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ABSTRACT: Investigating material properties is essential to
assessing their application potential. While computational methods
allow for a fast prediction of the material structure and properties,
experimental validation is essential to determining the ultimate
material potential. Herein, we report the synthesis and experimental
magnetic properties of three previously reported Kagome compounds
in the Li—Fe—Ge system. LiFe,Ge, LiFe,Ge;, and LiFe,Ges were
predicted to have ferromagnetic or antiferromagnetic ground states.
The hydride route that replaces the ductile Li metal with salt-like LiH
proved to be an excellent alternative for the facile synthesis of the Li—
Fe—Ge powders with appreciable purity, permitting the investigation
of their bulk magnetic properties. Magnetometry below room
temperature and room-temperature ’Fe Mossbauer spectroscopy
collectively indicate an antiferromagnetic ground state for the three compounds with ordering temperatures above 300 K, contrary to
the prediction of ferromagnetic ground states. Moreover, Mossbauer spectroscopy reveals a magnetization of 1.1—1.3 pp/Fe atom for
the Li—Fe—Ge compounds, while higher moments of 1.63—2.90 pup/Fe atom were theoretically predicted. Experimental
(in)validation addresses the issue of inaccuracy in determining material properties in silico only and helps to improve the prediction
power of the computational models. This work underlines that the contribution of experimentalists continues to be valuable for the
accurate determination of structure—property relationships in solid-state materials.
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B INTRODUCTION

Understanding the structure—property relationships in solid-
state compounds is an important endeavor in the pursuit of
technologically relevant materials. There exist various material
classes of inorganic solids where the unique structural features
afford them distinct properties. The Kagomé class of

sublattice in several Kagomé compounds. Another example is
provided by the work of Jovanovic and Schoop, which
demonstrates the use of chemical heuristics, local symmetry
considerations, and DFT-based calculations for the prediction
of band structures in Kagomé materials as a means of
recognizing their unique magnetic properties..12

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

compounds is one such example, featuring a two-dimensional
trihexagonal sublattice in their crystal structure.'” The
geometry of the Kagomé sublattice does not allow for a
perfect antiferromagnetic alignment of spins, producing
magnetic frustration that gives rise to unique electronic
behavior and magnetic properties, including superconductivity,
quantum spin liquid (QSL) behavior, and charge density wave
(CDW) order.*"'" The complex physics of Kagomé
compounds has geared extensive research efforts toward
elucidating their structure—property relationship, including
the use of computational methods for the identification of
suitable Kagomeé candidates for applications such as super-
conductivity and quantum spin liql.l.icls.“_15 For example, in
the work by Meschke et al, machine learning (ML)- and
density functional theory (DFT)-based analysis of ~S500
previously reported Kagomé compounds was performed to
identify suitable QSL candidates.'' The detailed report
includes predictions of magnetic ground states and calculations
of magnetic moments for the atoms forming the Kagome
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The past decade has seen a steep rise in the use of DFT- and
ML-based predictions of inorganic material structures and
properties for both known and novel chemical composi-
tions.'”** Many databases, including the Open Quantum
Material Database (OQMD)*>*® and the Materials Project
(MP)*” database, provide insightful information about the
material’s structure, magnetic properties, and formation
energy, among other properties. There are numerous examples
in the literature for the predictions of new materials with
targeted properties or predictions of novel properties for
known compounds.'”™** However, few reports provide
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experimental validation or invalidation of the predicted
properties.”*”” Examples include the work by Singh et al,
where the ML-predicted Curie temperature for the
(Zrg16Cegsy)Fe, and (ZrggsCeqos)Fe, pseudo-binaries was
experimentally confirmed.” There also exist examples where
DET-based Opredictions have been experimentally proven
incorrect.'"*” For instance, an antiferromagnetic order in the
MgCo4Ge; Kagome germanide with a magnetic moment of 1.3
up/Co atom was predicted by Meschke et al,'' while
experimental results reveal Pauli paraunagnetism.30 While
computational tools can be used for advancing the under-
standing of the material structure and properties, we believe
that theg cannot be developed independently of experimenta-
tion.”"*” Experiments to (in)validate and improve the
predictability of theoretical models are essential. Our work is
an effort in this direction, where we experimentally explore the
magnetism in three known Kagomé compounds in the Li—Fe—
Ge systems, ie., LiFesGe,, LiF96Ge15, and LiFesFeq and test
their predicted magnetic properties.

The LiFesGe, LiFesGes, and LiFe,Gey compounds were
first synthesized in the late 1970s and are known to contain a
Kagomeé network of Fe atoms.” > The Materials Project
database predicts ferromagnetic (FM) ground states for all
three phases, with the magnetic moment of 2.41 ug, 1.63 pp,
and 2.12 pp per Fe atom in LiFesGe,, LiFesGes, and LiFesGeg,
respectively.”” Such values are comparable to the experimen-
tally measured magnetic moment per Fe atom in the well-
known permanent magnet Nszel‘,rB.sé’s" Another independ-
ent work by Meschke et al. also predicted ferromagnetic (FM)
ground state with a magnetic moment of 2.83 yp/Fe atom in
LiFesGey and an antiferromagnetic (AFM) ground state with a
magnetic moment of 2.90 uy/Fe atom in Li_FeﬁGe_i.“ To the
best of our knowledge, there are no experimental reports on
the synthesis of polycrystalline powders of LiFesGe, and
LiFesGe; or on their magnetic properties. The synthesis of
LiFesGeg using Li metal is reported,”*® and the measurement
of magnetic properties performed on a polycrystalline sample
of LiFesGeg indicates a possibility of AFM ordering at T > 300
K.*® The prediction of magnetically ordered ground states for
the LiFesGe,, LiFesGe;, and LiFesFes Kagomé compounds
and a lack of detailed experimental evidence inspired us to
probe the magnetic properties of the Li—Fe—Ge compounds.

