3.9234(10) 3.9159(8) 3.934(5)
V/A3 482.7(2) 477.85(16) 488.6(10)
Pealc/g cm ™3 8.530 8.624 6.479
p/em~! 588.94 603.97 522.06
Data: parameters ratio 391: 29 392: 29 385: 29
Final R1° (I > 20)) R1=0.0242, wR2=0.0536 R1=0.0191, wR2=0.0450 R1=0.0347, wR2=0.0801
Largest diff. peak and holefe~ A—3 1.65 and —1.65 2.08 and —1.57 1.88 and —2.29

AR1=X||Fo| - |Fe||/X|Fo|; wR2=[X[W(F3 - F2)2 1/ [w(F2)*1]"/?, where w=1/[0?F2+(A-P)*+(B-P)], and P=(F2+2F2)/3; A and B weight coefficients.

Table 3

Selected single-crystal data collection and structure refinement parameters for RE[BiyGe; ], (RE=Er, Tm, Lu).

Structure III

Empirical formula

ErBio 16(1)G€1.84(1)

TmBio 11(1)G€1.89(1)

LuBio.06(1)G€1.94(1)

Formula weight 334.26 329.11 327.65
Space group, Z Cmcm (no. 63), Z=4
Radiation, 4 MoKa, 0.71073 A
Temperature —153°C
Unit cell parameters
alA 4.0475(11) 4.0230(4) 3.9935(4)
b/A 15.969(5) 15.814(2) 15.616(2)
c/A 3.8983(11) 3.8785(4) 3.8570(4)
VIA3 251.97(12) 246.74(4) 240.53(4)
Pealclg cm ™3 8.811 8.860 9.048
p/em~! 655.42 659.25 684.53
Data: parameters ratio 201: 15 199: 15 196: 15
Final R1° (I>20y) R1=0.0176, wR2=0.0383 R1=0.0198, wR2=0.0483 R1=0.0163, wR2=0.0359
Largest diff. peak and holefe~ A—3 1.84 and —1.31 1.66 and —2.07 1.40 and —1.18

AR1=3||Fo| ~ |Fe||/|Fol; wR2=[X[W(F2 - F2)?)/ S [w(F2)?]]'/?, where w=1/[0?F3+(A-P)*+(B-P)], and P=(F3+2F2)3; A and B weight coefficients.

Table 4

Atomic coordinates and equivalent isotropic displacement parameters Uey® (A?) of
RE[BiyGe; _x]> (RE=Pr and Gd)—two subtly different representatives of structure I.

Table 5

Atomic coordinates and equivalent isotropic displacement parameters Ueq® (A?) of
Dy[BiyGe; _x]»—a representative of structure II.

Atom Site Occup. X y z Ueq Atom Site Occup. X y z Ueq
PrBiGe Dy1 4c 1 0 0.4403(1) 1/4 0.010(1)

Prl ac 1 0 04418(1) 1/4 0.009(1) Dy2 4c 1 0 06709(1) 1/4 0.010(1)

Pr2 4c 1 0 0.8319(1) 1/4 0.009(1) Gel/Bi  4c 0.80/020(1) 0  02489(1) 1/4 0.015(1)

Gel/Bi  4c 0.38/0.62(1) 0  0.2495(1) 1/4 0.018(1) Ge2 4c 1 0 00911(1) 1/4 0.013(1)

Ge2 4c 1 0 00908(1) 1/4 0.013(1) Ge3 4c 1 0 08552(1) 1/4 0.011(1)

Ge3 4c 1 0 0.6396(1) 1/4 0.010(1) Geda 8f 0.20(1) 0 00071(2) 0.097(1)  0.010(1)

Geda 8f 0.21(1) 0 00118(2) 0.127(2)  0.013(1) Gedb 4c 0.30(1) 0 001192) 1/4 0.010(1)

Gedb 4c 0.35(1) 0 00157(2) 1/4 0.013(1)

