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ABSTRACT: Single crystals of the ternary Yb,;Co;Ge; have been grown out of molten Sn flux and
characterized by single crystal and synchrotron powder X-ray diffraction. Yb,sCo;Ge; adopts a hybrid
YCo4Gey/CoSn structure, crystallizing in the hexagonal space group P6/mmm with lattice parameters a &~
S.1 A and ¢ ~ 3.9 A. Although the compound does not magnetically order down to 2 K, Weiss
temperatures of —21 K, —18.7 K, and —21 K for H//a, H//¢, and the polycrystalline average, respectively,
indicate antiferromagnetic interactions with pi.¢ = 4.23 g, slightly lower than the full Yb** moment of 4.54
Up. Field-dependent magnetization up to 7 T measured at 2, 5, and 10 K show a linear dependence along
H//a. Magnetization at 2 K for H//c approaches saturation near 1 yg, lower than the full Yb*" moment.
Herein, we present the synthesis and characterization of Yb,sCo;Ge;.

1. INTRODUCTION

While pursuing the growth of single crystals of ytterbium-based
germanides following the discovery of Ln;Co,,,Ge;_,Sn, (Ln=
Pr, Nd, Sm)" and Ce4CosGe,s” of the new homologous series
A, B,X;,.,; (A = rare earth, B = transition metal, X = Ge/Sn),’
the intermetallic compound with the formula Yby 4633(9)C03Ge;
(denoted as Yb, ;Co;Ge; for sim})licity) was grown. Although a
previously reported structure,” further analysis suggests
possible disorder that differs from the previous YbCocGe.
The newly synthesized Yb, ;Co;Ge; structure can be described
as a hybrid of YCo4Ge4 and CoSn structure types, where the
former structure type is the most dominant.

The introduction of the binary CoSn structure type (or
B3S), consisting of graphite-like Sn nets and Kagome nets of
Co centered by Sn atoms, is of interest as the CoSn structure
type provides a robust platform to study the interplay of d- and
f-electrons. Additionally, the CoSn structure type provides the
potential for frustration and depending on interlayer couplings,
a ferromagnetic alignment of transition metal spins that can
develop in the kagome layer. The kagome net, named after the
knitting pattern it resembles, can be described as a group of
interconnected triangles and hexagons. Kagome nets have been
shown to host a giant anomalous Hall effect in Fe;Sn,,° half-
metallic ferromagnetism and a zero-field Nernst effect in
Co3Sn,S,,” ™" and a planar flat band in YCrsGes'® The
structural stability of the kagome lattice CoSn is intriguing due
to the unusual large void space.'"”'> Much attention has been
focused on the large void spaces in the CoSn structure type,
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which can be described as an alternating layer of hexagons. The
origin layer (z = 0) is comprised of Co edge-sharing hexagons
filled with Sn1 atoms, while the ab-plane halfway up the c-axis
(z = 1/2) is composed entirely of Sn2 edge-sharing hexagons
with a large void space in the center. This void space possesses
a maximal diameter of approximately 6.08 A along the a—b
plane and a 4.26 A distance along the c-axis between the
centers of neighboring Snl atoms."” YbyCo;Ge;, of the
YCoxGey type, can be described as an insertion of rare earth
elements in the CoSn structure. Recently, Dirac Fermions and
flat bands have both been observed in the antiferromagnetic
kagome metal FeSn, which crystallizes in the CoSn structure
type.'* Herein, we report the crystal growth, structural
determination by single crystal and synchrotron powder X-
ray diffraction, and magnetic and electrical properties of
Yb,sCosGe;.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Ybg;C0sGe;. Single crystals of Yby;Co;Ge;,
were grown from a molten Sn flux using the flux growth method.> ™"
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Table 3. Selected Interatomic Distances for Yb,;Co;Ge;
from Single Crystal X-ray Diffraction

sites
Yb1—Gel (x6)
Yb1-Ge2 (x2)
Yb1-Ge3 (x2)
Col—Col (x4)
Col—Gel (x4)
Col—Ge2 (x2)
Col—Ge3 (x2)
Ge2—Ge2
Yb—Yb (x6)
Yb—Yb (x2)

distance (A)

2.9415(6)
2.6907(15)
1.9568(5)
2.5475(5)
2.4479(4)
2.6510(6)
2.5475(5)
2.446(3)
5.0949(10)
3.9136(9)

Figure 1. Crystals of Yb,;Co;Ge; up to ~5 mm long.

