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Spin reorientation and magnetic frustration in Fe32+δGe35−xSix with 
a kagome lattice broken by crystallographic intergrowth†
Roman A. Khalaniya,a Valeriy Yu. Verchenko,a Andrei V. Mironov,a Alexander N. Samarin,b Alexey V. 
Bogach,ab Aleksandr N. Kulchu,a Alexey O. Polevik,a Zheng Wei,c Evgeny V. Dikarev,c Raivo Stern,d 
and Andrei V. Shevelkov a

Fe32+δGe35−xSix was synthesized using solid-state and chemical vapor transport reactions both in powder and single crystalline 
forms. Single crystal and high-resolution powder X-ray diffraction experiments revealed Fe32+δGe35−xSix to be a third member 
of the Fe32+δGe35−xEx (E = p-element) family of ternary compounds alongside Fe32+δGe33As2 and Fe32+δGe35−xPx. Fe32+δGe35−xSix 
features a two-dimensional intergrowth structure of two parent structure types: MgFe6Ge6 and Co2Al5. Similarly to the other 
members, the stabilisation of the intergrowth structure in Fe32+δGe35−xSix occurs as a result of the p-element substitution in 
the MgFe6Ge6-type block. The intergrowth breaks the kagome net of MgFe6Ge6 into individual hexagrams, while providing 
additional layers of geometrically frustrated atomic arrangements. Magnetic measurements showed antiferromagnetic 
ordering at TN ~ 150-160 K and spin reorientation below 80-90 K owing to the competition between magnetic interactions 
in the frustrated magnetic lattice of Fe32+δGe35−xSix.

.

Introduction

Compounds with the kagome (or kagomé)1 lattice have long 
been attracting attention as emergent materials for spintronic 
and quantum computing applications owing to the unique 
magnetic and electron transport properties.2-4 Due to the 
underlying geometric frustration, kagome compounds can 
display various types of unusual magnetic behaviour, including 
skyrmion ordering5 and spin-liquid phases.6 In the kagome 
metals, the magnetic ordering is intertwined with the electron 
transport giving rise to large anomalous and topological Hall 
effects.7,8 Recent studies of the kagome metals also showed 
that the geometry of the kagome lattice can lead to various non-
trivial features not only in the real space but in the reciprocal 
space as well. Kagome metals feature Weyl semimetals, such as 
Co3Sn2S2,9 Mn3Sn,10 and Mn3Ge,10 and unconventional 
superconductors AV3Sb5 (A = K, Cs, Rb) with time reversal 
symmetry breaking.11

Various similar lattices that share frustrated trigonal 
arrangements of atoms were also observed in other inorganic 
compounds, including breathing kagome,12,13 hyperkagome,14 
kagome staircase,15 square kagome,16 depleated kagome,17 and 
shurikagome18 lattices. Such derivative lattices can preserve 
some features of the kagome lattice including magnetic 
frustration and nontrivial topology of the electronic 
structure.12–18 Previously, we have presented another way to 
modify the kagome lattice, which is realized in two ternary 
intermetallic compounds – Fe32+δGe33As2 and Fe32+δGe35−xPx 
forming as a result of the p-element substitution.19-21 These 
compounds feature rare two-dimensional intergrowth 
structures with columns of the MgFe6Ge6 structure type22 and 
Co2Al5 structure type23 alternating in the same plane. The 
intergrowth breaks the kagome lattice inherited from MgFe6Ge6 
into separate hexagrams, which are arranged in a triangular 
lattice. Despite lattice modifications, the geometric frustration 
is preserved, as the compounds feature relatively low Neel 
temperatures of 125 K, while showing Weiss temperatures θW 
below −400 K.19,20 Below the transition temperatures, the 
underlying frustration causes the compounds to exhibit 
complex non-colinear magnetic structures, which change with 
the temperature due to spin reorientation.21

Herein, we report on the third member of this family of 
compounds, Fe32+δGe35−xSix. A possible existence of the Si-based 
member of this family was previously mentioned in the 
literature; however, no specific details were provided.24 In this 
paper, we present its synthesis as both polycrystalline powders 
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and single crystals, the crystal structure obtained from high 
resolution X-ray diffraction on both powder and single crystal 
samples, and magnetic properties, including magnetic 
anisotropy. We discuss them in comparison with those of 
Fe32+δGe33As2 and Fe32+δGe35−xPx, as well as other related 
phases, and highlight the peculiarities that make Fe32+δGe35−xSix 
unique within this family of compounds.

Experimental

Synthesis and characterisation

Polycrystalline samples of Fe32+δGe35−xSix were obtained by a 
solid-state reaction of Fe5Si3, FeGe, and FeGe2 at 800°C. 
Elemental ratios of starting reagents corresponded to 
Fe32.7Ge35−xSix, where x was varied in the range of 2-7.5 with a 
step in x of 0.5. Fe5Si3 and the mixtures of FeGe and FeGe2 were 
prepared separately from the elements. Powders of high purity 
Fe, Ge, and Si were used for the synthesis of the compounds. 
Fe5Si3 was prepared by a solid-state reaction at 900°C for the 
duration of 7 days. The mixtures of FeGe and FeGe2 were 
obtained by a two-step synthesis with annealing at 1000°C for 2 
days followed by a second annealing at 650°C for 7 days of the 
ground and pressed in pellets samples. To prevent oxidation, all 
samples were annealed in evacuated and sealed silica tubes. 
Such a complicated synthetic route was necessary to surmount 
the intrinsically low reactivity of Si and also to prevent the 
formation of the inert FeGe1−xSix cubic phase during the 
synthesis, since our attempts to prepare Fe32+δGe35−xSix directly 
from the elements using conventional techniques were 
unsuccessful. A solid-state reaction of the elements at 650-
800°C for the duration of 7 days results in the formation of cubic 
FeGe1−xSix solid solution, FeGe, FeGe2, and only a small amount 
of the target phase with some amount of unreacted Si 
remaining. Annealing of the elements at 1000 °C for two days 
results in binary iron germanides and recrystallised silicon. 
The single crystal growth of Fe32+δGe35−xSix was attempted using 
several different techniques that employ chemical vapor 
transport reactions. Isothermal reaction of the elemental 
mixture with a Fe32Ge33Si2 composition with iodine at 650°C 
yielded several small rod-shaped crystals of the target phase, 
each measured approximately 0.1-0.2 mm in length after a 
week of annealing. One of these crystals was used for the 
structural analysis (vide infra).
Attempts to obtain larger single crystals of Fe32+δGe35−xSix from 
the respective stoichiometric mixtures in a temperature 
gradient yielded only a handful of small crystals or no crystals at 
all if both evaporation and crystallisation zones were set below 
700°C. Other transporting agents were also tested, but did not 
produce crystals of Fe32+δGe35−xSix.
Large crystals were obtained at elevated temperatures using a 
noticeable excess of silicon or employing the surface of the silica 
tubes as the source of silicon by adding Al chips into the 