While measurement of properties using single crystals is
ideal for the elucidation of the intrinsic properties of a
material,” measurements on polycrystalline samples can
provide valuable information and shed light on their bulk
properties. Preparation of polycrystalline samples using
traditional high-temperature (“heat-and-beat”) methods is
often diffusion-limited, leading to multiphase samples. This is
an even greater challenge for the synthesis of LiFesGe,,
LiFesFes, and LiFesGes phases due to their compositional
proximity, consistent with the lack of reports on the bulk
synthesis of LiFesGe, and LiFesGe; using traditional
routes.’>** While the polycrystalline sample of LiFesGeg can
be prepared, a large excess of Li, long annealing times, and
post-treatment with water to remove excess Li are required to
obtain the phase in high yield.>* In this work, we utilize the
hydride route for the facile synthesis of the LiFesFe,, LiFesFes,
and LiFesFe, phases in the polycrystalline form, where the soft
alkali metal precursor (Li) is replaced with powder-like reactive
alkali metal hydride (LiH).**~* Since all the precursors for the
hydride route are in the powder form, they can be weighed
precisely, providing excellent compositional control, handy for

the Li—Fe—Ge system where the three target phases exist
within a narrow compositional space. The route also allows for
the intimate mixing of precursors via ball milling, helping with
diffusion limitation, and hence provides a notable alternative to
the traditional synthesis route.

Herein, we report the successful synthesis of LiFesFe,,
LiFeFe;, and LiFesFe4 phases in the polycrystalline form via
the hydride route and the experimental characterization of
their magnetic properties with the goal of testing the predicted
magnetic properties. We present a comparison of the
experimentally determined and theoretically predicted mag-
netic properties for LiFe;Ge,, LiFesGes, and LiFeFe,.

B EXPERIMENTAL SECTION

Chemicals. Iron powder (Fe, Alfa Aesar, 99.998%) and lithium
hydride powder (LiH, Alfa Aesar, 99.4%) were used as received.
Germanium pieces (Ge, Alfa Aesar, 99.999%) were ball-milled using a
tungsten carbide (WC) ball mill container and two WC balls for 30
min to obtain a fine powder. Sample manipulations were conducted in
a glovebox under a dry argon atmosphere, p(O,) < 1 ppm and
p(H,0) < 1 ppm.

Synthesis. Synthesis of the samples was conducted via hydride
route. Starting materials were weighed as powders in desired LiH, Fe,
and Ge molar ratios (total weight: 0.3 g). The powders were loaded
into a polycarbonate grinding set with a methacrylate grinding ball.
The vial was sealed into two polyethylene bags under an argon
atmosphere, taken out of the glovebox, and ball-milled using a SPEX
mixer/mill 8000 M for 6 min. In the glovebox, the ball-milled powders
were loaded into tantalum tubes (ID: 5.4 mm; OD: 6.4 mm) and
sealed using an arc welder under an argon atmosphere. The Ta tubes
were placed into a silica reactor, evacuated to a pressure of 3.0 X
107°-3.5 X 107 bar, and placed into a programmable high-
temperature furnace. The silica reactor is equipped with Swagelok
safety check valves to avoid overpressurizing the silica reactor due to
hydrogen gas released during the reaction. The setup was heated from
room temperature (RT) to 1023 K in § h, annealed for 12 h, and then
cooled naturally to room temperature.

Powder X-ray Diffraction (PXRD). The purity of the synthesized
sample was confirmed from powder X-ray diffraction using a Rigaku
MiniFlex600 powder diffractometer with Cu Ka radiation (1 =
1.54051 A) and a Ni Kf filter. Data were collected on a zero-
background plate holder in air at room temperature. Phase analysis
was performed using the COD database incorporated into Match-3!
software.” Rietveld refinement of the PXRD data was performed to
accurately determine the impurity content in the synthesized samples
using the GSAS II software package.45

High-Temperature Synchrotron Powder X-ray Diffraction
(HT-PXRD). High-temperature X-ray diffraction data were collected

at the synchrotron beamline 17-BM at the Advanced Photon Source
(APS) at Argonne National Lab (ANL), 4 = 0.24130 A. A finely
ground sample of LiFe,Ge; and LiFe;Ge; was filled into a 0.7 mm-
outer diameter, thick-wall (0.1 mm) silica capillary and sealed under
vacuum. The capillary was mounted into a secondary shield capillary
on a sample stage equipped with two resistive microheaters and a
thermocouple set as close as possible to the measurement area. Details
of the setup can be found elsewhere.*® Data were collected upon
heating and cooling in the temperature range of 298 K—1173 K—298
K with a heating rate of 15 K/min and a cooling rate of 25 K/min,
followed by fast cooling.

Magnetic Properties. Magnetic measurements were performed
on ~50 mg polycrystalline samples of LiFe,Ge,, LiFe,Ge;, and
LiFe,Geg in a gelatin capsule inside a plastic straw using Quantum
Design MPMS XL and MPMS3 SQUID magnetometers. DC
magnetic susceptibility measurements were performed in applied
fields of 0.005 T and 0.1 T in the 2—300 K temperature range. Field
dependence of magnetization was measured in the 0—7 T range at 2
and 300 K.
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57Fe Méssbauer Spectroscopy. Massbauer spectroscopy meas-
urements were performed using a SEE Co. conventional constant
acceleration-type spectrometer in transmission geometry with a
’Co(Rh) source, kept at room temperature. For the absorber, 20—
40 mg of powders of the samples was mixed with a ZG-grade BN
powder to ensure homogeneity. The absorber holder comprised two
nested white Delrin cups. The driver velocity was calibrated by a-Fe
foil, and all isomer shifts (IS) are quoted relative to the a-Fe foil at
room temperature. A commercial software package, MossWinn,*” was
used to analyze the Mossbauer spectra in this work.

