Dalton
Transactions

Accepted Manuscript

I R P This is an Accepted Manuscript, which has been through the
Dalton Royal Society of Chemistry peer review process and has been

u accepted for publication.
Transactions o

ot norgn crs a Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.

Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited

article. We will replace this Accepted Manuscript with the edited

and formatted Advance Article as soon as it is available.

A

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/dalton


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 30

Dalton Transactions

Yb,NigInGe;,: A Quaternary Compound Having Mixed
Valent Yb atoms Grown from Indium Flux

Udumula Subbarao’, Rajkumar J ana', Maria Chondroudi’, Mahalingam
Balasubrmanian3, Mercouri G. Kanatzidis“, Sebastian C. Peter'*

'New Chemistry Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Jakkur,
Bangalore, 560064, India

*Materials Science Division, Argonne National Laboratory, Argonne, IL 60439
3 Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439
*Department of Chemistry, Northwestern University, 2145 N. Sheridan Road,

Evanston, IL 60208-3113, USA.

Abstract

The new intermetallic compound Yb;NigInGe;, was obtained as large silver needle
shaped single crystals from reactive indium flux. Single crystal X-ray diffraction suggest that
YbsNigInGe,; crystallizes in the Yb;Co4InGe;; structure type, tetragonal space group P4/m and
lattice constants are @ = b = 10.291(2) A and ¢ = 4.1460(8) A. The crystal structure of
YbsNigInGe,; consists of columnar units of three different types of channels filled with the Yb
atoms. The crystal structure of YbsNisInGe;, is closely related to YbsNiysGejo. The effective
magnetic moment obtained from the magnetic susceptibility measurements in the temperature
range 200-390 is 3.66 pup/Yb suggest mixed/intermediate valence behavior of ytterbium atoms.
X-ray absorption near edge spectroscopy (XANES) confirms that Yb;NisInGe;, exhibits mixed

valence.
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1. Introduction

In general, intermetallic compounds are synthesized by conventional techniques such as
arc melting and high frequency induction furnace heating. However, europium and ytterbium
based compounds are difficult to synthesize by these methods due to their low boiling points.
This limitation overall resulted in fewer number of europium and ytterbium compounds studied
in the past compared to other rare earth based compounds. However, recently, the use of metal
flux has emerged as an excellent tool to produce many novel ternary and quaternary
intermetallic phases.'”’ Among the metal fluxes, very recently, indium has been exploited for
the crystal growth of quaternary compounds.”®>® One of the interesting features of the metal
flux synthesis method is in the reduction of melting point and vapor pressure of the starting
materials, which resulted in the formation of new compounds. A good review about the
concept and use of metal flux technique for the formation of new compounds was reported by
Kanatzidis and co-workers.”’

Among the rare earths, as known and detailed by us before, the Yb containing
compounds have particular scientific interest due to its ability to exhibit two energetically
similar electronic configurations: the magnetic Yb>" (4/°) and the nonmagnetic Yb*" (4/'%)
one.'' In this case, the roles of the 4f electron and 4f hole can be interchanged and Yb based
compounds often crystallize in new structure types.”** Due to these reasons, Yb based
compounds exhibit various peculiar properties such as intermediate valence, heavy fermions,

41-45

Kondo behavior, unusual magnetism and superconductor at low temperature.*® *’ These

properties are generally believed to arise from the strong hybridization (interaction) between

the localized 41 electrons and the delocalized s, p, d conduction electrons.**°
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In the last several years, we have focused our research to the intermetallic chemistry of