Table 1. Single Crystal Data and Refinement Parameters for

YbsCo;Ge;
space group P6/mmm
a (A) 5.0949(10)
¢ (A) 3.9136(9)
Vv (A% 87.98(4)
VA 1
temperature (K) 298
0 (deg) 4.6—38.1
u (mm™") 51.02
reflections 7685
unique reflections 144
GOF 1.34
R, 0.014
wR, 0.028
App (e A7) 127
Apoin (e A73) —-1.14

Yb, Co, Ge, and Sn were combined in a 3:2:7:52 ratio (the same ratio
used in Pr;Co,,,Ge,)" inside an alumina crucible capped with an
alumina frit and an inverted catch crucible,'® then sealed inside a
fused silica tube under ~1/3 atm of Ar gas. The sealed tube was
heated in a programmable furnace to 1175 °C at 100°/h and dwelled
for 24 h. The furnace was cooled slowly to 815 °C at 3°/h, at which
point the tube was quickly removed, inverted, and centrifuged to
remove excess flux. The tube was cracked open, and the hexagonal
rod-shaped crystals of ~5 mm in length that were obtained are shown
in Figure 1. The crystals were first etched with dilute HCI followed by
water and acetone to remove any residual flux.

Table 4. Rietveld Refinement Results for Yb, ;Co;Ge;

formula Ybg 456C03Ges 016
space group P6/mmm

a (A) 5.093492(12)

¢ (A) 3.906482(10)

v (&%) 87.770(1)

Table S. Atomic Positions for Yb, ;Co;Ge; from Rietveld
Refinement

X y z occC.
Yb1 0 0 0 0.4557(5)
Col 1/2 0 1/2 1
Gel 1/3 2/3 0 1
Ge2 0 0 0.3067(2) 0.4557(5)
Ge3 0 0 1/2 0.1042(12)

2.2. Structure Determination. The crystal structure of
Yb,;Co;Ge; was determined using single crystal X-ray diffraction.
Data were collected on a Bruker D8 Quest Kappa single crystal X-ray
diffractometer equipped with an IS microfocus source (Mo Ka, 4 =
0.71073 A), a HELIOS optics monochromator, and a PHOTON II
CPAD detector. The Bruker SAINT program was used to integrate
the diffraction data, while the absorption correction was performed
using the Bruker program SADABS 2016/2 (multiscan method)."’
Starting models of Yb,;Co;Ge; were obtained using the intrinsic
phasing method in SHELXT,”® and atomic sites were anisotropically
refined using SHELXL2018.>" The crystal structure of Yb,sCo;Ge;, a
slightly disordered variant of the hexagonal YCo4Geg structure type,
has unit cell dimensions of a = 5.0949(10) A, ¢ = 3.9136(9) A, and V
= 87.98(4) A% Table 1 provides the crystallographic data and
refinement parameters, Table 2 presents the atomic positions, and
Table 3 lists selected bond distances for Yb, ;Co;Ge;.

For the crystal structure determination, we started with a similar
model as previously described for YCo4Gey and YbCogGeg. "> This
preliminary model contained a nearly half-occupied rare earth atomic
site, 1a with fractional coordinates (0, 0, 0); a fully occupied Co
atomic site, 3g with fractional coordinates (1/2, 0, 1/2); a fully
occupied Ge atomic site, 2¢ with fractional coordinates (1/3, 2/3, 0);

Table 2. Atomic Positions for Yb, ;Co;Ge; from Single Crystal X-ray Diffraction

atom Wryckoff site % y
Ybl la (6/mmm) 0 0
Col 3g (mmm) ', 0
Gel 2¢ (—6m2) , /s
Ge2 2e (6mm) 0 0
Ge3 1b (6/mmm) 0 0

“U,q is defined as !/; of the trace of the orthogonalized Uj; tensor.