mixture. The following initial compositions were found to be 
suitable for growing single crystals of Fe32+δGe35−xSix: Fe6Ge4Al2, 
Fe6Ge4AlSi2, Fe6Ge4Al2Si, Fe6Ge4Si2, and Fe6Ge4Si3. The 
annealing temperatures were also varied, and the temperature 
gradient of 800-700°C was found out to be an optimal regime 
for growing single crystals of Fe32+δGe35−xSix. As a side product 
of the synthesis, crystals of Ge and FeGe1-xSix were always found 
after annealing. However, they can be sorted out by their 
distinct appearance. One of the smaller single crystals obtained 
from the Fe6Ge4AlSi2 mixture after a month of annealing was 
used for the X-ray diffraction analysis, while a larger rod and a 
twinned lump were used for magnetic studies (vide infra).
Phase analysis of the obtained samples was performed by X-ray 
diffraction using Cu Kα1 radiation (Huber G670 diffractometer, 
λ = 1.54056 Å). The elemental composition of the single crystals 
was studied by means of EDX spectroscopy using an electron 
microscope JSM JEOL 6490LV operated at 30 kV and equipped 
with an EDX detection system INCA X-Sight. Due to relatively 
small concentration of the Si atoms in the crystals and high 
absorption of their characteristic X-ray in the sample, the 
apparent concentration of Si varies heavily with the tilt of a 
studied edge of the crystal, while the Fe/Ge ratio remains 
practically identical. Thus, the EDX analysis gives only a rough 
estimation of the real elemental composition in our case. The 
EDX analysis showed that the small single crystal obtained from 
the Fe32Ge33Si2 mixture at 650°C corresponded to a 
Fe32.5(3)Ge32.75(10)Si2.3(2) composition, while the small single 
crystal obtained from the Fe6Ge4AlSi2 mixture was shown to 
have a Fe32.65(14)Ge29.13(7)Si5.87(17) composition. The elemental 
composition of the larger crystals from the latter sample was 
determined to be Fe31.96(16)Ge29.08(5)Si5.92(15) for the needle and 
Fe32.22(10)Ge29.23(8)Si5.77(5) and for the twinned crystal. While 
being present in the initial mixture for this sample, no traces of 
Al were found in the crystals.

Crystal structure determination

Single-crystal X-ray diffraction experiments were performed at 
100 K using a Bruker D8 VENTURE diffractometer (Mo Kα, λ = 
0.71073 Å) for the single crystal obtained from the Fe32Ge33Si2 
mixture at 650°C. The single crystal obtained from the 
Fe6Ge4AlSi2 mixture was studied at room temperature using a 
Nonius CAD-4 diffractometer (Ag Kα, λ = 0.56083 Å). Details of 
the single crystal diffraction experiments are summarized in 
Table 1. Atomic parameters for the crystals are given in Table 2. 

Fig. 1 Experimental electronic density maps at z = 0 for the Fe32.6Ge33Si2 single crystal at 
100 K (a) and the Fe32.8Ge30Si5 single crystal at 293 K (b) obtained using the maximum 
entropy method implemented in the Dysnomia program.26 The maps are visualized 
using the VESTA software.27
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The most important interatomic distances in comparison with 
those for Fe32+δGe33As2 and Fe32+δGe35−xPx are presented in 
Electronic Supplementary Information (ESI†, Table S1). The 
crystallographic information files for the single crystals are 
available from CCDC (2431926,2431927) or as a part of ESI†.
The crystal structure of Fe32+δGe35−xPx was used as a starting 
model for the Fe32+δGe35−xSix structure refinement. The P atoms 
which partially substitute Ge at the Ge1 site, hence the x in the 
formula, were replaced by Si atoms, as it was expected for the 
Si atoms to occupy the same position as P atoms due to their 
similar size. The crystal structure was then refined using the 
Jana2006 program.25 The refinement of the first crystal from the 
Fe32Ge33Si2 mixture converged to x = 2.06(2) and δ = 0.598(6), 
the latter being the occupancy of the Fe5 site. This crystal will 
be hereafter referred to as Fe32.6Ge33Si2. The second crystal 
from the Fe6Ge4AlSi2 mixture was refined to a 
Fe32.82(2)Ge29.69(6)Si5.31(6) composition and will be referred to as 
Fe32.8Ge30Si5. Given the low accuracy of the EDX analysis in our 
case, the larger crystals from the latter sample will be also 
referred to as the Fe32.8Ge30Si5 crystals.
The refinement of the occupancies for other and Fe and Ge 

positions showed full occupation within the systematic error, 
except for Ge5, which occupancy is exactly ½, due to the 
symmetry of the structure (see section Crystal structure of 
Fe32+δGe35−xSix below). While the Fe32+δGe35−xPx single crystal 
data show the presence of an additional Ge5’ site (0.5, 0, 0) at 
100 K,20 this position cannot be resolved against the electronic 
density from the Ge5 atoms in Fe32+δGe35−xSix, similarly to that 
in Fe32+δGe33As2.19,20 Electronic density maps obtained by the 
maximum entropy method using the Dysnomia program26 did 
not show electronic density maximum between two possible 
positions of the Ge5 atoms (Fig. 1).
Selected powder samples (Fe32.7Ge31Si4, Fe32.7Ge30Si5, and 
Fe32.7Ge29Si6) were studied by synchrotron high resolution 
powder diffraction (HRPD) at the ID 22 beamline of European 
Synchrotron Radiation Facility (ESRF) at room temperature. The 
diffracted rays were collected by nine Si [111] analyser crystals 
and an EIGER detector (EIGER2 X CdTe 2M-W).28 Measurements 
were conducted on the sample enclosed in a glass capillary 
(0.4 mm diameter). The crystal structure was refined using the 
Rietveld method implemented in Jana2000 program.29 The 
results of the powder refinement agreed well with the single 
crystal data. The experimental diffraction pattern for the 
Fe32.7Ge31Si4 sample is given in Fig. 2. Details of the synchrotron 
HRPD experiments are summarized in Table S1 in ESI†. Atomic 
parameters for the Fe32.7Ge31Si4 sample are given in Table S2 in 
ESI†. The crystallographic information files for the powder 
samples are available from CCDC (2431928–2431930) or as a 
part of ESI†.