Yb based compounds®' >

and sought deeper understanding of the ability of Yb to adopt
different structure types. During the systematic studies on the compounds in the Yb-Ni-Ge
family, a new quaternary compound Yb;NisInGe;, was obtained from the reaction run in In
flux. There are several compounds reported in the Yb-Ni-Ge family; YbNiGe, > 7
YbNig2sGeos,°  YbNiGer,™ YbNiGes,® YbNiGer,™® **  YbNisGes,” YbNissGeos,
szNiGe6,56’ 59 szNi15.1Gel,9,56 Yb3Ni11Ge456 and Yb5Ni4Gelo.60 So far only a few quaternary
polyindides with an impressive set of diverse structures and compositions have been
synthesized using In as active solvent. Chondroudi et al. reported the quaternary compounds
RE;Co4InGe;; (RE = Dy, Ho, Yb),36 which contains mixed-valent Yb and trivalent Dy and Ho.
In this family, DysNi;InGes, Ho4NiInGe4 and ErgNiInGe, show antiferromagnetic transitions
at low temperature. On other hand, Tm4Ni;InGe4 has no magnetic ordering down to the lowest
temperature attainable. Yb3AuGe,In; is another example having mixed valent Yb grown from
In flux which crystallizes as an ordered variant of the YbAuln structure.’’ Apart from these
interesting compounds several quaternary indides worth mentioning are REMn;,InsZn,x (RE =

Ce-Sm, Gd, Dy, Er, Yb)** REMngInSns (RE = Ho, Tm),* Ce,NiPdIn,** CeNiX;zIn (X =Al,

Ga),” RE7Nis.<Ges:xIng (RE = La, ND, Sm)®® and CeCuAgIn.®’

In this paper, we report the synthesis of a new quaternary compound Yb;NisInGe,.
YbsNigInGe,, is isostructural to the RE;Co4InGe;, family, which is closely related to the
structure of Yb5Ni4Gelo.60 Magnetic susceptibility measurements were performed on the
selected single crystals of YbsNisInGe;, suggests mixed valent behavior of Yb atoms, which

was confirmed by X-ray absorption near edge spectroscopy (XANES) measurement.
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2. Experimental Section
2.1 Reagents: The following reagents were used as purchased from Alfa Aesar without further
purification: Yb (in the form of metal pieces cut from metal chunk, 99.99%), Ni (powder,

99.99%), Ge (pieces, 99.99%) and In (shots, 99.99%).
2.2 Synthesis of Yb;NigInGe;,

The synthesis of Yb;NisInGe;, was performed by combining ytterbium metal (0.4 g),
nickel (0.07 g), germanium (0.2 g) and indium (2.32 g) in an alumina crucible. The crucible
was placed in a 13 mm diameter fused silica tube, under an inert (argon) atmosphere inside a
glove box, which was flame sealed under a vacuum of 10~ torr to prevent oxidation during
heating. The reactants were then heated to 1000 °C over 10 h, maintained at that temperature
for 5 h to allow proper homogenization, then cooled to 850 °C in 2 h and kept at this
temperature for 48 h. Finally, the sample was allowed to cool down to 30 °C over 48 h. The
reaction product was isolated from the excess indium flux by heating at 400 °C and
subsequently centrifuging through a coarse frit. Any unreacted flux was removed by immersion
and sonication in glacial acetic acid for 24 h. The final crystalline product was rinsed with
water and dried with acetone. This method produced the target compound Yb;NisInGe;, with
ca. 90% purity and relatively in a high yield (ca. 60%) on the basis of the initial amount of Yb
metal used in the reaction. Suitable needle shaped crystals of Yb;NiyInGe,, were carefully

selected for the single crystal XRD data collection and magnetic measurements.

2.3 Single-Crystal X-ray Diffraction
Suitable single crystal of Yb;NisInGe;; was mounted on a thin glass fiber with

commercially available super glue. X-ray single crystal structural data was collected on a
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Bruker Smart CCD diffractometer equipped with a normal focus, 2.4 kW sealed tube X-ray
source with graphite monochromatic Mo-Ka radiation (A = 0.71073 A) operating at 50 kV and
30 mA, with ® scan mode. The software programme SAINT®® was used for integration of
diffraction profiles and absorption correction were made with SADABS programme.®’ The
structure was solved by SHELXS 97 and refined by a full matrix least-squares method using
SHELXL.
2.4 Structure refinement