z occ. Ug* (A?)
0 0.4633(9) 0.01023(15)
1, 1 0.01013(13)
0 1 0.00743(13)
0.3125(4) 0.4632(9) 0.0097(2)
'/, 0.0736(19) 0.0097(2)
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HfFe,Geg
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Figure 2. Crystal structures of (a) CoSn, (b) HfFe,Ges, and (c) YCo4Geg. The YCo4Geg structure exhibits structural disorder, and the two
disordered structures, each occurring in 50% of cases, are displayed in (d) and (e). The orange spheres represent the rare-earth atoms that occupy
the void spaces in the hexagonal channels. The pink and blue spheres represent the Sn and Ge atoms forming the structural framework with Fe/Co
atoms (green spheres) residing within the framework. Some bonds have been omitted for the sake of clarity in these illustrations.

and a nearly half-occupied Ge atomic site, 2e with fractional
coordinates (0, 0, z) where z = ~0.31. The nearly half-occupied
rare earth site and nearly half-occupied Ge atomic site are due to the
positional/occupational disorder that distinguishes the YCogGeg
structure type from the ordered HfFesGes structure type. The
differences in these two structure types will be discussed in detail in
the Results and Discussion section of this manuscript.

Residual electron density located at (0, 0, 1/2) is suggestive that
there is slightly more disorder in YbyCo;Ge; than in the YCo4Geg4
structure type. This density is also located in a similar location relative
to the Co atoms as observed in the related CoSn structure type.
Therefore, we expanded our preliminary model to represent a hybrid
of the YCosGe4 structure type and CoSn structure type with the
addition of a partially occupied Ge site (Ge3) with fractional
coordinates (0, 0, 1/2). Since the Ge2 (6mm) and Ge3 (6/mmm)
atoms can be thought of as having an occupancy dependent on that of
Yb, the SUMP command was used. The Yb and Ge2 sites were fixed
to refine to the same occupancy which is less than one. The Yb, Ge2,
and Ge3 sites were constrained to unity. On the basis of our final
model, it is suggestive that less than 8% of the unit cells adopt the
related CoSn structure type, instead of the YCo4Gey structure type.
Because of the structural similarities in the two structure types, this
slight hybridization or slight defect does not seem unreasonable.

2.3. Powder X-ray Diffraction. Powder X-ray diffraction is an
excellent complementary technique for distinguishing related phases
and confirming the structural model as determined by single crystal X-
ray diffraction. High resolution synchrotron powder X-ray diffraction
data (1 = 0.412797 A) were collected in the 26 range from 0.5° to 50°
at the 11-BM beamline at the Advanced Photon Source of Argonne
National Laboratory. Discrete detectors collected data points every
0.001° 26 with a scan speed of 0.01° s™' at room temperature.
Rietveld refinement, carried out with TOPAS-Academic software, was
completed to confirm the disordered variant of the YCo4Ge, structure
type determined by single crystal X-ray diffraction. Table 4 gives the
Rietveld refinement results for Yb,sCo;Ge;. Table 5 gives atomic
positions for the structural model determined from Rietveld
refinement, which agrees with the model determined from single
crystal X-ray diffraction.

2.4. Properties Measurements. Temperature- and field-depend-
ent magnetization measurements were performed on the Quantum
Design MPMS 3 system. GE varnish was used to secure the sample
and has a negligible contribution to the signal. Temperature-
dependent resistivity was measured in a standard four-probe geometry

(I =1 mA) using the Quantum Design PPMS DynaCool. Electrical
contacts to the samples were made with Au wires attached to the
samples using EPOTEK silver epoxy and subsequently cured at 100
°C.