Ge4dc 4a 0.10(1) 0 0 0 0.013(1) @ Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.
GdBiGe

Gd1 4c 1 0 04411(1) 1/4 0.009(1)

Gd2 4c 1 0 08308(1) 1/4 0.009(1)

Ge/Bil  4c 0.57/043(1) 0  02494(1) 1/4 0.017(1) 3. Results

Ge2 4c 1 0  00903(1) 1/4 0.012(1)

Ge3 4c 1 0 06419(1)  1/4 0.010(1) 3.1. Synthesis and structures

Geda 8f 0.23(1) 0 0.0082(2) 0.0881)  0.016(1)

Gedb 4c 0.33(1) 0 001342) 1/4 0.016(1)

The discussed REBiGe compounds can be readily synthesized
from reactions of the corresponding rare-earth metals and

@ Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.



J. Zhang et al. / Journal of Solid State Chemistry 196 (2012) 586-595 589

Table 6

Atomic coordinates and equivalent isotropic displacement parameters Ueq® (A?) of
Tm[Bi,Ge; _x]»—a representative of structure III.

Atom Site Occup. X y z Ueq

Tm 4c 1 0 0.8974(1) 1/4 0.008(1)
Gel/Bi 4c 0.89/0.11(1) 0 0.2527(1) 1/4 0.013(1)
Ge2 4c 1 0 0.5525(1) 1/4 0.009(1)

@ Ueq is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 7

Selected interatomic distances (A) in RE[Bi,Ge;_x]» (RE=Pr, Gd, Dy, and Tm).
M represents the mixed occupied Ge and Bi position.

Atomic pair Distance, A Atomic pair Distance, A
PrBiGe GdBiGe

Pri-Ge2 ( x 4) 3.157(1) Gd1-Ge2 ( x 4) 3.047(1)
Pr1-Pr2 ( x 2) 4015(2) Gd1-Ge3 (x 2) 3271(2)
Pri-Pri ( x 2) 4.147(2) Gd1-Gd2 (x 2) 3.919(1)
Pr2-Ge3 ( x 4) 3.118(1) Gd1-Gd1 (x 2) 4.040(1)
Pr2-Ge2 ( x 2) 3.238(2) Gd2-Ge3 ( x 4) 3.012(1)
Pr2-M ( x 2) 3.308(1) Gd2-Ge2 ( x 2) 3.180(2)
Pr2-Pr2 ( x 2) 4.147(2) Gd2-M (% 2) 3.188(2)
M=M ( x 4) 2.9881(9) Gd2-Gd2 (x 2) 4.040(1)
Ge2-Ge3 (x2) 2.576(2) M-M ( x 4) 2.893(1)
Ge3-Prl (x2) 3.333(2) Ge2-Ge3 (x 2) 2.555(2)
DyBiGe TmBiGe

Dy1-Ge2 ( x 4) 2.9934(7) Tm-Ge ( x 4) 2.9042(4)
Dy1-Ge3 ( x 2) 3.273(1) Tm-M ( x 2) 3.0464(7)
Dy1-Dy2 ( x 2) 3.864(1) Tm-M ( x 2) 3.0646(9)
Dy1-Dy1 ( x 2) 3.923(1) Tm-Ge ( x 2) 3.1728(9)
Dy2-Ge3 ( x 4) 2.9474(6) Tm-Tm ( x 2) 3.7811(5)
Dy2-M ( x 2) 3.099(1) M=M ( x 4) 2.795(1)
Dy2-Ge2 ( x 2) 3.151(1) Ge-Ge (x2) 2.554(2)
Dy2-Dy2 ( x 2) 3.923(1)

M=M ( x 4) 2.8425(5)