X-ray single crystal data of Yb;NisInGe,, showed that the compound crystallizes in the
primitive tetragonal lattice (P4/m) within the Yb;Co4InGe); type structure and lattice constants
are a = b = 10.291(2) A and ¢ = 4.1460(8) A. The atomic parameters of the Yb;Co4InGe;
structure were taken as starting values and the crystal structure of Yb;NiyInGe;, was refined
using Shelx1-97 (full-matrix least-squares on F°)’° with anisotropic atomic displacement
parameters for all the atoms. As a check for the correct composition, the occupancy parameters
were refined in a separate series of least-squares cycles. This refinement resulted in eight
atomic sites fully occupied within two standard uncertainties. All bond lengths are within the

> 7172 The overall stoichiometry obtained

acceptable range compared to the expected values.
from the refinement is Yb;NisInGe;,.

The data collection and structure refinement details for Yb;NisInGe;, are listed in Table
1. The standard atomic positions and isotopic atomic displacement parameters are listed in
Table 2. The anisotropic displacement parameters and important bond lengths are listed in

Tables 3 and 4, respectively. Further information on the structure refinements is available from:

by quoting the Registry No. CCDC 989027.

2.5 Magnetic Measurements
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Magnetic measurements on selected single crystals of Yb;NigInGe;, were carried out on
a Quantum Design MPMS-SQUID magnetometer. Temperature dependent magnetic data were
collected for field cooled mode (FC) between 2 to 400 K in an applied field (H) of 1000 Oe.
Magnetization data were also collected for Yb;NisInGe;, at 2 K and 300 K with field sweeping
from -60000 Oe to 60000 Oe.
2.6 X-ray Absorption Near-Edge Spectroscopy (XANES). XANES experiments were
performed at the Sector 20 bending magnet beamline (PNC/XSD, 20-BM), of the Advanced
Photon Source at the Argonne National Laboratory. Measurements at the Yb Ly edge were
performed in the transmission mode using gas ionization chambers to monitor the incident and
transmitted X-ray intensities. A third ionization chamber was used in conjunction with a copper
foil to provide internal calibration for the alignment of the edge positions. Monochromatic X-
rays was obtained using a Si (111) double crystal monochromator. The monochromator was
calibrated by defining the inflection point (first derivative maxima) of Cu foil as §980.5 eV. A
Rh-coated X-ray mirror was utilized to suppress higher-order harmonics. XANES samples
were prepared by mixing an appropriate amount of the finely ground YbsNisInGe;, with BN.
The mixture was pressed to form a self-supporting pellet and the measurements were
performed at 300 K and 18 K. Care was taken to suppress distortion in the data from thickness

effects.

3. Results and Discussion
3.1 Reaction Chemistry

Metal flux technique plays a vital role in the development of new and complex
intermetallic materials compared to conventional ceramic, arc melting and high frequency

induction furnace heating methods. Among the wide range of metal fluxes available, indium
6
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metal is highly attractive due to its low melting temperature (157 °C) and high boiling
temperature (2072 °C). It has been widely used for the synthesis and crystal growth of indium-
rich binary and ternary compounds and a few quaternary compounds as well. High-quality
single crystals are generally required for the structure refinements for a new compound, which
can be grown from a flux. The new compound Yb;NisInGe;, was discovered in a reaction that
was run in indium flux with the ratio of Yb:Ni:Ge:In as 4:2:5:35. In addition to Yb;NizInGe;,,
single crystals of YbQInGeQB’ ™ and YbNiln,” were also observed in small quantity. The
amount of indium taken for the synthesis of these phases played a crucial role. While
decreasing the amount of indium from 2.32 g to 1.99 g and then to 1.66 g, the compounds
YbyInGe, and YDbNiln,, respectively, were obtained as major products. Interestingly, in all
these reactions indium act as reactive flux. In our earlier report, the composition 5:4:10:45 for
Yb:Ni:Ge:In favored in the formation of YbsNisGeo, however interestingly no inclusion of the
In atom into structure occurred.®® Our attempts to synthesize the similar composition to
Yb;NiuInGe,, with other rare earth metals were not successful. We also could not prepare pure
phase of Yb;NisInGe,, using a high frequency induction heating method. The single crystals of
YbsNiuInGe;, are metallic silver in color and stable in air and no decomposition observed even
after several months. The SEM images of typical single crystals of Yb;NisInGe,, are shown in
Figure 1.