B RESULTS AND DISCUSSION

Synthesis. Several loading molar ratios of LiH:Fe:Ge and
temperature profiles were attempted to synthesize LiFe,Ge,,
LiFesGes, and LiFe,Ge in high yield. The hydride route was
employed, where ball-milled powders of LiH, Fe, and Ge were
taken in a desired molar ratio and heated at 1023 K for 12 h to
produce crystalline samples of LiFe,Ge, LiFesGes, and
LiFesGes with minimized amounts of secondary phases. The
compounds were obtained as a dark-gray powder with a weight
fraction of target phases exceeding 90 wt %: 92.9 wt % for
LiFecGe, (containing 7.1 wt % LiFesGe;), 91.0 wt % for
LiFesGes (containing 9.0 wt % LiFesGe,), and 100 wt % for
LiFesGes according to Rietveld refinement of PXRD data
(Figures 1 and S1). The unit cell dimensions of hydride-
synthesized phases are comparable to those obtained via
single-crystal X-ray diffraction (SC-XRD) for LiFe,Ge,,
LiFesGes, and LiFe,Ge4 synthesized from elements.*~

Figure 2 shows the Li—Fe—Ge compositional phase space
with the optimized (filled circles) and other attempted (shaded
regions) loading compositions used for the synthesis via the
hydride route, whereas the actual phase compositions, i.e.,
LiFesGe,, LiFesGes, and LiFesGeg, are shown as open circles.
Excess Li and Ge are required for synthesis, as indicated by the
difference in optimized vs actual composition in Figure 2. The
optimized loading molar ratios for LiFesGe,, LiFe,Ges, and
LiFe;Ge4 are LiH:Fe:Ge = 2.8:6:4.1, 2.3:6:5.2, and 2.2:6:6.1,
respectively, signifying a need for 2.2- to 2.8-fold excess of LiH
and a slight excess of Ge. We hypothesize that the need for
excess Li and Ge may be due to slight oxidation of LiH and/or
reaction of Ge powder with the reaction vessel (Ta tube);
however, no Ta—Ge impurities were observed in PXRD post-
synthesis. Alternatively, Li-rich compositions might be re%uired
for the formation of the low-melting Li—Ge binaries***” that
function as a flux and promote Fe incorporation toward the
synthesis of the Li—Fe—Ge ternaries. The initial work on the
synthesis of single crystals of LiFesGe, and LiFesGe; also
reports the need for excess Li (6-fold) and Ge (2 to 4-fold) to
avoid the formation of a mixture of ternaries.>* Crystals of the
LiFesGe, and LiFe,Ge; ternaries form along with Li and Li—
Ge binaries, consistent with the considerable Li and Ge excess
used. Li and Li—Ge phases were washed using water, leaving
behind shiny silver crystals of the targeted Li—Fe—Ge
temary.34 For LiFe;Geg, single crystals can be synthesized in
high yield, albeit the crystals obtained have the dimension of
0.04 mm X 0.01 mm X 0.5 mm,’* suitable for SC-XRD analysis
but too small to examine material properties. The preparation
of LiFesGe, and LiFesGeg as polycrystalline powders has not
been reported yet. Preparation of the polycrystalline sample of
LiFe,Ge, using Li is reported,® where substantial excess of Li
(Li:Fe:Ge = 6:6:6, i.e., 6-fold Li excess) and significantly longer
annealing periods (168 h with Li »s 12 h with LiH) are
required. The excess Li needs to be removed by washing the
synthesized powder with water, adding an additional step to
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Figure 1. Experimental (red) and calculated (black) powder X-ray
diffraction data for (a) LiFegGey, (b) LiFe¢Ges, and (c) LiFesGeg,
with diffraction peaks for the impurity phases marked.
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obtain a single-phase sample of LiFe;Ges. The above
discussion clearly highlights the advantage and suitability of
the hydride route for the facile preparation of the polycrystal-
line powder of Li—Fe—Ge phases in high yield, facilitating the
evaluation of their bulk properties.

Hydride reactions performed with stoichiometric molar
ratios of LiH, Fe, and Ge powders corresponding to the phase
compositions result in the synthesis of the ternaries, albeit with
the formation of secondary phases such as binary Fe;, Ge, and
Ge. The LiH:Fe:Ge = 1:6:4 stoichiometric loading results in
the synthesis of Fe;3,Ge, as the major phase along with the
synthesis of LiFe;Ge; instead of the target LiFe;Ge,. The

https://doi.org/10.1021/acs.inorgchem.4c03925
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Figure 2. Compositional diagram for the Li—Fe—Ge ternary system,
representing the optimized synthesis composition (filled circles) and
phase composition (open circles) for LiFesGey (red), LiFesGes
(green), and LiFesGes (blue). The shaded regions include all the
compositions where the respective phases are observed by PXRD:
LiFe,Ge, (red), LiFe,Ge; (green), LiFe,Ge, (blue), Fe,, Ge,
(purple), Fe;Ge (yellow), and Li,Ge, (gray). The difference between
the optimized composition and phase composition indicates that
excess Li and Ge are needed to maximize the yield of target LiFe,Ge,,
LiFe,Ge;, and LiFe,Geg compounds.

molar ratio LiH:Fe:Ge = 1:6:5 results in a minor amount of
LiFesGes, while the major phases obtained are LiFe,Ges and
Fej 3,Ge,. Finally, the molar ratio LiH:Fe:Ge = 1:6:6 results in

the synthesis of LiFe,Ge,, along with considerable fractions of
Ge and Fe;Ge,.