Magnetic and heat capacity measurements

Magnetization of the Fe32.7Ge31Si4 powder sample was 
measured with the VSM setup of the Physical Property 
Measurement System (PPMS, Quantum Design) in external 

Table 1 Summary of the results of the X-ray diffraction experiments for the 
Fe32+δGe35−xSix single crystals.

refined 
composition

Fe32.598(6)Ge32.94(2)Si2.06(2) Fe32.82(2)Ge29.69(6)Si5.31(6)

EDX composition Fe32.54(12)Ge32.83(14)Si2.2(2) Fe32.65(14)Ge29.13(7)Si5.87(17)

molar weight 4269.4 4137.9
crystal system hexagonal
space group P6/mmm (191)

a, Å 11.8953(13) 11.8274(18)
c, Å 7.5446(8) 7.5597(11)

V, Å3 924.52(17) 915.8(2)
Z 1

ρcalc, g/cm3 7.6683 7.5027
radiation/

wavelength
Mo Kα/

0.71073 Å
Ag Kα/

0.56083 Å
temperature, K 100 293

sample form truncated prism, 
0.123×0.065×0.049 

mm3

truncated prism,
0.27×0.18×0.11 mm3

absorption 
correction

Psi-scan Psi-scan

colour Metallic black
θ range, ° 3.35-32.04 2.13-24.95

h, k, l ranges −17 ≤ h ≤ 17,
−17 ≤ k ≤ 17,
−11 ≤ l ≤ 11

0 ≤ h ≤ 17,
−17 ≤ k ≤ 3,

0 ≤ l ≤ 11
Rint 0.058 0.048

No. of parameters 49 49
No. of reflections 23449 2480

GoF 1.40 1.08
Δρmax/Δρmin, e/Å3 1.98/−1.94 3.54/−2.62
R1[F2 > 3σ(F2)]/

wR2, %
1.65/1.99 2.81/4.19

Fig. 2 High-resolution X-ray diffraction pattern of the Fe32.7Ge31Si4 powder at room 
temperature. A closeup of the region between 5 and 13 degrees is shown in the inset. 
The experimental diffraction pattern is shown as black dots, the red line represents the 
calculated pattern. Peak positions are given by the black ticks. The difference plot is 
shown by the black curve at the bottom.
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magnetic fields between 0.1 and 5 T in a temperature range 
10−380 K. Heat capacity measurements were performed on the 
same Fe32.7Ge31Si4 powder sample with the same PPMS device 
using HC option in a relaxation-type calorimeter in a 
temperature range of 2−170 K. Magnetization measurements of 
the Fe32.8Ge30Si5 single crystal were performed using a squid 
magnetometer (MPMS 3, Quantum Design) in external 
magnetic fields up to 5 T in a temperature range of 2−300 K, 
while the measurements of the larger Fe32.8Ge30Si5 twinned 
crystal was performed using the same squid magnetometer in 
magnetic fields up to 5 T in a temperature range of 250−380 K.

Results and discussion

Synthesis, crystal growth and homogeneity range of Fe32+δGe35−xSix

While both Fe32+δGe33As2 and Fe32+δGe35−xPx could be obtained 
by a straightforward two-step synthesis from the elements,19,20 
this technique had found to be unsuitable for Fe32+δGe35−xSix, as 
it yielded unreacted Si and binary iron germanides. Solid state 
reaction between the elements at 650-800°C resulted in the 
formation of cubic FeGe1-xSix solid solution, FeGe2, and only a 
small amount of the target phase. Thus, a different technique 
was developed for the synthesis of Fe32+δGe35−xSix. The 
compound was successfully obtained by a solid-state reaction 
at 800°C of Fe5Si3, FeGe, and FeGe2, which sidestepped the 
formation of the inert FeGe1-xSix cubic phase during the 
synthesis.
Likely due to a slight excess of iron in the Fe5Si3 sample, the 
obtained Fe32+δGe35−xSix powder samples contain slightly higher 
amount of iron than expected, which is indicated by the 
structural analysis (Tables S1 and S2 in ESI†) and the presence 
of η-Fe7-δGe4 in the samples with a lower Si load (Fig. S1 in ESI†) 
or FeGe1-xSix in the samples with a higher Si load.

The single crystal growth, while is fairly simple to implement, 
also have its peculiarities. The single crystals of Fe32+δGe35−xSix 
can be grown using chemical vapor transport reactions both 
from the Fe32+δGe35−xSix powder as well as the elements using 
iodine as a transport agent. The black hexagonal needles or 
clumps of twinned needles with glossy surface are formed 
during the annealing. Unexpectedly, the use of a temperature 
gradient at low temperatures seem to hinder the formation of 
the target phase, as only small crystals could be obtained even 
after a month of annealing. As a by-product of the synthesis, the 
crystals of the ferromagnetic η-Fe7-δGe4 were formed, which are 
similar in appearance to the crystals of Fe32+δGe35−xSix.
Well defined crystals of Fe32+δGe35−xSix can be obtained using 
non-stoichiometric mixtures of the elements with an excess of 
Si at elevated temperatures above 700°C. Larger crystals (Fig. 
3), however, were grown by adding Al into the initial mixture to 
reduce silicon from the tube walls, as it is highly active and 
facilitates the formation of Fe32+δGe35−xSix crystals. Using these 
techniques, the Ge and FeGe1-xSix crystals are formed as a by-
product. The Ge crystals can be easily sorted out due to their 
distinct appearance with a rhombic dodecahedron shape and a 
grey matte surface. Although, the FeGe1−xSix crystals are quite 
similar to Fe32+δGe35−xSix in appearance, the former can be also 
somewhat consistently separated from those of the target 
phase by large and well-defined trigonal edges of the FeGe1−xSix 
crystals.
The compound demonstrates a significant homogeneity range 

Fig. 3 Crystals of Fe32+δGe35-xSix grown from the Fe6Ge4AlSi2 mixture using iodine as the 
transport agent: several clumps and twinned needles (a), closeup of a heart-shaped 
twinned crystal (b).