3.2 Crystal chemistry

YbsNigInGe,; crystallizes in the tetragonal structure of the Yb;CosInGe;, type (space
group P4/m). The crystal structure of YbsNisInGe;; is composed of a complex [NiglnGe;]
polyanionic network with three different types of one-dimensional channels. These channels

are constructed by five, six and eight membered rings propagated along the c-direction with
7



Dalton Transactions

different types of ytterbium atoms embedded in them. These three different type channels are
interconnected through edge and corner sharing form a three dimensional network. The crystal
structure of Yb;NisInGe;, is similar to the compounds crystallize in the ScsCosSijo type

60, 76
structure. > 7

The comparison between YbsNisGejp and Yb;NisInGe, structures shown in
Figure 2 clearly suggest the atomic arrangements in both compounds are similar. Both
compounds crystallize in the tetragonal system, but different space groups; P4/m for
YbNiuInGe, and P4/mbm for YbsNisGejo. In Yb;sNigInGey,, the twofold rotation axis with
centre of symmetry (2/m) and twofold screw axis (2) are absent compared to YbsNisGejy.

In both structures, the widest channels in the structure are built from stacked alternating
planar octagonal and square rings interconnected via Ni-Ge and Ge—-Ge bonds, in which the
octagons are defined by alternating four Ni and four Ge atoms, and the square rings are
composed of four Ge atoms. In YbsNiyGejp, Ybl atoms are sitting in the center of the
octagonal rings, whereas in YbsNisInGe,, it is occupied by the Yb3 atom. The Ge-Ge distance
in the square ring can be considered as a weak bonding interaction because of the large
interatomic distance of 2.9162(3) A and 2.973(4), respectively for YbsNisGe;o and
YbsNiuInGej,. The eight membered rings are surrounded by four six membered rings and four
five membered rings arranged opposite to each other. However the notable difference is in the
distribution of pentagonal and hexagonal rings. As shown in Figure 3, in the quaternary
compound, the four pentagons are shared through edges and one common In corner, while in
YbsNisGejo, they are separated by Ni-Ge and Ge-Ge bonds. This difference is reflected in the
bond distance and bond angles as well. The bond distances and bond angles in both compounds

are close except in five membered rings. In Yb;NisInGe;; bond distance of Ybl-In in five

membered channel is 3.3267(1) A and bond angle of Gel-In-Gel is 90° (marked in figure 2a)

8
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and YbsNisGejo bond distance of Yb2-Gel in five membered ring is 2.8470(3) A and bond
angle of Gel-Ni-Ge2 is 105° (marked in figure 2b). The hexagons in Yb;NigInGe, exist as
individual unit with a separation of Ni-Ge bonds between them, whereas, in YbsNiyGe), they
exist as dimers with edge sharing. The hexagonal rings in Yb;NisInGe; are more distorted with
bond angles in the range 113-129° compared 115-121 in the case of ternary compound clearly
indicates a reduction of symmetry in the quaternary compound.