Other compositions with variable Li excess and Fe:Ge ratios
were also attempted (composition within shaded regions in
Figure 2). The different colors of the shaded region represent
the compositions in the Li—Fe—Ge phase space, where the
formation of LiFesGe, (red), LiFe,Ges (green), LiFe,Geg
(blue), Fe,,.Ge, (purple), Fe;Ge (yellow), and LiyGe,
(gray) phases was observed. As seen in Figure 2, Li-poor
compositions (less than 1.7-fold excess) promoted the
formation of the Fe;,.Ge, phase (purple region). For
compositions that are Li-rich (more than 2.8-fold excess),
the formation of the Fe;Ge (yellow region) and LiyGe, (gray
region) binaries was observed. Li-rich compositions also seem
to favor the synthesis of LiFe,Ge, (red region) together with
Fe;Ge and/or LiyGe,. A 1.7- to 2.8-fold Li excess turned out to
be optimal for the synthesis, providing the highest wt % of the
targeted Li—Fe—Ge ternary compounds. Maintaining the
optimal Li excess, the yield of the desired ternary phase was
found to be highly sensitive to the Fe:Ge ratio due to the
compositional proximity of LiFesGe,, LiFesGes, and LiFesGe,.
Ge-poor compositions, ie., LiH:Fe:Ge = (1.7—2.8):6:(2.6—
4.0), resulted in the LiFesGe, along with Fe;Ge. The Ge-rich
compositions, ie., LiH:Fe:Ge = (1.7—2.8):6:(6.0—6.3), form
LiFe,Ge, along with Ge. For the compositions in the middle,
ie, LiH:Fe:Ge = (1.7—2.8):6:(4.0—6.0), a mixture of either
LiFesGe, and LiFesGe; [for Fe:Ge = 6:(4—5)] or LiFe,Ges
and LiFesGeg [for Fe:Ge = 6:(5—6)] is obtained. For example,
for the LiH:Fe:Ge = 2.2:6:4.4 loading composition, a mixture
of LiFesGe, and LiFe;Ges was synthesized, and when the
precursors were taken in the LiH:Fe:Ge = 2:6:5.8 molar ratio,
a mixture of LiFe,Ge; and LiFe,Ges was obtained. Notably, all
three ternary compounds are not observed in the same sample.

Attempts at optimizing other reaction parameters, such as
temperatures and annealing times were also made but proved
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Figure 3. Crystal structure of (a) LiFe,Ge,, (b) LiFe,Ges, and (c) LiFe,Ge, with a breakdown of the layers building their 3-dimensional structures.
Top right corner: Kagomé network of Fe atoms featured in all three phases.
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Figure 4. Stacking arrangement of Fe layers in (a) LiFe,Ge,, (b) LiFe,Ge, and (c) LiFe,Ge, along the ¢ direction. The Fe—Fe bond distance
within the Kagomé layers is 2.53(1) A, whereas the out-of-plane Fe—Fe bond distance is in the range of 2.8—4.1 A, as marked in the figure.

ineffective. When the synthesis temperature was lowered to
873 K, it led to a decrease in the crystallinity of the ternary
phase, evident from the slight broadening of diffraction peaks
in the PXRD pattern, while increasing the reaction temperature
to 1173 K did not improve the crystallinity and promoted the
formation of the Fe;,Ge, and Fe;Ge binaries. Moreover, the
variation in the synthesis temperature does not eliminate the
formation of side phases. Adjusting the annealing time had no
impact on the outcome of the reactions and, hence, was held
constant at 12 h.

Overall, for all compositions in the LiH:Fe:Ge = (1.7—
2.8):6:(2.6—6.3) range, LiFe,Ge,, LiFe,Ges, and/or LiFe,Geq
can be synthesized but are either obtained as a mixture of
ternaries or accompanied by Fe—Ge or elemental Ge as
secondary phases. While the close compositional proximity of
LiFe,Ge, LiFe,Ge;, and LiFe,Ges posed limitations to
synthesis optimization, the precise compositional control
afforded by the hydride route allows for the fine tuning of
the LiH:Fe:Ge ratio, eventually permitting the synthesis of
LiFesGe,, LiFesGes, and LiFe,Geg in high yield (>90 wt %).
Our work provides the first example of a synthetic route for the
preparation of polycrystalline powders of LiFe,Ge, and
LiFesGes and a facile alternative for the synthesis of LiFe,Geg.

Crystal Structure. The crystal structures of the LiFe,Ge,,
LiFesGes;, and LiFesGes phases were determined in earlier
reports through single-crystal X-ray diffraction (SC-XRD)
study.>>° LiFesGe, and LiFe,Ges phases crystallize in the
trigonal space group R3m (No 166) with a = 5.05 A, ¢ = 19.66
A, Z = 3 for LiFe,Ge, and a = 5.05 A, c = 43.64 A, Z = 6 for
LiFesGes. The LiFesGey phase displays a hexagonal structure
(a =874 A, c=803A, Z=3) in the P6/mmm space group.
The crystal structure of the LiFe,Ge,, LiFesGes, and LiFe,Geg
phases can be described as a 3-dimensional covalent network
comprising Fe and Ge atoms, with electropositive Li occupying
the voids created within the covalent network (Figure 3).

The crystal structures of the three phases show striking
similarities, which can be attributed to the compositional
proximity and similar bonding interactions. A layer-by-layer
breakdown of the three-dimensional (3D) structures of
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LiFe,Ge,, LiFesGe;, and LiFesGes phases allows for easy
identification of their structural relations (as shown in Figure
3). Figure 3ab shows that LiFesGe, and LiFe;Ges phases are
built from the same [LiGe,] and [Fe;Ge] layers highlighted in
blue and brown, respectively. The added Ge atoms in LiFe;Ges
are accommodated as [Ge,] layers (highlighted in purple in
Figure 3b) that are sandwiched between the [Fe;Ge] layers.
Within this Ge layer in the structure of LiFe,Ge;, Ge
dumbbells form with a Ge—Ge distance of 2.63 A (black
dashed box in Figure 3b). Such Ge dumbbells also appear in
the structure of LiFesGey; (Ge—Ge distance: 2.43 A, black
dashed box in Figure 3c). Unlike LiFe/Ges, the added Ge in
LiFesGeg is accommodated within the [Li—Ge] layers instead
of separate [Ge,] layers, resulting in the Ge-rich composition
of the [Li—Ge] layers in LiFesGeg compared to LiFesGe, and
LiFe,Ge,, ie, [LiGeg] and [LiGe;] in LiFe,Gey vs [LiGe,] in
LiFesGe, and LiFesGes. In other words, the [LiGes] and
[LiGe,] layers in LiFe,Ge, (highlighted in green and dark blue
in Figure 3c) are similar to the [LiGe,] layers in LiFesGe, and
LiFe,Geg, except for the extra Ge dumbbells.