Ge2-Ge3 (x 2) 2.535(1)

germanium in molten Bi. These syntheses afforded the title
compounds in high yields and as nearly single-phase products
for all rare-earth metals except La, Ce, Eu and Yb. Since the
crystals were grown in a bismuth-rich solution, we can speculate
that the Bi-content in RE[BiyGe;_x]> is not likely to be increased
beyond the observed. This thinking is supported by variations of
the amount of Bi used as a flux which produced no statistically
significant changes. Furthermore, it can also be suggested that the
RE[Bi,Ge;_x]» phases are meta-stable since the attempts to
prepare them by means of stoichiometric reactions to study their
phase-width always showed that the binary REsGes or REGe; _
phases as major products. This is not surprising because they are
high-melting and thermodynamically stable phases according to
the binary diagrams [3].

Although the reported bismuth-germanides are structurally
similar to the previously identified families of tin-germanides
[16], we must note that the Bi amount is much smaller than Sn,
most likely due to the atom mismatch. Additionally, there is a
dependence of the Bi contents on the size of the RE elements, as
shown in Fig. 1. One can see that the Bi content follows the
lanthanide contraction; the latter is also the likely reason for the
existence of the three slightly different structures—structure I
realized for RE=Pr, Nd, Sm, Gd, and Tb; structure Il adopted by
RE=Y, Dy, Ho; and structure III realized for RE=Er, Tm, and Lu.

All powder X-ray diffraction patterns of the raw materials
were indexed in the orthorhombic structure with space group
Cmcm (no. 63). EDX analyses revealed that only very small
amounts of Bi are present in the materials—in contrast with the
RESnGe tin-germanides (ZrSi, type [17]), which were found to be

a
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Fig. 1. (a) Bi content (expressed as the ratio of Bi/RE) as a function of the atomic
radii of the rare-earth metal atoms. (b) Variation of unit-cell size as a function of
the atomic radii of the rare-earth metal atom. For convenience, RE=Er, Tm and Lu,
the unit cell was doubled along the b-axis.

nearly equiatomic [6]. However, we had also previously identified
RE[Sn,Ge; _x]> (RE=Gd, Tb) [16], where the structure was slightly
different (doubled unit cell based on ZrSi, like slabs) and
Sn-leaner, suggesting a possible isomorphism with the latter.
This observation prompted us to establish the structures from
single-crystal X-ray diffraction data—the refinements were in
good agreement with the structural model (and the chemical
make-up derived from EDX) only for RE=Y, Dy, Ho. The single-
crystal X-ray diffraction also showed that the structure of the
REBiGe compounds when RE=Pr, Nd, Sm, Gd, and Tb is subtly
different, albeit also a superstructure of the ZrSi, type [17], while
the structures of RE[BiyGe;_x]» for the very late (and spatially
smallest) rare-earth metals Er, Tm, and Lu are essentially those
of the corresponding REGe, phases with a small admixture of
Ge and Bi.

The parameters of the single-crystal data collection and
refinements of each structure are summarized in Tables 1-3;
schematic representations of the three structures are projected in
Figs. 2-4, respectively. In addition to the Bi-Ge substitution on
one of the sites, we must point out that there is some positional
Ge-atom disorder in structures I and II (discussed next); the
poorly localized electron density in the PrBiGe, NdBiGe and
SmBiGe structures is best modeled by three disordered sites
(Table 4), whilst we refined in the formally isotypic GdBiGe and
TbBiGe structures with only two disordered sites. Some relevant
interatomic distances are given in Table 7.
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¢ RE
® Ge
® Ge*

Fig. 2. Schematic representation of stucture I, viewed approximately along the
a-axis: M represents the mixed occupied Ge and Bi position, and Ge * stands for
the disordered Ge chain. The basic units (rare-earth metal polyhedra, 2 [M] square
sheets, and ;[Ge] zig-zag chains) are highlighted. On-line colors: rare-earth metal
atoms are represented as gold spheres, the germanium atoms in the ordered ;O[Ge]
zig-zag chains are drawn as green spheres, while the disordered Ge chain
is shown in dark red. The ;[M] square sheets, made up of mixed occupied Ge
and Bi atoms are shown with white-green spheres. The unit cell is outlined.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)