Table 2 Atomic parameters for the Fe32.6Ge33Si2 single crystal at T = 100 K and the Fe32.8Ge30Si5 single crystal at T = 293 K.

Fe32.6Ge33Si2 single crystal at T = 100 K Fe32.8Ge30Si5 single crystal at T = 293 K
Atom Wyck. y x z Ueq, Å2 Occ. x z Ueq, Å2 Occ.
Fe1 6m 2x 0.21109(3) 1/2 0.0020(2) 1 0.20989(7) 1/2 0.0044(4) 1
Fe2 2c 2/3 1/3 0 0.0059(3) 1 1/3 0 0.0075(6) 1
Fe3 12n 0 0.38552(4) 0.28057(7) 0.00389(16) 1 0.38308(10) 0.28077(16) 0.0073(3) 1
Fe4 12o 2x 0.12337(2) 0.23590(6) 0.00216(16) 1 0.12273(5) 0.24057(15) 0.0055(3) 1
Fe5 1b 0 0 1/2 0.0051(8) 0.598(6) 0 1/2 0.0104(14) 0.83(2)
Ge0 2e 0 0 0.16405(12) 0.0033(2) 1 0 0.1624(3) 0.0069(4) 1
Ge1 6k 0 0.22798(6) 1/2 0.0018(2) 0.656(4) 0.2270(2) 1/2 0.0049(8) 0.115(10)
Si1 6k 0 0.22798(6) 1/2 0.0018(2) 0.344(4) 0.2270(2) 1/2 0.0049(8) 0.885(10)
Ge2 6m 1−x 0.43107(3) 1/2 0.00310(16) 1 0.43145(6) 1/2 0.0072(3) 1
Ge3 12o 2x 0.244422(19) 0.19671(5) 0.00895(13) 1 0.24432(4) 0.19710(11) 0.0120(3) 1
Ge4 6j 0 0.27393(5) 0 0.00294(16) 1 0.27023(10) 0 0.0073(3) 1
Ge5 6l 1−x 0.47425(7) 0 0.0154(4) 0.5 0.47702(16) 0 0.5 0.5
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due to variations in both the Fe content (δ) and the level of Ge 
to Si substitution (x). At 800°C, x could vary in the range of 2-
5.5, while δ was found in the range of 0.8-1 at this temperature. 
Due to slow reaction rate, the homogeneity range at lower 
temperature might be difficult to establish. However, the 
composition of the single crystal Fe32.6Ge33Si2 obtained at 650°C 
indicates that the Fe content might be shifted to lower values 
at lower temperatures.

Crystal structure of Fe32+δGe35−xSix

Fe32+δGe35−xSix crystallizes in the hexagonal crystal system in the 
P6/mmm space group (a = 11.87351(4), b = 7.58509(3) for δ = 
0.8 and x = 5). Our structural analysis shows that Fe32+δGe35−xSix 
is isomorphous to Fe32+δGe33As2 and Fe32+δGe35−xPx previously 
characterized by our group.19-21 Since their structures were 
discussed extensively in the previous papers,19,20 we will limit 
the description of the Fe32+δGe35−xSix crystal structure to its most 
important features.
Fe32+δGe35−xSix features a complex two-dimensional 
intergrowth30 of MgFe6Ge6

22 (also known as HfFe6Ge6)31 and 
Co2Al523 structure types, which are represented by infinite 
columns forming a mosaic in the ab plane (Fig. 4). The 
compound has 5 Fe sites, 5 Ge sites, and one mixed Ge/Si site. 
The Fe3, Fe4, Fe5, Ge0, Ge1, and Ge4 sites belong to the 
MgFe6Ge6-type block, while the Fe1, Fe2, Ge2, Ge3, and Ge5 
sites belong to the Co2Al5-type block (Table 2). Si atoms partially 
substitute Ge at the Ge1 site inside the MgFe6Ge6-type block.
The MgFe6Ge6-type block (Fig. 4) consists of vertical stacks of 
trigonal prisms GeFe6 surrounding hexagonal channels, inside of 
which the Ge2 dumbbells are alternating with Fe atoms or Fe 
vacancies in the partially occupied Fe5 site. The occupancy of 
the latter corresponds to δ in the formula and can vary in the 
range of 0.6-1. The Co2Al5-type block (Fig. 4) is comprised of 
FeGe6 isolated trigonal prisms, Fe1-Ge2 6-membered rings 
placed between them, and Ge5 atoms adjacent to the former. 

The latter site, Ge5, is particularly interesting, as it is located at 
the intersection of two Co2Al5-type blocks leading to its halved 
occupancy. The Ge5 atoms can be on the either side of the 
mirror plane, but not on both, since the latter would create 
improbably short Ge-Ge distances ca. 1 Å.
The inclusion of the Co2Al5-type columns breaks the kagome 
nets of Fe atoms inherited from MgFe6Ge6 into hexagrams (Fig. 
5a) that form trigonal lattice and are connected by quite long 
Fe3-Fe3 bonds (2.7-2.8 Å) creating a (3.92;3.6.3.9) tiling (Fig. 5b) 
at z ≈ 0.25 and 0.75. As a result of the size mismatch between 
two blocks, the hexagrams are also not planar and have a bowl-
like shape. Despite the fragmentation of the kagome lattice, the 
geometry of the resulting Fe net still preserves magnetic 
frustration.
While fragmenting the parent kagome lattice at z ≈ 0.25 and 
0.75, the inclusion of the Co2Al5-type block creates another 
frustrated Fe nets at z = 0 and z = 0.5. At z = 0.5, Fe1 and Fe5 
atoms separated by 4.3-4.4 Å form (36;32.4.3.4) nets (Fig. 5c). At 
z = 0, one can also discern honeycomb or (63) nets of the Fe2 
atoms separated by a distance of 6.8-6.9 Å depending on the 
composition (Fig. 5d). While inside the nets, Fe1, Fe2, and Fe5 
atoms are spread quite far apart, these atoms are close to the 
Fe3 and Fe4 atoms from the neighbouring layers. In particular, 
Fe1 atoms are separated by only 2.65 Å from the Fe4 atoms.
If one considers an array of such close Fe-Fe contacts, it reveals 
a quite different picture of the Fe network. The Fe1, Fe3 and Fe4 
atoms form doughnut-shaped cages, which are loosely 
connected into layers by Fe3-Fe3 bonds (Fig. 6). The Fe5 atoms 
located inside the cages (Fig. 6c) are separated from the nearest 
Fe atoms (Fe4) by large distances of 3.1-3.2 Å depending on the 
composition. The Fe2 atoms are practically isolated from the 
rest of the Fe network with the closest Fe2-Fe distance being 
the Fe2-Fe4 separation of 4.3 Å.