In addition to possessing common layered fragments that
build the 3D structure, all three compounds also feature a
Kagome network of Fe atoms with an Fe—Fe bond distance of
2.53(1) A (represented in the top right corner in Figure 3).
The structural similarities in LiFe,Gey, LiFe,Ges, and LiFe,Geg
are well reflected in the bonding environments around the Li,
Fe, and Ge atoms (Figure S2). There are coordination
environments common to all three structures, such as the
hexagonal bipyramidal coordination of Li with Ge (Figure S2a)
and the trigonal prismatic coordination of Ge with Fe (Figure
S2f). A few coordination environments in LiFe,Ge, and
LiFe,Ge, are closely related yet distinct. For example, Fe atoms
in LiFezGeg are 10-coordinated to Ge atoms, as shown in
Figure S2b. In LiFe4Ge,, similar coordination is observed, but
Fe atoms have one less adjacent Ge atom, resulting in a 9-
coordinated Fe atom (Figure S2c). Apart from the common
trigonal prismatic coordination by 6 Fe atoms, Ge atoms
display different coordination environments in the structures of
Li—Fe—Ge ternaries. In LiFe;Ges, Ge atoms form dumbbells,
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Figure §. High-temperature in situ synchrotron PXRD data for LiFe,Geg and LiFe,Ge,. Waterfall plots for (a) LiFe,Ges and (b) LiFe,Ge,
powdered samples upon heating them from 298 to 1173 to 298 K. The vertical lines represent diffraction peaks in the PXRD at a given value of 26
(4 = 0.24130 A). Cell parameters a and ¢ and cell volume V for (c) LiFesGes and (d) LiFesGe plotted as a function of temperature during the

heating and cooling cycles.

where each Ge is, in turn, coordinated to 6 Fe atoms, as shown
in Figure S2d. These Ge dumbbells are absent in LiFe,Ge, (as
also seen in Figure 3), where Ge is instead bonded to 9 Fe
atoms (Figure S2e). Interestingly, all three Ge coordination
environments, with the trigonal prismatic configuration being
common for both LiFe,Ge, and LiFe,Ge, are found in the
structure of the LiFe,Ge; phase, demonstrating that LiFe,Ges
is a structural hybrid of LiFe;Ge, and LiFe;Ges. Going from
LiFesGe, to LiFesGe; and LiFesGeg the structure of the
compounds transforms to accommodate the added Ge while
maintaining certain common structural motifs, resulting in
crystal structures that are remarkably alike.

Figure 4 compares the stacking of the Kagome layers of Fe
atoms in LiFesGe,, LiFesGes, and LiFe,Geg. The Fe layers pile
along the ¢ direction with different stacking arrangements
(Figure 4). In LiFesGe,, a relative shift of Fe atoms is observed
after every two layers, establishing an [ABC] stacking pattern
(Figure 4a). A similar stacking is seen in LiFeGes, except for a

shift every four Fe layers instead of two following the
[AABBCC] stacking arrangement (Figure 4b). No relative
shift exists in LiFe Geg, as the iron layers stack precisely above
each other along the c-axis (Figure 4c). In LiFe,Geg, the Fe—
Fe distance between adjacent Fe layers is 4.0 A, while in the
case of LiFe,Ge, and LiFe Ge;, there are shorter distances of
2.8-2.9 A and longer distances of 4.0—4.1 A between the
adjacent Fe layers. The wider spacing between the Fe layers
accommodates the [LiGe,], [LiGe;], and [LiGe4] layers in
LiFe,Ge,, LiFe,Ge;, and LiFe,Geg, respectively. In the case of
LiFe,Ge;, the extra Ge atoms are also accommodated within
this space (Figure 3b).

In summary, the crystal structures of LiFe,Ge,, LiFeGes,
and LiFe,Ge, display remarkable similarity and evolve as the
composition becomes richer in Ge. All three compounds
contain a Kagomé layer of Fe atoms and show a different
stacking arrangement of Fe-Kagomé layers in their crystal
structure.
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Thermal Stability by HT-PXRD. High-temperature in situ
synchrotron PXRD data were collected for the samples of
LiFesGes (containing 9.0 wt % LiFesGe,) and LiFe/Gegq
(containing 11.9 wt % LiFesGes). For both samples, the
major phase remains the same; thus, no significant changes in
the PXRD data were noticed upon heating and cooling the
samples in the 298—1173—298 K range, suggesting the phases
to be thermally stable up to 1173 K (Figure Sab). For the
LiFesGes sample, while the diffraction peaks for the ternary
remain intact in the entire temperature range, the simultaneous
disappearance of diffraction peaks at 1.9 and 6.6° and the
appearance of a diffraction peak at 6.7° are observed at ~1000
K. This corresponds to the decomposition of LiFe,Ge;
(present as an impurity from the beginning) to Fe;,Ge, and
presumably with Li—Ge binaries and Ge. However, no Li—Ge
binary or Ge diffraction peaks were observed during the entire
measurement. According to Rietveld refinement, after HT-
PXRD, a sample of LiFe,Geg contains 8 wt % of Fe;3,Ge, in
addition to the LiFe;Ge;, major phase, while a sample of
LiFesGe; contains 10 wt % of Fe;3,Ge, and 6 wt % of
LiFesGeg in addition to LiFesGeg as a major phase (84 wt %).

Figure 5c,d represents the plots for unit cell parameters (g,
¢) and unit cell volume (V) for LiFe,Ge; and LiFe,Ge, as a
function of temperature. The unit cell parameters determined
from Rietveld refinement of the HT-PXRD data show a nearly
linear increase with temperature and no hysteresis for the
heating/cooling cycle in the 298-—1173—-298 K range.
However, the ¢ parameter of LiFe;Ge; shows a nonlinear
increase with temperature (Figure Sc, red curve). The positive
thermal expansion is evident from the shifting of the diffraction
peaks to the left upon heating due to unit cell expansion and to
the right upon the cooling cycle due to unit cell contraction
(Figure 5ab). The coefficients of thermal expansion (CTE)
were calculated from linear fits of the data shown in Figure
5c,d using egs 1-3

da 1
de 1

CTE(c) = 7 X @
dv 1

The coefficients of thermal expansion are CTE (a) = 22.3 X
107 K™}, CTE (c) = 82 x 10°° K™}, and CTE (V) = 57.4 X
107° K™! for LiFe,Ge; and CTE (a) = 20.4 X 10°° K™}, CTE
(c) = 12.8 X 10° K}, and CTE (V) = 54.4 X 10°° K for
LiFesGeg. If CTE(c) for LiFesGe; is calculated in the 700—
1173 K range, where a linear dependence of ¢ with temperature
is observed (Figure Sc, red curve), the value increases to CTE
(c) = 11.8 X 107° K~'. CTEs are remarkably similar for both
phases.