As shown in Figs. 2-4, all structures are made up of “square”-
sheets of mixed Ge/Bi atoms (denoted as 2 [M] in the plots) and
})o[Gez] zig-zag chains. The polyanionic fragments are separated
by RE atoms, commonly coordinated by eight neighbors (four Ge
atoms and four Bi/Ge atoms). The shape of this coordination
polyhedron is a distorted square antiprism (ideal point symmetry
Dg4q). The antiprisms are connected by sharing triangular faces
formed by one M atom and two Ge atoms in layers normal to the
longest axis in each structure, the b-axis. Such layers are further
paired by common edges in the 2 [M] square sheets, making up
double-slabs common to all structures (see Fig. 5). Another kind
of RE atom in structure I is capped by six atoms (four Ge atoms
plus two disordered Ge atoms) seated in the corners of a
triangular prism, quite distorted from the ideal symmetry of
Dsy,. These triangular prisms are also associated by shared edges
in the layers normal to the long b-axis. In structure II, the
disordered Ge chains are running in a direction orthogonal to
the one in structure I. Therefore, the second crystallographically
unique RE-atom in this arrangement can be thought to be at the
center of an irregular hexagonal prism (Fig. 3).

The presence of the disordered Ge chains is what differentiates
structures I and II from structure III. The latter is devoid of
positional Ge disorder, only Bi/Ge substitution is observed at the
site describing the square-sheets. This can be explained by the
tendency of Bi to favor hypervalent bonding as a result of the inert
6s> pair of electrons [18]. Similar “coloring” (i.e., preferred
occupation by a given element) of the polyanionic sub-structure
was also noted for the isostructural RESnGe compounds [6,16].
For structures I and II, the very same preference of Bi to occupy the
square sheets is evident. The difference between the latter two and
structure Il is the additional disordered zig-zag chain, which requires
doubling the periodicity along their b-axes (Tables 1-3) [19].
As stated already, the orientation of these disordered zig-zag chains
is the major difference between structures I and IL

Fig. 3. Schematic representation of stucture II, viewed approximately along the
a-axis. On-line colors: rare-earth metal atoms are represented as gold spheres, the
germanium atoms in the ordered ! [Ge] zig-zag chains are drawn as green spheres,
while the disordered Ge chain is shown in dark red. The ;[M] square sheets, made
up of mixed occupied Ge and Bi atoms are shown with white-green spheres.
The unit cell is outlined. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

The electron density defining these disordered zig-zag chains
in structures I and II is smeared and difficult to ascribe to a single
site. We modeled the disorder in several different ways, and the
best refinements are presented in Tables 4-5. Notice that most of
the obtained interatomic distances within the chains are not
physical, had there been no disorder at the Ge4 sites in structures
I and II, neighboring Ge4 atoms would be separated by about
2.3 A or less, suggesting vacancies at that position as well. Notice
that the unconstrained refinements we have provided do confirm
that RE[BiyGe;_x]» (RE=Y, Pr, Nd, Sm, Gd-Ho) are slightly
sub-stoichiometric.

3.2. Magnetism

The temperature dependence of the magnetization of samples
of REBiGe is plotted in Figs. 6-8. The measurements were taken
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Fig. 4. Schematic representation of stucture IIl, viewed approximately along the
a-axis. On-line colors: rare-earth metal atoms are represented as gold spheres, the
germanium atoms in the ! [Ge] zig-zag chains are drawn as green spheres, while
the i[M] square sheets, made up of mixed occupied Ge and Bi atoms are shown
with white-green spheres. The unit cell is outlined. (For interpretation of the
references to color in this figure caption, the reader is referred to the web version
of this article.)