Fig. 4 Polyhedral view of the crystal structure of Fe32+δGe35-xSix (middle) along with its basic structure blocks: MgFe6Ge6-type column (left) and Co2Al5-type column (right).
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Despite the presence of Si atoms and noticeable distortion, the 
Fe-Ge and Fe-Fe contacts within the MgFe6Ge6-type block and 
on its boundary (Table S1 and Fig. S2 in ESI†) mostly remain on 
the upper end of a typical range of interatomic distances in 
these pairs (2.5–2.7 Å).32–38 The Fe-Si distances and the atomic 
environment of the Si1 atoms are also quite typical, being 2.4-
2.7 Å.39-43 A slightly distorted version of the Si1 polyhedron can 
be found in Fe5Si3 (Fig. 7).40 As the Si content increases, the 
Ge1/Si1 polyhedron expectedly contracts (Fig. S2 in ESI†).
The Co2Al5-type block, on the other hand, mostly retains its 
geometry from the structure prototype including very short 
bonds between d- and p-element atoms. The Fe2-Ge3 distances 
are 2.36 Å, while the Fe1-Ge2 distance is only 2.31 Å. Such short 
Fe-Ge distances are very rare and were observed only in a 
handful of compounds besides the other two family 
members:19–21 Fe2Ge3,32 LaFeGe3,44 and CeFeGe3.45

Although Fe32+δGe35−xSix is isomorphous to Fe32+δGe33As2 and 
Fe32+δGe35−xPx, there are notable differences in the crystal 
structures of compounds. The Si atoms in Fe32+δGe35−xSix occupy 
the same Ge1 site as P atoms in Fe32+δGe35−xPx, whereas in 
Fe32+δGe33As2, As atoms replace Ge atoms at the Ge0 site 
forming As2 dumbbells (Fig. 8).19-21 Such a strong preference for 
a specific position comes from the difference in electronic 
configurations of As, P, and Si and the crucial roles that these 
atoms play in the stabilisation of the compounds, as will be 
shown below.
Based on the crystal structure analysis of Fe32+δGe33As2 and 
Fe32+δGe35−xPx, we have shown that the substitution of Ge by 
both P and As, despite their different positions in the structure, 
relieves the stress at the Fe1-Ge1 boundary between the 
MgFe6Ge6-type and Co2Al5-type blocks.19,20 The As substitution 
achieves that by removing most of Fe atoms from the Fe5 site, 
due to the greater number of valence electrons of As atoms in 

comparison with that of Ge atoms. This allows Ge1 atoms to 
shift further inside the MgFe6Ge6-type block. The P atoms 
resolve the stress in a more direct way – by simply substituting 
the Ge atoms at the Ge1 site, which reduces the effective size 
of the atom in this position. Given that the Si atoms are also 
found in the same position as the P atoms, we assume that a 
similar mechanism should be in play for Si atoms.
The comparison of the interatomic distances in Fe32.1Ge33As2, 
Fe32.6Ge33P2, and Fe32.6Ge33Si2 (Table S1 and Fig. S3 in ESI†) 
shows that Fe32+δGe35−xSix finds itself somewhere midway 
between Fe32+δGe33As2 and Fe32+δGe35−xPx for x = 2. In particular, 
since Si is in between Ge and P in terms of its atomic size,46 Ge1-
Fe distances decrease upon Si doping but not as much as in the 
case of P (Fig. S3 in ESI†),20 except for the Ge1–Fe5 distance, 
which is surprisingly shorter in Fe32+δGe35−xSix than in 
Fe32+δGe35−xPx and even in Fe32+δGe33As2, despite a much lower 
Fe5 occupancy in the former. The difference in interatomic 
distances also translates to the difference in the unit cell 
volume, the latter decreasing along the Fe32.1Ge33As2–
Fe32.6Ge33Si2–Fe32.6Ge33P2 sequence.

Fig. 5 Fe nets in the crystal structure of MgFe6Ge6 (a) and Fe32+δGe35-xSix (c-d).

Fig. 6 Network of close Fe-Fe contacts in the crystal structure of Fe32+δGe35-xSix: [1 −1 0] 
projection (a), ab-projection (b), and the single сage of Fe atoms (Fe1, Fe3, Fe4), inside 
of which partially occupied Fe5 site is located (c). The Fe-Fe distances correspond to 
those in the Fe32.8Ge30Si5 single crystal at 293 K.
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The shorter Ge1–Fe5 distance in the case of Fe32+δGe35−xSix, 
means that the Ge1/Si1 atoms are shifted towards the centre of 
the MgFe6Ge6-type block and are also closer to each other, since 
the Ge1–Fe5 and Ge1–Ge1 distances are identical, due to the 
hexagonal symmetry of the structure. The shift of Si atoms 
towards the centre of the MgFe6Ge6-type block also results in a 
noticeable decrease in the a parameter comparable to that of 
Fe32+δGe35−xPx and an increase of the c parameter even in 
comparison with Fe32+δGe33As2 (Fig. S3 in ESI†).
An increase in the Si content expectedly leads to a decrease of 
the Ge1–Fe distances, including the Ge1–Fe5 distance (Table S1 
and Fig. S2 in ESI†), which results in the further shift of the 
Ge1/Si1 atoms towards the centre of the MgFe6Ge6-type block, 
despite the greater occupancy of the Fe5 site. Because of that, 
the increase in the Si concentration leads to the further 
decrease of the a parameter (Fig. S2 in ESI†). Interestingly, the 
c parameter also decreases upon further Si doping due to an 
almost isotropic decrease of the Ge1–Fe distances (Fig. S2 in 
ESI†), which contracts the Ge1/Si1 polyhedron in the c direction 
as well.
It is interesting to note that the P doping results in the Ge1 
atoms moving in the opposite direction – towards the edge of 
the MgFe6Ge6-type block.20,47 While the decrease in interatomic 
distances is expected for the Si atoms, given the smaller atomic 
size of Si compared with Ge, the increase in the Ge1–Fe5 and 
Ge1–Ge1 distances upon P doping goes against this reasoning. 
The different effect of Si and P on the Ge1–Fe5 and Ge1–Ge1 
distances might stem from their different valencies. We have 
previously shown in the case of the related Fe6Ge5 and α-Fe6Ga5 