In conclusion, the in situ HT-PXRD study reveals LiFesGe;
and LiFe,Ge4 phases to be thermally stable up to 1173 K and
possess positive coefficients of thermal expansion, which are
similar between the two phases. As a broader outlook, in situ
HT-PXRD analysis of materials is crucial to understanding
their thermal stability and behavior. Knowledge of a
compound’s decomposition temperature and pathway can be
insightful in determining the synthetic parameters for growing
crystals from the melt via Bridgman or Czochralski methods or

from solutions using reactive fluxes, allowing investigation of
the material structure and properties.

Magnetic Properties. Given the prediction of a
ferromagnetic (FM) ground state in the LiFe,Ge,, LiFe,Ge,
and LiFe,Ge, Kagomé compounds and also antiferromagnetic
(AFM) ground states in LiFe,Ge, by Meschke et al., we were
interested in mvestigfltmg the magnetic properties of these
three compounds.'””” From the above-mentioned studies, a
magnetic moment of 1.63—2.90 pp per Fe atom was predicted
for these compounds, the value comparable to exPe{Lmentaﬂy
determined Fe magnetic moments in Nsze14B.1 273 More-
over, the structurally related Kagomé compounds FeGe and
RFe,Ge; (R = Mg, Sc, Ti, Nb, Lu, Hf, Zr, Yb) display AFM
ordering, well established from magnetic susceptibility
measurements, field-dependent magnetization, neutron dif-
fraction studies, and Mossbauer spect:'oscopy.so_57 In all
RFesGeg compounds that crystallize in the HfFe,Ge, structure
type, the Fe atoms within a single layer order ferromagneti-
cally, but adjacent Fe layers order antiferromagnetically at
temperatures significantly above room temperature (Ty ~ 400
to 520 K).>”~*” The magnetic moment per Fe atom in this 1—
6—6 family of compounds was found to be appreciably high,
around 1—-2 pg at 2 K, as determined from neutron diffraction
data,*>*® and comparable to the predicted magnetic moment
per Fe atom in Li_FeéGeé.“’Z? RFeyGeg compounds containing
a nonmagnetic R metal (R = Sc, Lu, Ti, Zr, Nb) display AFM
ordering temperature Ty > 300 K and the value of Fe moment
increases with an increase in the valency of R.">*> For example,
trivalent Sc (Ty = 497 K for ScFesGe;) and Lu (Ty = 471 K
for LuFe4Gey), tetravalent Ti (Ty = 518 K for TiFeGe,) and
Zr (Ty = 508 K for ZrFe,Geg), and pentavalent Nb (T = 561
K for NbFesGeg) show a clear increase in Ty with an increase
in R valency. However, divalent Mg deviates from this trend as
Ty = 501 K is observed for MgFe,Ge,. While the magnetic
properties of RFe;Ge; compounds containing divalent to
pentavalent R metals have been studied,”” %" magnetic
properties for compounds with monovalent R metals are not
well explored. This further motivated us to investigate the
magnetism in LiFe,Geg (R = monovalent Li).

Figure 6 displays magnetization per Fe atom (pg) as a
function of the applied magnetic field for the LiFe,Ge,,
LiFe,Ges, and LiFesGes phases. A linear dependence of
magnetization on the field is observed for LiFe,Ge, and
LiFesGes at 2 and 300 K. The linear dependence together with
an overall low magnetization of ~0.04 uy per Fe atom at 7 T
reveals paramagnetism or antiferromagnetic (AFM) ordering
at temperature above 300 K for the two phases (Figure 6a,b).
For LiFe4,Ge,, magnetization increases linearly with an increase
in the field above 1T, once again suggesting paramagnetic
behavior or AFM ordering above room temperature (Figure
6¢c). A nonlinear temperature dependence at a lower field for
LiFesGes; (0—1 T) at both 2 and 300 K indicates a small
ferromagnetic contribution from impurity (Figure 6c) or AFM-
like ordering above room temperature with a small FM
component. Assuming Fe metal to be the ferromagnetic
impurity, 0.46 wt % of Fe impurity (saturation moment Mg =
2.2 pg and saturation field Hg = 0.6 T) in LiFesGeg can be
estimated from a linear fit of the M(H) curve above 1 T.

Molar magnetic susceptibility (y) is positive and small in
magnitude (~0.02 emu/mol) for LiFe,Ge, and LiFesGe;
(Figure S3a—d). Both zero field-cooled (ZFC) and field-
cooled (FC) susceptibility show minuscule changes with
temperature in the 2—300 K temperature range at 50 or 1000
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Figure 6. Plot of magnetization per mol of Fe atom (y) as a function
of the applied magnetic field at 2 and 300 K for (a)LiFesGe,, (b)
LiFesGes, and (c) LiFesGeg. Magnetic measurements were carried out
on the samples of LiFe,Ge, (containing 14 wt % LiFe,Ge;), LiFe,Ge;
(containing 13 wt % LiFe,Geg), and LiFe,Ge, (containing 4 wt %
Ge).

Oe applied field (Figure S3b—d) in line with paramagnetism or
antiferromagnetic ordering above room temperature. A larger
difference in the ZFC and FC curves and overall large
magnitude of susceptibility for LiFesGes concurs with a small

FM component in M(H), stemming from a ferromagnetic
impurity in the sample or intrinsic to the phase (Figure S3a,
green curves).