on single-crystalline material and as seen from Fig. 8, there is an
apparent anisotropy in the magnetization response, but not in
ordering temperature. As shown in the figures, all measured
samples exhibit low-temperature antiferromagnetic behaviors
excluding NdBiGe and TmBiGe. A closer view at the low-
temperature region (inset on left hand in the figure of Pr
compound) revealed the two-stage transition existed in PrBiGe
compound. All experimentally determined Néel temperatures are
listed in Table 8. The virtually perfect linearity, seen from inset
plots of the inverse molar magnetic susceptibility against tem-
perature, indicates that all samples follow the Curie-Weiss law
[20] in the paramagnetic region, except SmBiGe. By fitting these
data using Curie-Weiss law, effective moment pe; and paramag-
netic Curie temperature 0 were obtained and also summarized in
Table 8. Compared with the other compounds, SmBiGe shows a
much smaller magnetic susceptibility value, determined as
~107°-10"% emu/g at high temperature. It is close in value to
the diamagnetic susceptibility and Van Vleck (polarization) para-
magnetic susceptibility terms [20]. Thus, these two contributions,
neglected in Curie-Weiss law [20], must be taken into considera-
tion in the case of SmBiGe. According to the mean field
approximation, the paramagnetic susceptibility y(T) of a metallic
samarium compound should be of the following form below room
temperature [21]:

1(T) = %o +D/(T-0) (1)

where y, is the temperature-independent susceptibility and D is
the effective Curie constant. The susceptibility of SmBiGe shown
in Fig. 6 can be well fitted using Eq. (1) with the parameters
7%0=1.89x 10~ %emu/g, 0=-21.4K and D=235x 10~°emu/g.
The determined effective moment pes from the D is 0.76 .

Fig. 5. A scheme showing the coupling and distortion of the square-antiprismatic
layer: bright (blue) lines mark shared edges on coupling and the dark volume
outlines distorted triangle prisms exited in the former three structures.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)

4. Discussion
4.1. Structural correlations

Paired layers of square antiprisms are common elements in
many structures of compounds with RET, formulas (T= p-block
elements or their mixtures) [22]. Thus, it is not surprising that
structure III (precisely RET,) is built by the stacking of ZO[REMGe]
layers with antiprismatic geometry. In contrast, the other REBiGe
compounds have compositions RET 9. As discussed previously,
the deviation from the ideal stoichiometry (as in most other
cases) reduces the symmetry in (at least) one direction, which
requires the doubled size of unit cell in that direction. This is
exactly the case of structures I and II, as shown in Tables 1 and 2.
The variation of structural parameters with the size of the rare-
earth atoms is plotted in Fig. 1. The variation of lattice constants a
and c reveals a change point through DyBiGe, in coincidence with
the rotation between the 2 [REMGe] double layer and 2 [REGe,]
double layers. Such rotation also induces the rearrangement of
two kinds of })O[Gez] chains from perpendicular to parallel. Since
structure appears to be dependent not only on the geometric
factors (lanthanide contraction), but also the Bi contents (electro-
nic structure), one might argue that the synergy between the two
effects is of importance.
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Fig. 6. Field cooled magnetization data gather under an applied field of 500 Oe for the REBiGe compounds with structures I and II. The insets show the temperature
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Fig. 7. Field cooled magnetization data gather under an applied field of 500 Oe for the REBiGe compounds with structure IIl. The inverse molar magnetic susceptibility is

shown in the insets.
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4.2. Magnetism

A linear relationship between measured Néel temperature and
de Gennes factors (G=J(J+1)(g— 1) where J is the total angular
momentum and g is the Landé factor [20]) is visible in Fig. 9, which
suggests the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange
interaction [23]. There are four compounds with transition tem-
peratures lower than that can be expected from the linear fit in the
nine measured samples. Lower Néel temperatures of Tbh- and
Er-containing compounds have also been observed in TbZn;, and
ErZn,, compounds, which has been attributed to only one crystal
field doublet being involved in the magnetic transition [24].