The average Yb-Ni bond distance in the Yb;NisInGe, crystal structure calculated as
3.151(1) A, which is close to the atomic radii of Yb-Ni distance (3.124 A) observed in
szNiGe659 and the calculated distance of 3.110 A.”"7? The average distance obtained for Yb1-
Ge and Yb2-Ge bonds are 2.989 A and 2.953 A, respectively, smaller than the calculated
distances of Yb*"-Ge (3.08 A)"" ™ and larger than Yb’"-Ge (2.91 A)’" 7* suggest mixed or
intermediate valency of Yb atoms in Yb7Ni4InGelz.36 A similar mixed valent behavior was
noticed in the prototype compound Yb;CosInGe;,, However, shorter Ybl-Ge and Yb2-Ge
distances (2.904 A and 2.953 A) and larger Yb3-Ge distance (3.056 A) suggest Ybl and Yb2
are in the trivalent and Yb3 in the divalent oxidation states. Based on these bond analyses it can
be speculated that Yb atoms in Yb;NisInGe;, exist as divalent and trivalent valent states.
Moreover our magnetism data, which will be discussed in the next section also support the
mixed valence behavior. The overall Yb valency calculated by considering the quantitative
atomic contribution taken from the Wyckoft sites as 72% trivalent Yb, which is close to the
value of 80% obtained from the magnetic data. The slight increase of the oxidation state of
Yb’" observed in the magnetic data perhaps due to the impurity of Yb*" oxide present in the
sample. The average bond distance between Yb3 and Ge atoms is 3.173(1) A, close to the Yb-

Ge distance observed in Yb;Co4InGe,, (3.16 A) and the calculated value of 3.16 A3®

9
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The local coordination environments of ytterbium, germanium, nickel and indium
atoms in the crystal structure of Yb;NigInGe;, are compared in Figures 4 and 5 with the
coordination environments of the atoms in YbsNisGeo. Crystallographically there are three
distinct Yb atoms present in both structures. While adopting standard atomic coordinates of the
reported YbsNisGe)o structure, the coordination sphere of Ybl, Yb2 and Yb3 in YbsNisInGe,,
are closely related to the environment of Yb2, Yb3 and Ybl in YbsNisGe;o. The notable
difference is between Ybl in YbsNisInGe;; and Yb2 in YbsNisGe;o, which is probably due to
the presence of In the environment of Ybl in Yb;NisInGe;, This overall affects the distortion
in the rings and aids the reduction in symmetry. Yb1 atom coordinates with eleven atoms with
two pentagonal rings, made up of six Ge, two Ni and two indium atoms. These two pentagonal
rings are connected by one Ge atom and host Yb1 atoms at the center. Yb3 atom is surrounded
by twelve Ge atoms and four Ni atoms, whereas, the Ybl atom, located at the hexagonal
tunnel, is in contact with 10 Ge atoms and four Ni atoms. The coordination environment of Ni
and Ge of both compounds are similar, see Figure 5.

3.4 Physical Properties

3.4.1 Magnetism of Yb;NisInGe;;

The temperature dependent molar magnetic susceptibility (ym) and inverse
susceptibility (1/ym) of YbsNisInGe;, at an applied field of 1000 Oe are shown in Figure 6. As
it can be clearly seen, a continuous deviation from the linearity observed in the entire
temperature range of measurement signaling non-Curie-Weiss (CW) type behavior. In order to
explore the possibility of any large diamagnetic signal, the modified Curie-Weiss law was
applied to the data. The constant susceptibility term, xy, was subtracted from the measured

susceptibility data, and the inverse of the resultant ( - o) vs temperature also resulted in non-
10
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linear behavior. This means that the system exhibits non-CW behavior and indicates neither a
simple paramagnet nor complete magnetic ordering.

However, to get the magnetic moment, the high temperature inverse susceptibility data
fitted with CW law, x = C/(T-Gp),77’ " where C is the Curie-Weiss constant (N Aueff2/3KbT) and
0, is the Weiss temperature. A fit to the curve above 200 K with an effective magnetic moment
of 3.66 up/Yb atom suggest mixed valent or intermediate valent nature of Yb atoms. The
magnetic moment obtained above 200 K is close to value of the prototype compound
Yb;Co4lnGey,.>® The estimated experimental u.g values calculated above 200 K is about 80%
of that expected for a free ion Yb’" moment (4.56 up/Yb). Magnetic susceptibility of
YbsNiuInGe,, shows no magnetic ordering down to 2 K but the susceptibility slightly increases
at lower temperature with increasing field, which is normal for rare earth based

intermetallics.>> ¢ 7

This deviation can be attributed to crystal field contributions, magnetic
impurities and/or valence fluctuations. However, a detailed analysis such as inelastic neutron
scattering and '"°Yb Méssbauer spectroscopy are need to be done to confirm these
speculations, which are beyond the scope of this report.