The direct current (dc) magnetization measurements were
complemented by "Fe Massbauer spectroscopy data collected
at room temperature (297 K) (Figure 7). The data were

transmission

LiFe Ge,
1 L 1 " 1 L 1 L 1

-4 2 0 2 4
v (mm/s)

Figure 7. S"Fe Mdssbauer spectra of LiFe,Ge, (bottom), LiFe,Ge;
(middle), and LiFe,Ge; (top) at T = 297 K. Open symbols:
experimental data; red lines: total fits; blue and green lines: sextets;
and magenta lines: doublets.

successfully fitted with a sextet and a doublet for LiFe;Ge4 and
LiFe,Ge, and two sextets and a doublet for LiFe,Ges. The
results of the fits are listed in Table 1.

The sextets signify a static magnetic moment on Fe in
LiFesGe,, LiFe,Ges, and LiFe,Ges. 'Fe Mossbauer data for
LiFe,Ge, and LiFe,Ge4 data correspond to one magnetic Fe
site, whereas there are two somewhat different sites in
LiFe,Ges, which is also in agreement with the single type of
Fe-coordination environment in LiFe;Ge, and LiFe,Ges and
two types in LiFesGes (Figure S2b,c). By inspecting the
quadrupolar splitting (QS) and hyperfine field (By) values, it
can be seen that just as LiFe,Ges is considered a structural
hybrid of LiFe,Ge, and LiFe,Ge, (Figures 3 and S2), the local
magnetic properties for the LiFesGe; phase are also a hybrid of
LiFe,Ge, and LiFe,Ge, as seen by the ’Fe Mdssbauer effect.
From the By values, we can roughly estimate the magnetic
moment on Fe as ~1.3 up for LiFesGey, ~ 1.1 up for LiFe,Geg,
and ~1.3 pp and ~1.2 pg for two Fe sites in LiFesGes.
Discussion of the proportionality coefficient between By and
the magnetic moment can be found elsewhere.’® The observed
doublets for the three phases correspond to a small fraction of
some nonmagnetic Fe spins intrinsic to the major phases or
from Fe-containing impurities.

A comparison of the $7Fe Mossbauer data, ie, IS—isomer
shift, QS—quadrupolar splitting, B;—hyperfine field, for the
Li—Fe—Ge Kagomé compounds with the antiferromagnetic
RFesGeg (R = Mg, Sc, Ti, Nb) Kagomé compounds is
provided in Table S1 in the Supporting Information. As seen in
Table S1, similar IS and higher QS and By values®>>? are
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Table 1. Results of the Fits of the T = 297 K ¥Fe Méssbauer Spectra for LiFe,Geg, LiFesGes, and LiFe,Ge,”

compound component % IS (mm/s) QS (mm/s) By (T) LW (mm/s)
LiFeGeg sextet 96.2 0.293(1) 0.094(2) 16.845(7) 0.275(3)
doublet 38 0.254(15) 0.68(3) 027"
LiFe,Ge, sextet 1 50.4 0.294(1) 0.329(3) 19.39(1) 0.300(5)
sextet 2 46.2 0.311(2) 0.083(3) 17.44(1) 0.289(5)
doublet 34 0.19(1) 0.72(2) 0.28"
LiFeGe, sextet 95.4 0.294(1) 0.358(1) 20.211(5) 0.283(2)
doublet 4.6 0.122(8) 0.78(2) 0.28"

“IS—isomer shift, QS—quadrupolar splitting, Bhf—hyperfine field, and LW—Iline width. bSince the free parameter fit for doublets resulted in
unreasonably narrow line widths, the doublet LW values were fixed at 0.27—0.28 mm/s (similar to those of sextets). Since doublets correspond to

the minority (3—5%) phase, this restriction did not affect other results in any significant manner.

observed for Li—Fe—Ge phases compared to RFesGes. The
magnetic moment of 1.1—1.3 py/Fe atom (at room temper-
ature) obtained from the Mossbauer data for the Li—Fe—Ge
compounds is similar to the magnetic moment of 1.1-1.7 ug/
Fe atom in the RFesGe; (R = Mg, Sc, Lu, Ti, Zr, Nb)
compounds.”>*>*? The above comparison serves as a strong
indication of AFM ordering of Fe moieties in LiFesGe,,
LiFesGes, and LiFesGe.

The collective analysis from the dc magnetization and
Mossbauer data imply that the plausible magnetic state for
LiFesGe,, LiFe,Ge;, and LiFe,Ges; compounds would be
antiferromagnetic with the ordering temperature above 300 K.
From HT-PXRD data, a change of slope is observed at ~575 K
in the temperature-dependent curves for a and ¢ unit cell
parameters of LiFe,Ge; and LiFesGeg (Figure S5c,d). We
hypothesize that this change of slope might be a result of
structural changes brought about by magnetic ordering in these
materials, suggesting an antiferromagnetic ordering temper-
ature, Ty ~ 575 K, for LiFe,Ge; and LiFe Geg.

The experimental investigation of magnetic properties of
LiFesGe,, LiFesGes, and LiFe,Ge;s reveals antiferromagnetic
(AFM) ordering at T > 300 K, which agrees with the
prediction of the AFM ground state in LiFe,Ge, by Meschke et
al. but contradicts with the prediction of the ferromagnetic
(FM) grounds state in LiFesGeg by the same authors.'” The
experimental finding also conflicts with the predicted FM
ground states for the three compounds in the Materials Project
database.”’ Additionally, while the Materials Project database
and the work by Meschke et al. calculate a magnetic moment
of 2.41-2.90 ug/Fe atom, 1.63 ug/Fe atom, and 2.12—2.83
up/Fe atom in LiFesGe,, LiFesGe;, and LiFesFey respec-
tively,'"”” our Fe Mdssbauer data reveal a lower magnetic
moment of ~1.1—1.3 up/Fe atom for the three phases. The
above discussion highlights the inconsistency between the
experimentally measured and theoretically predicted magnetic
properties of the LiFe,Ge, LiFesGes, and LiFesFe, Kagome
compounds. We propose two possible reasons for such an
inconsistency:

(1) Theoretical methods used to calculate magnetic proper-
ties do not fully capture the complexity of the electronic
structure and magnetic ordering in these compounds,
averting modeling of factors like spin frustration of the
triangular lattice, symmetry-based constraints, or elec-
tron correlations within a material. Another 1-6—6
Kagomé germanide was analyzed in the work by
Meschke et al, where a mismatch between measured
and predicted magnetic properties is revealed is
MgCoéGeé.11 An AFM ground state with a magnetic
moment of 1.3 uy/Co atom was predicted for
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MgCosGes; however, experimental measurements of
magnetization, resistivity, and heat capacity all reveal
Pauli paramagnetism in Mgc06G96.30 The above
explanation emphasizes the need for experimental
probing of the predicted magnetism to help refine and
improve the computational methodology, ultimately
leading to predictions of material properties with greater
accuracy.