We also note the presence of multiple successive transitions in
PrBiGe, as shown in Fig. 6. For antiferromagnets, there are at least
two sets of magnetic sub-lattices against each other [25]. It is not
necessary for these two sub-lattices to order simultaneously
(in low fields or spontaneously), especially in compounds with large
crystal anisotropy. This generally leads to two separated magnetic
transitions, as observed in some digermanides [4b,26]. However, the
separated transitions are often hidden by the applied field and hard to
detect. In SmSnGe, for instance, only one transition was revealed by
the magnetization, but the second transition was clearly seen in the
measurement of the specific heat [6]. In this view, the REBiGe
compounds can show two separate transitions or only one transition
dominated by either sub-lattice depending on their magnetic
structure. The latter can be illustrated schematically using two
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Fig. 8. Field cooled magnetization data of oriented single-crystals of HoBiGe,
gathered under an applied field of 500 Oe. Two data sets with applied field in a
direction parallel and normal to the ac-plane are compared. The inset shows the
temperature dependence of the inverse molar magnetic susceptibility 1/ym.

Table 8
Magnetic parameters for RE[Bi,Ge; _y]».

sub-lattices model [25]. The antiferromagnetic arrangement in
rare-earth metal compounds is generally non-colinear, as depicted
by the inset in Fig. 9. The sub-lattice on the right-hand side is
preferentially aligned with the direction of the magnetic field, and
determines the ordering temperature—it can be either of two,
dependent on the compound. Based on this, one can reason that
the Néel temperatures out of the line may follow another rule with
the de Gennnes factor (see the dotted line in Fig. 9). The estimated
ordering temperature of NdBiGe and TmBiGe from the fitting is very
reasonable around 5 K and 4 K, respectively. As mentioned earlier, the
partial substitution of Ge in the sheets does not affect the RE sub-
lattices significantly. Thus, the similar magnetic interaction is
expected in the RESnGe compounds, and the transition temperatures
of these compounds were also plotted in the Fig. 9 for comparison
[16]. Three of them show identical transition temperature with the
corresponding REBiGe compounds.

Following the notion that RKKY exchange interaction exists in
all compounds, it is instructive to estimate the coupling constant
to better understand their magnetic interactions. For typical RE-
intermetallics, obeying the paramagnetic Curie-Weiss law, the
effective moment can be calculated using the expression [21]

Perr =8UJ+ D21 +2](0)p(g—1)/8] 2)

where J(0) is the zero wave-vector component of the s-f coupling
constant J(q) [26b] and p is the density of conduction electron
states per atom for one spin direction. From the experimental
value of peg, J(0)p was deduced and listed in Table 8. For SmBiGe,

30
*
25 4
= REBIiGe
* RESnGe
20
PZ
15 4
10 4.
x
‘..
5. Ho K
Gd Th Dy Sm___ErNd Pr
Ll Ll Ll L T
15 12 9 6 3

Fig. 9. Néel temperatures of the REBiGe and RESnGe compounds, plotted as a
function of the corresponding rare-earth metal de Gennes factors. The inset shows
the projection of magnetic ordering on the basal plane schematically.

Compounds Ordering gV/JT+1) Pesr (8) 0 (K) Ty (K) J(O)p Jlk (K)?
PrBiGe AFM 3.58 3.43 -03 10 0.0816 —-0.62
NdBiGe AFM 3.62 3.78 -2.8 <5 —0.0571 —2.24
SmBiGe AFM 0.85 0.76 —-214 14 0.0350 -7.39
GdBiGe AFM 7.94 7.88 —38.8 23 —0.0075 —-3.69
TbBiGe AFM 9.72 9.79 —-249 13 0.0105 —-3.55
DyBiGe AFM 10.63 10.86 —43.6 16 0.0434 -9.25
HoBiGe AFM (J_b) 10.6 10.34 —24.7 13 —0.0625 —8.22
HoBiGe AFM (‘ ‘b) 10.6 10.42 -10.9 13 —0.0417 —3.65
ErBiGe AFM 9.58 9.34 7.08 6 —-0.0763 4.16
TmBiGe AFM 7.56 7.23 -21 <5 —0.1536 —2.72