The field dependence of the magnetization M(H) for ground sample of Yb;NisInGe,,
was measured at 2 K and 300 K is shown in Figure 7. The data measured at 300 K exhibit
linear behavior up to highest field of 60000 Oe and no show sign of saturation. The
magnetization curve taken at 2 K shows a slight field dependent response up to ~ 30000 Oe,

continues to rise slowly up to the highest obtainable field 60000 Oe without any hint of

saturation.

3.4.2 XANES

11
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XANES measurements were performed at the Yb Lyj-edge, at ambient pressure and at
two different temperatures (300 K and 18 K), to probe the Yb valence state in Yb;NisInGe;.
The intense absorption peak (white line resonance) of the spectrum (Figure 8) centered at

80-83

~8948 eV, which is attributed to trivalent Yb atoms. The spectra also revealed the presence

of a weaker feature (shoulder) at ~8940 eV, revealing clearly that some divalent Yb ions (4f'*)

-83
are also present.”™

From the XANES measurements, the compound Yb;NiyInGe;, can be
classified as either as an intermediate valence compound with all three Yb atoms having a non-
integer valence or heterogeneous mixed-valence compound, in which specific Yb atoms are
either exactly 2+ or 3+. The relative amounts of the two electronic configurations were
estimated by decomposing the normalized Yb XANES into a pair of arc-tangents (representing
the edge step) and Lorentzian functions (representing the white line resonance).”® Fitting of the
data with the above technique resulted in ~ 73(5)% Yb>" corresponds to an average Yb valence
of ~ 2.73. This value is in reasonable agreement with magnetic measurements. The uncertainty
in the absolute valence is ~5%, arising from correlations between parameters used to represent
the edge-step and white line resonances and from systematic errors due to fitting-model
dependence. In addition, careful inspection shows that the relative intensity of the features at ~

8948 and 8940 eV varies weakly with temperature. This change in intensity suggests that the

Yb’" state is slightly more populated at 295 K.

4. Concluding Remarks
A new quaternary phase YbsNisInGe;, was obtained as rod shaped crystals from the
active indium flux. Our attempts to synthesize the phase by conventional direct synthesis

techniques have not been successful, which indicates that the metal flux technique is a vital

12
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synthesis method to obtain novel compounds and necessary for stabilizing these compounds.
The compound adopts the Yb;Co4InGe;, structure type. The crystal structures of Yb;NigInGe,
and YbsNisGejo are closely related to each other. The magnetic susceptibility and XANES
measurements on YbsNisInGe;, suggest mixed/intermediate valent behavior for the ytterbium

atoms, and point to potentially interesting electronic and magnetic physical properties.
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Tables:

Dalton Transactions

Table 1. Crystal data and structure refinement for Yb;NisInGe;;, at 296(2) K.

Empirical formula
Formula weight
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA
Density (calculated)
Absorption coefficient

F(000)
Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to § = 30.55°
Refinement method

Data / restraints / parameters

Goodness-of-fit
Final R indices [>20(1)]
Extinction coefficient

Largest diff. peak and hole

Yb;NiyInGe;,
2432.02

0.71073 A
Tetragonal

P4/m
a=b=10291(2) A
c=4.1460(8) A
439.1(2) A’

1

9.2 g/lem’

62.44 mm’

1034.4

0.05 x 0.05 x 0.10 mm’

1.98 to 25.00°

12<=h<=11
11<=k<=12
A<=]<=4

3545

387 [Rin = 0.0782]
100%

Full-matrix least-squares on F~
387/0/40

1.170

Robs = 0.042, wRps = 0.108
0.010792(1)

3.184 and -4.485 e-A”

R = Zl[F-[F|l / Z[F,],

Z[w(Fo[" - [F)T / E[w(F)]}" and

w=1/[6*(F0®)+(0.0359P)*+6.1794P] where P=(Fo"+2Fc?)/3
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Table 2. Atomic coordinates (x10%) and equivalent isotropic displacement parameters (A%x10°)
for Yb;NisInGe;; at 296(2) K with estimated standard deviations in parentheses.