phases37,48 that the increase in the number of valence electrons 
for p-element E leads to stronger Fe-E interactions making E-E 
interactions to be less bonding in nature, which draws p-
element atoms away from each other.
The shift of the Ge1/Si1 atoms towards the centre of the 
MgFe6Ge6-type block provides an additional space for the Ge2–
Fe1 rings. Thus, in addition to the reduction of the Ge1/Si1–Fe1 
distances, the Si substitution provides another important 
structural change beneficial to the stabilisation of the 
intergrowth structure. Fig. 9 shows how both effects work in 
tandem providing necessary space for the Ge2-Fe1 rings. Since 
the Ge1/Si1–Fe1 distance is larger than the Ge1/P1–Fe1 
distance (Table S1 in ESI†), the shift of the Ge1/Si1 atoms 
towards the centre of the column might be essential to stabilise 
the structure of Fe32+δGe35−xSix at lower levels of the Si-doping.
The differences in electronic configurations of As, P, and Si give 
rise to another important structural distinction between the 
phases. The occupancy of the Fe5 site (δ) in Fe32+δGe33As2 did 
not exceed 0.14,19,21 due to the formation of the neighbouring 
As2 dumbbells. Fe32+δGe35−xPx features Ge2 dumbbells in place of 
the As2 ones (Fig. 8), which allows for a much higher occupancy 
of the Fe5 site. Structural investigations of Fe32+δGe35−xPx shows 
the occupancy of Fe5 to be in the range of 0.5-0.620,21,47 and 
virtually independent of the Ge/P ratio at the neighbouring 
Ge1/P1 site. While Fe32+δGe35−xSix also features only Ge2 
dumbbells, the Si doping in Fe32+δGe35−xSix allows for an even 
higher occupancy of the Fe5 site (δ = 0.6–1), which tends to 
increase with the increasing Si content in the phase and can 
even reach unity at higher Si concentrations (Tables S2 and S3 
in ESI†).
The exact reason for such a different effect of P and Si doping 
on the Fe5 occupancy is hard to pinpoint. Two factors can be at 
play here. Due to one additional electron on the P atoms, the 
presence of Fe5 atoms could destabilise the bonding of the P1 
atoms with its neighbours. However, previous 31P NMR studies 
of the Fe32+δGe35−xPx local structure have shown that the 
distribution of Fe atoms and Fe vacancies at the Fe5 site is 
practically independent of the P/Ge distribution at the 
neighbouring Ge1 site.20 The second possible reason is the 
heavy compression of the unit cell in the c direction20,47 along 
the (-Fe5-Ge0-Ge0-) chain, which does not occur in 
Fe32+δGe35−xSix (Fig. S2 and S3 in ESI†), due to the shift of the Si 

Fig. 7 The Ge1/Si1 polyhedron in the crystal structure of Fe32+δGe35-xSix (a) and the Si 
polyhedron in Fe5Si3 (b).40

Fig. 8 Comparison of the central fragments of the MgFe6Ge6-type block in the crystal structures of Fe32.1Ge33As2
19 (a), Fe32.6Ge33P2

20 (b), and Fe32.6Ge33Si2 (c), showing the positions 
of As, P, and Si in their respective phases.
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atoms towards the centre of the MgFe6Ge6-type block.
The combination of the larger size of the Si atoms compared to 
that of the P atoms and the shift of the Si atoms towards the 
centre of the column results in another interesting structural 
difference between Fe32+δGe35−xSix and Fe32+δGe35−xPx. One of 
the distinctive features of Fe32+δGe35−xPx is the formation of an 
additional partially occupied Ge5’ site (0.5, 0, 0) in between two 
possible positions of the Ge5 atom at low temperatures.20 This 
occurs due to a large separation between Ge4 and Ge5 atoms, 
as the Ge4 atoms are forced to move towards the centre of the 
MgFe6Ge6-type block, due to the shift of the neighbouring Fe4 
atoms along the c axis towards the Ge1/P1 atoms.20

Using the same experimental setup and the Fe32+δGe35−xSix 
single crystal with the same level of Ge substitution (x = 2) does 
not reveal the presence of an additional Ge5’ site. In the case of 
Fe32+δGe35−xSix, the Fe4 atoms and consequently the Ge4 atoms 
are closer to their positions in Fe32+δGe33As2, ensuring smaller 
Ge4-Ge5 separation and preventing the segregation of Ge 
atoms into the Ge5’ site (Fig. 10).

Magnetic properties of Fe32+δGe35−xSix

Magnetic measurements of the Fe32.8Ge30Si5 single crystal 
revealed a complicated magnetic behaviour. Temperature and 
field dependence of magnetization is presented in Fig. 11. 
Above 225 K, the compound displays Curie-Weiss behaviour 
with an effective magnetic moment near 3 μB/Fe and a large 
negative Weiss temperature below 500 K (Fig. S4 and S5 in 
ESI†). The latter clearly indicates significant antiferromagnetic 
interactions. The single crystal does not show a pronounced 
magnetic anisotropy in this region since the magnetisation is 
very similar between different orientations of the crystal (Fig. 
S6 in ESI†).