3. RESULTS AND DISCUSSION

3.1. Structure Determination. The CoSn structure type,
shown in Figure 2a, crystallizes in the hexagonal P6/mmm
space group with cell dimensions of a = 5.279(7) A and ¢ =
4.259(10) A. This structure type is made up of two planar
layers: the Co kagome nets centered by Sn atoms and a second

(@) YbgsCosGe,

Y

Yb @
Co @
Gel @
Ge2 @
Ge3 @

[/(b) 46 %

Figure 3. Crystal structure of Yby;Co;Ge; where (a) shows all
possible atomic positions, (b) and (d) show YCo.Ges type
arrangements each with 46% occupancy, and (c) shows CoSn type
arrangement with 7% occupancy.
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Figure 4. Observed (blue dots), calculated (red line), and difference (black line, bottom) synchrotron powder X-ray diffraction patterns for
Yb, sCo;Ge; by the Rietveld analysis technique. The difference pattern is plotted at the same scale as the other peaks.
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Figure S. Temperature-dependent magnetization for Yb,Co;Ge; measured at 1 kOe.
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Figure 6. Field-dependent magnetization of Yb,;Co;Ge; measured at
2,5, and 10 K.

hexagonal Sn segment stacked alternately in the ¢ direction.”

The Co and Sn atoms form a close-packed layer with each Snl
atoms surrounded by six Co atoms (Co—Sn(1) distance of
2.6395(3) A). In the next layer, the Sn atoms are located in Co
trigonal prisms with a bond distance of 2.6190(4) A, resulting
in hexagonal channels centered by the first Sn atoms. The Sn
layer contains half the number of atoms compared to the close-
packed layer resulting in condensed trigonal bipyramids.'""*
Depending on the relative positions of guest atoms and
capping of the M atoms corresponding to the MT X, in the
CoSn host structure, these intermetallics can adopt hexagonal
HfFe Ges-type (H-type) or hexagonal YCocGeg-type (Y-type,
a disordered variant of H-type).”"™>” The H-type HfFe(Ges,
P6/mmm space group with cell dimensions of a = 5.065 A and
¢ = 8.058 A”**"7* is formed by “stuffing” Hf atoms into the
hexagonal voids of the FeGe (CoSn-type) framework. Figure
2b shows the stacked layers of alternate filled and empty planes
of the HfFe,Ges (H-type) crystal structure. Such ordering of
Hf atoms in the alternate layers results in doubling of the unit
cell along the ¢ direction.”*® The Y-type, YCo4Geg structure
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Figure 7. Temperature-dependent resistivity of Yb, ;Co;Ge; with inset showing enlarged view below T = 20 K..

(also represented as Y, sCo;Ge;),”” also crystallizes in the P6/
mmm space group with unit cell dimensions of a = 5.074 A, ¢ =
3.908 A**7% Figure 2c shows the YCo4Geg structure type,
formed by stuffing Y atoms into a CoGe (CoSn-type)
hexagonal framework. In contrast to the order of the Hf
atoms in the H-type, the Y atoms in this structure type are
occupationally disordered.”**° Despite the similarity of the H-
type HfFe,Ges and Y-type YCosGes structures, they are
distinguishable by powder diffraction by the d spacing of the
(001) reflection.

Figure 3 shows the crystal structure of title compound
Yb, sCo;3Ge;, a slight hybridization of the YCo4Geg structure
type with the CoSn structure type, crystallizing in the P6/mmm
space group with lattice parameters a &~ 5.1 A and ¢ 7 3.9 A as
determined from both single crystal and synchrotron powder
X-ray diffraction. The Yb,Co3Ge; crystal structure consists of
one Yb site, one Co site, and three Ge sites. The Ge2 (6mm)
and Ge3 (6/mmm) atoms can be thought of having an
occupancy dependent on that of Yb. As shown in Figure 3b,d,
the Yb, sCo;Ge; compound displays structural disorder similar
to YCoxGes (Figure 2d,e). However, in the Yb analogue, a
third possibility exists, shown in Figure 3¢, when the Yb atom
is not present along the c-axis, the Ge3 atom occupies the 6/
mmm position in a CoSn-type arrangement with a 7%
occupancy. The refined unit cell parameters from powder X-
ray diffraction of Yby;Co;Ge; are a = 5.093492(12) A, ¢ =
3.906482(10) A, V = 87.770(1) A® which are in reasonable
agreement with the single crystal data of Yb, ;Co;Ge; as well as
the original report of the YbCo4Geg crystal structure (of the
ordered YCo4Geg type).” Refinement of the rare earth site
reveals that the Yb occupancy is 0.4557(5), which agrees with
the occupancy as determined by single crystal X-ray diffraction,
0.4633(9). The disordered Ge sites refine to occupancies of
0.4557(5) and 0.1042(12), agreeing with the single crystal X-
ray diffraction values of 0.4632(9) and 0.0736(19) for Ge2 and
Ge3, respectively. In Figure 4, the observed powder diffraction
data (blue dots), calculated Rietveld fit (red line), and
difference plot (black line, bottom) are illustrated. The row