Wyckoff

Label site y z Occupancy Ueq*
Ybl 4k 3273(1) 3256(1) 5000 1 6(1)
Yb2 la 0 0 0 1 6(1)
YDb3 2f 0 5000 5000 1 8(1)
Ni 4j 1194(3) 2800(3) 0 1 6(1)
In lc 5000 5000 0 1 9(1)
Gel 4j 2180(2) 4903(2) 0 1 6(1)
Ge2 4j 2878(3) 1134(3) 0 1 20(1)
Ge3 4k 673(3) 1929(3) 5000 1 18(1)

Table 3. Anisotropic displacement parameters (A”x10%) for Yb;NisInGe» at 296(2) K with
estimated standard deviations in parentheses.

Label Un Un Us; Uz Uis Uz
Ybl 5(1) 5(1) 9(1) 2(1) 0 0
Yb2 5(1) 5(1) 9(1) 0 0 0
Yb3 4(1) 8(1) 1(1) 0 0 0
Gel 4(1) 3(1) 121) 0 0 0
Ni 5(1) 5(1) 10(2) A1(1) 0 0
In 7(1) 7(1) 15(2) 0 0 0
Ge2 13(1) 1(1) 36(2) 1(1) 0 0
Ge3 30(1) 142) 92) 215(1) 0 0

The anisotropic displacement factor exponent takes the form: -2n2[h2a*2U11 + ...+ 2hka*b*U12].
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Table 4. Selected bond lengths [A] for YbsNisInGe;, at 296(2) K with estimated standard
deviations in parentheses.

Label Distances Label Distances
Ybl—Gel 2.9041(19) Yb3—Gel 3.056(18)
Ybl—Gel 3.008(19) Yb3—Ge2 3.229(2)
Ybl—Ge2 3.039(2) Yb3—Ge3 3.235(3)
Ybl—Ge3 3.005(3) Yb3—Ni 3.306(2)
Ybl—Ni 3.017(2) Gel—Ni 2.390(4)
Ybl—In 3.267(8) Gel—In 2.904(2)
Ybl—Ybl1 3.5709(15) Ge2—Ni 2.396(4)
Yb2—Ge3 2.953(2) Ge2—Gel 2.525(4)
Yb2—Ni 3.132(3) Ge3—Ni 2.3210(19)
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Figures:

Yb,Ni,InGe,,

Figure 1. SEM images of the typical single crystals of Yb;NigInGe,, grown from indium flux.
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Figure 2. Crystal structure comparison of (a) YbsNisGejo and (b) YbsNisInGe;, is viewed in
the ab-plane. Both structures consist of eight-membered ring with surrounding five and six
membered rings.
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Figure 3. Comparison of the crystal structures of (a) YbsNisGej and (b) Yb;NigInGe,, viewed
along the ¢ -axis.
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Figure 4. The coordination sphere of all Yb atoms in in (a) YbsNisGejo and (b) YbsNisInGe;.
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Figure 5. The coordination sphere of Ge and Ni and In atoms in (a) YbsNisGejo and (b)
YbsNiyInGe,; are presented. (¢) the coordination environment of In atom in Yb;NisInGe);.
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Figure 6. Temperature dependence of the magnetic susceptibility (yn) and inverse
susceptibility (1/ym) for a polycrystalline sample of Yb;NisInGe;, measured at 1000 Oe applied
field.
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Figure 7. Magnetization as a function of applied magnetic field at 2 K and 300 K for
Yb7Ni4IHG€12.
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Figure 8. Yb L absorption edge spectra taken from a polycrystalline samples of Yb;NigInGe,»
at 300 K and 18 K.
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Graphical Abstract

YbsNigInGe;; is a new compound crystallzing from indium metal flux. Magnetic
susceptibility and XANES data suggest mixed valent Yb atoms.
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