Upon further cooling, the susceptibility reaches its maximum 
around 180 K and gradually decreases afterwards (Fig. 11a). 
Below 180 K, we observe a different behaviour for different 
orientations of the magnetic field. When the magnetic field is 
parallel to the c axis, the magnetic susceptibility χ||(T) gradually 
declines as the temperature decreases until a sharp drop at 70-
80 K depending on the field strength. Below the χ||(T) drop, the 
susceptibility continues its slow decrease. While the increase in 
μ0H from 0.1 to 1 T leads to decreasing the temperature of the 
χ|| drop only slightly, the increase of μ0H from 1 to 5 T moves it 
further down by 10 K (Fig. 11b). Aside from the change in the 
temperature of the χ|| drop, the magnetic field has no further 
effect on the χ||(T) curves.
The opposite seems to be true if the magnetic field is applied in 
the direction perpendicular to the c axis, or parallel to the ab 
plane. While also declining, the ab susceptibility or χ� depends 
heavily on the magnetic field between 80 and 150 K and steadily 
increases with the increasing field. Below 80 K, χ� rapidly 
increases in 0.1 and 1 T fields upon cooling and converges to the 
5 T curve, which experience only a small kink in this region. At 
low temperatures, one can also observe a slight reduction of χ� 
upon cooling below 10 K in 0.1 T field, which is suppressed by 
the application of stronger magnetic fields. Peculiarly, no 
anomalies are present in this low temperature region for χ||. 
The difference in the magnetic behaviour below 80 K between 
two orientations of the crystal is also clearly seen in the field 
dependence of the low temperature magnetisation M(H) (Fig. 
11d), especially in contrast to the M(H) curves at 100 K and 300 
K, which appear much closer together for these orientations 
(Fig. S6 in ESI†).
The described above behaviour appears to be a well-defined 
case of an antiferromagnet, which experiences partial or 
complete reorientation of magnetic moments induced both by 
application of magnetic field and change in temperature. While 
each χ(T) curve on its own cannot be used to estimate the Neel 
temperature, since the χ(T) maximum around 180 K is quite 
broad, the divergence of the χ�(T) curves for different fields 
near 150 K indicates the latter as the transition temperature. 

Fig. 10 Two neighbouring columns of the MgFe6Ge6 structure type in the crystal 
structure of Fe32.6Ge33Si2 at 100 K. The standard errors are not shown and are within 
0.001 Å. The arrows represent the shifts of the Fe and Ge atoms with respect to their 
positions in the structure of Fe32.6Ge33P2 at the same temperature.20 The white arrows 
represent the shifts of the Fe atoms, while the coloured ones show the shifts of the p-
element atoms.

Fig. 9 A closeup of the boundary between MgFe6Ge6-type and Co2Al5-type blocks in the 
crystal structure of Fe32.6Ge33Si2 at 100 K. The standard errors are not displayed and are 
within 0.001 Å. The arrows represent the shifts of the Fe and Ge atoms with respect to 
their positions in Fe32.1Ge33As2 at the same temperature.19
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The divergence of the χ�(T) curves occurs due to a gradual 
reorientation of the antiferromagnetically coupled moments 
from the ab plane towards the c axis, as the magnetic field 
increases. As the spins rotate towards the c axis, they become 
less strongly coupled in the ab plane resulting in the χ� 
increase.49 Below 80 K in 0.1 and 1 T fields, the magnetic 
moments rapidly rotate from the ab plane towards the c axis 
upon cooling, which causes the sharp drop of χ|| and a similar 
upturn in χ�. If the strong magnetic field μ0H = 5 T is applied to 
the ab plane, the magnetic moments involved in the 
reorientation become fully locked along the c axis right from the 
onset of the antiferromagnetic ordering, hence we observe only 
small changes to χ� near 80 K. The application of magnetic field 
to the c axis stabilises the in-plane configuration of the magnetic 
moments and pushes the temperature of spin reorientation TSR 
to lower temperatures. 
The decrease in χ� at low temperatures does not appear to be 
caused by spin reorientation, as there is no opposite effect for 
χ||. The possible explanation is the antiferromagnetic ordering 

of the ab-component of Fe magnetic moments, which remain 
disordered at higher temperatures.
The drastic difference between the absolute values of Weiss 
and Neel temperatures (|θw|/TN > 3) also indicates a significant 
degree of magnetic frustration, preventing long range magnetic 
ordering to form at higher temperatures. The magnetic 
frustration does not only diminish the Neel temperature, but it 
also causes a negative deviation from Curie-Weiss behaviour 
above TN as spins become strongly coupled. Similar negative 
deviations from Curie-Weiss behaviour usually occur in 
magnetic systems with strong antiferromagnetic coupling in 
low-dimensional fragments.50-52

The common cause of the magnetic frustration is the presence 
of trigonal atomic fragments with dominating 
antiferromagnetic interactions between individual atoms. As it 
was shown in the crystal structure discussion above, the Fe 
sublattice in Fe32+δGe35−xSix is composed of a large number of 
geometrically frustrated trigonal fragments inherited from both 
parent structures and conserved due to hexagonal symmetry of 

Fig. 11 Magnetic behaviour of the Fe32.8Ge30Si5 single crystal: magnetic susceptibility in various magnetic fields of μ0H = 0.1–5 T applied along the c axis or perpendicular to it (a), 
closeup of a region between 30 and 100 K (b), the averaged susceptibility simulating a powder magnetic response (c), field dependence of low temperature magnetization (d).
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the resulting structure. The Fe atoms are also connected 
through a large number of Ge atoms, which can serve as a 
medium for the antiferromagnetic superexchange interactions 
in iron germanides.53

High degree of the magnetic frustration also becomes apparent 
in comparison with the related iron germanides, in which the 
kagome nets of Fe atoms are conserved. The examples are 
MgFe6Ge6-type phases and the related ones, including 
hexagonal FeGe, which is the parent structure of MgFe6Ge6. The 
ordering temperatures for these compounds rarely fall below 
400 K.54-72 It is worth nothing that the competition of the 
magnetic interactions still manifests itself even in these cases. 
Deviation from the collinear ordering in the Fe sublattice is quite 
common in these compounds at low temperatures.55,56,58,66-71 
Some phases including YbFe6Ge6 and FeGe1-xSbx also exhibit 
complete spin reorientation.57,58,71,72