@ Jg/k (K) is the exchange constant.
" Single-crystal in two orientations with respect to basal plane.
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the J(0)p can be obtained using the parameters from Eq. (1) based
on the methods in Ref. [21]. These obtained coupling constants
show reasonable values with oscillating signs. The positive sign
indicates a consistent increment in the size of the paramagnetic
moment while the negative claims a reduction, as confirmed by
the heavy RE-compounds (Table 8). The variation of paramagnetic
moment in light RE-compounds not in agreement with the
coupling constant, which was also met in other structures, may
result from the large ionic anisotropy or complexly structural
behaviors [24b].

The RKKY mediated Heisenberg exchange interaction between
RE spins is expressed as the form [21]

Hs = —ZuAijsi.sj 3)

where S is the spin of the local moment, and A; are the
coefficients of the interactions. The exchange constant for the
interaction is the integration J;z = 3=, , ;A;;, and can be estimated
following Ref. [21]. The negative values of the obtained exchange
constant in Table 8 indicated the antiferromagnetic arrangement
of RE ions clearly. The positive exchange constant of ErBiGe is
likely ascribed to crystal field effects dominating over exchange as
suggested by Stewart [24a].

According to the two sub-lattices model [25], spins in one
sub-lattice interact with spins in another sub-lattice by an
antiferromagnetic coupling -J (J > 0). Besides the antiferromag-
netic interaction, the spins also interact with spins within the
same sub-lattice by a ferromagnetic coupling, +J". If ]’"~0 or «, it
yields Ty=0 for the simple antiferromagnet. If Ty was not equal to
0, the two exchange couplings can be estimated using the
relationship [27]

-]_/—TN+0
J Tn—0

“)

Ferromagnetic coupling is observed in the basal plane of all
measured compounds. There is a special one, PrBiGe, which
shows ferromagnetic coupling comparable with antiferromag-
netic coupling. A transition from antiferromagnetism to ferroma-
getism is ready if the ferromagnetic coupling was enhanced by
change of structures or elements. The conclusion is confirmed by
ferromagnetic ordering in PrGe, _, [26b] and Pr(CuGe), o [28]. The
HoBiGe compound shows a negligible J’ in the direction normal to
the basal plane, which suggests the purely antiferromagnetic
coupling in the b-axis direction.

Although the RE-lattice is not subjected to significant change
upon the structural transformation from square antiprisms to
triangle prisms, it is distinguished in Fig. 9 that all measured
compounds of structure IIl show low transition temperature lying
on the dotted line while other compounds show relatively high
temperature with the solid line. It is not the s-f coupling causing
the change because of their close strength listed in Table 8.
Therefore, it is likely the formation of triangular prisms affects
the transition temperature to some extent. Despite the similar
s—f coupling strength and no magnetic contribution, non-magnetic
elements can also produce different effects on magnetic behaviors by
crystal field effects [29]. According to the theory, the 4f band of RE in
the field of D4, splits into seven items: Aig+ Aig+ Big+ A+ Eg+
B,g+ E,, while the 4f band in the field of Ds splits into six items:
A1+E+ Ay+E+ Ai+E [30]. Although the amplitude of splitting is
dependent on the crystal-field strength, the symmetric change does
indicate a broadening 4f band in square antiprisms compared with
triangular prisms. As a result, the compounds with triangular prisms
generally show an elevated transition temperature compared with
compounds consisting of only square antiprisms, as depicted by the
two lines in Fig. 9.
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Fig. 10. Temperature dependence of the electrical resistivity LuBio os(1)G€1.94(1)
single crystal, normalized to the 290 K value. The upper inset shows the expanded
view at low temperatures, where superconductivity below Tc=2.1K is clearly
seen. The lower inset presents the bulk magnetic susceptibility at low field and
low temperatures, showing that the bulk magnetization traces the superconduc-
tivity deduced from the lossless conductivity.