(2) Since LiH is used for the synthesis of LiFesGe,,
LiFesGes;, and LiFesGes, one can speculate that an
alteration of magnetic properties might occur due to H-
incorporation into the structure of the Li—Fe—Ge
ternaries. Examples where hydrogen incorporation (in
the form of the hydride H-ion) alters magnetic
properties are known among rare earth-containing
intermetallics, for instance, CeNiSn, GdTiGe, and
Pr;_,Gd,ScGe. In the hydrogenated version of these
stannides and germanides, hydride ions occupy tetrahe-
dral (T4) and octahedral (O,) interstitial voids
surrounded by the electropositive rare-earth metals.
Hydrogen incorporation (in the form of H™) alters the
magnetic properties of the parent compounds.”*~®* The
structures of LiFe,Ge, LiFe,Ge;, and LiFesFe, com-
pounds lack such interstitial sites, in part due to the low
Li content (Figures 3 and S2). As discussed earlier, Li is
coordinated with Ge in a hexagonal bipyramidal fashion
with an Li—Ge distance of 2.5—2.9 A (Figure S2a),
leaving no space to be filled by the H™ ion. Additionally,
hydrogen incorporation in the RTX compounds to form
RTXH, is achieved under high pressures of H, gas (~10
bar),*” which is not the case for the synthesis of the Li—
Fe—Ge ternary phases. In the synthesis of LiFe,Ge,,
LiFesGe;, and LiFesFe,, the LiH precursor decomposes
to form Li and H, gas. The latter escapes through the
permeable walls of the tantalum tube used as the
reaction vessel.”* Our previous research with antimo-
nides suggests that H-incorporation is unlikely at
conditions similar to those used for synthesizing
LiFe4,Gey, LiFesGes;, and LiFegFes.*”** Based on the
above discussion, H-incorporation in the structure of
LiFe4Gey, LiFesGes, and LiFesFeg seems improbable.

Further investigation of high-temperature magnetic proper-
ties is required to confirm the AFM ordering states
compellingly suggested by dc magnetization and *’Fe
Mossbauer measurements for LiFe,Ge,, LiFesGe;, and
LiFe Fe,. Additionally, neutron diffraction at variable temper-
atures can shed light on the magnetic properties of the Li—Fe—
Ge Kagomé phases. Neutron diffraction can also be helpful in
eliminating the possibility of H-incorporation in Li—Fe—Ge
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phases synthesized via the hydride route. Alternately, sizable
single crystals of LiFesGe,, LiFesGes;, and LiFe,Ge4 can be
grown using suitable methods (aided by the information
obtained from in situ PXRD studies in this work) for the
comparison of their properties to those of the hydride-
synthesized phases. Nonetheless, the hydride route was
successfully used herein for the preparation of polycrystalline
powders of LiFesGey, LiFesGes;, and LiFesFes compounds,
enabling experimental characterization of their magnetic
properties and testing of the theoretically predicted material
properties of these Kagomé compounds.

B CONCLUSIONS

The Kagomé germanides LiFesGe,, LiFesGes, and LiFesFeq
were successfully synthesized via hydride route, providing an
alternative route for the synthesis of the phases as polycrystal-
line powders. LiFesGe,, LiFesGes;, and LiFesFe, were
synthesized in high yields exceeding 90 wt %, allowing the
investigation of their magnetic properties. Although the crystal
structures of the Li—Fe—Ge ternary phases have been
previously reported, we provide a detailed comparison of the
structure of LiFesGe,, LiFesGe;, and LiFesFes in terms of
stacking of [Fe—Ge] and [Li—Ge] layers rationalizing their
structural similarities but also accounting for the differences as
the phases become compositionally richer in Ge. The thermal
stability of LiFe;Ge; and LiFe Feq was analyzed using the high-
temperature in situ PXRD analysis, revealing both phases to be
thermally stable up to 1173 K. The magnetic measurements
performed in this work highlight the inconsistency between
experimental and theoretical magnetic properties for LiFe,Ge,,
LiFesGes, and LiFesFe,. While previous computational studies
predict ferromagnetic ground states in LiFe;Ge,, LiFe;Ges, and
LiFe Fe,, experimental investigation via dc magnetization
measurements and Mdssbauer spectroscopy indicate anti-
ferromagnetic ordering at temperatures above 300 K for all
three. A magnetic moment of 1.1—1.3 pp/Fe atom estimated
from Mdssbauer spectroscopy is lower compared to the
theoretically calculated values of 1.6—2.9 up/Fe. High-
temperature magnetization measurements and neutron dif-
fraction studies are required to further confirm the
antiferromagnetic ordering for LiFe,Ge,, LiFesGe;, and
LiFesFeg, while high-temperature in situ PXRD data hint at
Ty~ 575K

Through our work, we highlight the need for experimental
(in)validation of the theoretically predicted material proper-
ties, which is essential to assess the efficiency of computational
methodologies and further improving predictive capabilities.
The synergy between the experiment and theory is crucial for
accurate elucidation of material properties. We believe that
experimentalists will continue to play a pivotal role alongside
theorists in predicting new materials, understanding their
structure—property relationships and eventually realizing their
potential for relevant technological applications.
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