of green tick marks indicates the calculated peak positions. The
difference pattern is plotted at the same scale as the other
patterns. Above 30° 260 (synchrotron wavelength of 0.412797
A), the intensity scale of all patterns has been magnified 10
times.

3.2. Physical Properties. Yb, ;Co;Ge; (originally denoted
as YbCosGes) was first reported to adopt the YCoyGeg
structure type.”> The polycrystalline phase as obtained by
arc-melting was characterized by powder X-ray diffraction, and
magnetic susceptibility measurements collected from 78 to 293
K indicate that the phase is paramagnetic. The effective
moment obtained from the Curie—Weiss fit is p ¢ = 4.56 pg,
close to the calculated Yb®" moment (p ¢ = 4.54 p3), and the
Weiss constant of —31 K indicates antiferromagnetic
interactions are dominant.”

The temperature-dependent magnetization for single crystals
of YbyCo3;Ge; grown for this work was measured from 2 to
300 K as shown in Figure S. The magnetic susceptibility data
were fit from 150 to 300 K. The effective magnetic moment as
obtained from the Curie—Weiss fit is 4.23 pp, which is slightly
less than what is expected for Yb*" (u.g = 4.54 ug). Weiss
constants for H//a, H//c, and the polycrystalline average are
—21 K, —18.7 K, and —21 K, respectively. The antiferro-
magnetic dominant interactions, as indicated by the negative
Weiss constants, along with the absence of magnetic ordering
suggests geometric frustration. A feature between 15 and 20 K,
only visible in the H//a and polycrystalline data, suggests spin
canting or spin reorientation. Figure 6 shows the field-
dependent magnetization at 2, 5, and 10 K. The magnetization
is larger for H//c, indicating it as the easy axis, which is
reasonable given the Yb—Yb distance of 3.9136(9) A in the ¢
direction and 5.0949(10) A in the a direction. At 2 K,
magnetization begins to saturate ~1 g, lower than the full
saturation magnetic moment of Yb*>" (4.00 y5), which can be
attributed to crystal electric field effects or possible valence
fluctuation. Figure 7 shows electrical resistivity as a function of
temperature. The high temperature peak at ~100 K is most
likely a consequence of the depopulation of the CEF levels as
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the temperature is lowered. The low temperature peak at ~5.5
K could either be due to the low lying CEF levels or a magnetic
phase transition. Heat capacity and/or neutron diffraction
measurements are necessary to elucidate the origin of this
maximum. Given the possibility of Yb undergoing valence
fluctuation, future experiments are ongoing to correlate the
transport properties with the change in oxidation state.

4. CONCLUSION

In this manuscript, we present the crystal growth and structure
determination of Yb,;Co;Ge; and compare this with the
HfFe,Ges and YCo4Geg4 structure types. Both H-type and Y-
type structures can be considered “stuffed” variants of the
CoSn structure. Our metal-flux synthesis of Yb,;Co;Ge;
resulted in a hybrid Y-type/7CoSn-type structure. We refined
the structural model using single crystal and synchrotron
powder X-ray diffraction data and determined that
Yb,Co;Ge; contains ~7% CoSn-type. The results of this
work demonstrate the ability of guest atoms to substantially
alter stability, which may be useful in the future design of
magnetic materials.’”*> The complementary use of single
crystal and powder X-ray diffraction is a powerful way to model
new structures and distinguish between similar structure types.
Rietveld refinement of synchrotron powder X-ray diffraction
data was particularly helpful in confirming the structural
disorder of Yb,sCo;Ge;. Especially in the field of intermetal-
lics, the complementary use of Rietveld methods is critical to
confirming the structural details of complex materials.
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