4.3. Superconductivity

Lu[BiyGe;_4]> is non-magnetic, as expected for the heaviest
rare-earth element with completely filled f-orbitals. Fig. 10 shows
the temperature dependence of the electrical resistivity of this
sample. At temperature below Tc=2.1 K, the compound becomes
a superconductor as detected by both resistivity and bulk mag-
netic susceptibility (y) measurements. Superconductivity has
been found to disappear above an external magnetic field of only
100G in the (y—T) measurement (not shown), indicating a
conventional type superconductor. The “parent” compound LuGe,
has been reported to be a superconductor below Tc=2.6 K [15],
thus the small substitution of Ge with Bi apparently suppresses
Tc. It should be noted here that no superconducting transition
above 1.8 K was observed for the nonstrochiometric compound
LuGe, 5 with AlB,-type structure [15].

5. Conclusions

An extended series of rare-earth metal-bismuth-germanides
RE[BiyGe;_x]» (RE=Y, Pr-Sm, Gd-Tm, Lu) have been synthesized
and characterized. They crystallize with the same extended
symmetry (space group Cmcm), but the structures can be divided
into three groups, which are correlated by the transformation and
the arrangement of the disordered ! - [Gez] chains. The magnetiza-
tion measurements showed low-temperature antiferromagnetic
order and suggested the RKKY exchange interaction in most
compounds. The s—f coupling and RKKY mediated Heisenberg
exchange interactions, evaluated based on the mean-field theory,
were used to understand their magnetic behaviors. RE[Bi,Ge; _x]>
are the first compounds between these elements, so far, demon-
strating the potential for pursuing further exploratory work in
these systems.
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Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.jssc.2012.07.031. The infor-
mation consists of a table with the data collection and structure
refinement parameters for DyBiGe prepared via stoichiometric
reaction and annealing; representative results from EDX analyses,
a figure showing detailed views of the differences in the orienta-
tions of the Ge zig-zag chains in the RE[Bi,Ge;_y]» structures
(RE=Pr, Gd—structure I, and RE=Dy—structure II).
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Supporting information

New rare-earth metal germanides with bismuth substitution.
Synthesis, structural variations, and magnetism of the

RE[Bi Ge,_ ], (RE =Y, Pr,Nd, Sm, Gd-Tm, Lu) compounds

Figure S1. Plot of EDX-established compositions for several PrBiGe single-crystals
(square represents Ge, circle Pr and triangle Bi, respectively).
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Figure S2. A magnified view of the surface of one of the PrBiGe single-crystals, selected
randomly, alongside the corresponding elemental mappings.

Figure S3. Close-up views of the different orientations of the Ge zigzag chains in the
RE[Bi,Ge, ], structures (RE = Pr, Gd—structure I, and RE = Dy —structure 1I). The
refined atomic positions in the disordered Ge zigzag chains are marked.
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Table S1. Single-crystal data collection and structure refinement parameters for DyBiGe
produced by induction melting and subsequent annealing

Empirical formula DyBiy 30,/Ge€, 730
Formula weight 315.59

Space group Cmcm (No. 63), Z=8
Radiation, A Mo Ka, 0.71073 A
Temperature -153 °C

Unit cell parameters

alA 4.132(1)

b/A 30.017(7)

c/A 3.9357(9)

VA3 488.2(2)

Peadg €™ 8.588

w/cm™ 605.6

Data : parameters ratio 460:28

Final R1 (I>20)) R1=0.0301, wR2=0.0643

Largest diff. peak & hole /e~ A~ 2.037 & —4.140
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