In addition to the study of the single crystal, we have performed 
similar magnetic measurements on the Fe32.7Ge31Si4 powder 
sample, which showed that the main features of magnetic 

behaviour of the single crystal are reproduced in the 
polycrystalline powder. Magnetic susceptibility of the 
Fe32.7Ge31Si4 powder sample shows a maximum at 160 K near TN 
and a sharp drop at 90 K, near TSR (Fig. 12a). Due to a minor 
ferromagnetic impurity of η-Fe7-δGe4,73 the antiferromagnetic 
behaviour of Fe32+δGe35−xSix becomes apparent only in strong 
fields (Fig. S7 in ESI†). There is also an upturn of the 
susceptibility at low temperatures, likely due to the same 
impurity or due to paramagnetic centres at the surface of the 
particles. Except for the latter, the χ(T) for the Fe32.7Ge31Si4 
powder matches the averaged single crystal susceptibility quite 
well (see Fig. 11c).
Heat capacity data of the same Fe32+δGe35−xSix powder sample 
in zero field shows a second order transition occurring at 158 K, 
while no anomaly near TSR can be distinguished (Fig. 12b). Given 
the drastic changes to orientation of magnetic moments, a clear 
indication of the phase transition in the heat capacity data could 
be expected. It is worth noting, however, that no anomaly at its 
respective TSR was observed in the heat capacity measurements 
of Fe32+δGe33As2.19,21 No anomalies were observed also in the 
case of the related solid solution FeGe1−xSbx, which also 
demonstrates spin reorientation below TN.71,72 The absence of 
the pronounced heat capacity anomaly could be due to several 
reasons. Spin reorientation could affect only a small portion of 
the Fe substructure, as it was the case for Fe32+δGe33As2 and 
Fe32+δGe35−xPx,19,21 thus not producing a large specific heat 
effect. Spin reorientation may also occur gradually, in a way 
similar to that in Fe32+δGe35−xPx, resulting in a smooth and broad 
heat capacity peak indistinguishable against the background. 
Another anomaly can be seen around 5 K, which is near the 
onset of the decrease of χ� and could be related to it.
The discussed above behaviour is in many ways similar to the 
isostructural Fe32+δGe33As2 and Fe32+δGe35−xPx compounds, 
which experience antiferromagnetic ordering, albeit at slightly 
lower temperatures (near 125 K), with similarly low Weiss 
temperatures slightly below −400 K.19-21 Neutron diffraction and 
57Fe Mössbauer spectroscopy experiments showed that these 
compounds also experience reorientation of Fe magnetic 
moments, specifically at the Fe2 site.21 The magnetic moments 
of Fe2 lie in the ab plane at higher temperatures and switch to 
the c direction at lower temperatures, while the rest of the Fe 
magnetic moments either remain parallel to the c axis or slightly 
deviate from it. Spin reorientation for Fe32+δGe33As2 occurred 
close to TN with TSR around 110 K,19-21 while Fe32+δGe35−xPx 
showed gradual spin reorientation in a span of 30 K between 20 
and 50 K.21 Mössbauer spectroscopy data also suggest that 
magnetic moments in Fe32+δGe33As2 deviate slightly from the c 
axis at low temperatures around 50 K, which also coincides with 
the increase in magnetic susceptibility.19,21 In the case of 
Fe32+δGe35−xSix, this deviation seems to occur at much lower 
temperatures and leads to a slight decrease in the susceptibility.
Since the magnetic measurements for Fe32+δGe33As2 and 
Fe32+δGe35−xPx were performed on several disoriented single 
crystals,19,21 we cannot straightforwardly compare the effect of 
spin reorientation on the magnetic response of the compounds. 
Nevertheless, the comparison with Fe32+δGe35−xSix still provides 
some additional insights. While the averaged χ(T) curves for 

Fig. 12 Temperature dependence of the magnetic susceptibility of the Fe32.7Ge31Si4 
powder in an applied field of μ0H = 5 T (a) and the heat capacity divided by temperature 
of the same Fe32.7Ge31Si4 powder in zero magnetic field (b). The inset (b) shows 
temperature derivative of the heat capacity divided by temperature.
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Fe32+δGe35−xSix measured in different field converge after the 
spin reorientation, this did not occur for Fe32+δGe33As2, as the 
significant field dependence of the susceptibility is conserved 
even below TSR for the latter.19 This field dependence shows 
that the magnetic structure of Fe32+δGe33As2 is still perturbed by 
the magnetic field even below TSR, which is not the case for 
Fe32+δGe35−xSix, where the magnetic moments are fully locked 
until at least 5 T. The field dependence of susceptibility below 
TSR in the case of Fe32+δGe33As2 could be due to either magnetic 
moments of Fe1, Fe2, and Fe3 atoms being influenced by the in-
plane oriented field or the Fe2 moments gradually reverting 
back to the ab plane in the magnetic fields oriented in the c 
direction. 
Given that Fe32+δGe33As2, Fe32+δGe35−xPx, and Fe32+δGe35−xSix 
share the same underlying structure, one might expect this kind 
of similarity in their magnetic behaviour. However, it is not 
uncommon for related intermetallic systems to drastically alter 
their magnetic behaviour upon p-element doping, which could 
change not only superexchange interactions, but also direct 

exchange interactions between transition metal atoms if the 
changes in the interatomic distances are noticeable. For 
example, Ga doping of MgFe6Ge6-type RMn6Ge6 (R = Y, Sc, Lu) 
phases caused antiferromagnetic to ferromagnetic transition. 
74,75 Structurally related Fe23Ge14-xAl7+x solid solution also 
displays antiferromagnetic to ferromagnetic transition upon 
increasing the Al concentration.76,77 Si substitution for Ge in 
cubic FeGe transforms the metallic helimagnetic phase to a 
weakly magnetic semiconductor.78,79 In YMn1-xGa12-xGex, the Ge 
substitution at first causes Curie temperature to increase and 
then gradually suppresses magnetic ordering.80 In the case of 
the previously mentioned FeGe1-xSbx compounds, spin 
reorientation only develops in the moderate doping range (x = 
0.1-0.12).70-72

The origin of the robustness of the Fe32+δGe35−xEx magnetic 
behaviour might come from the topology of the Fe network and 
the placement of the E atoms. The Si and P atoms are found 
inside previously mentioned Fe cages forming Fe-rich layers, 
where direct Fe-Fe interactions seem to dominate. Neutron 
diffraction study showed that magnetic ordering in the Fe-rich 
layers for E = P and As is predominantly ferromagnetic.21 
Although the As2 dumbbells are found between Fe-rich layers, 
the individual As atoms do not directly link Fe atoms from 
different Fe layers. 
Based on the discussed above similarities in the Fe32+δGe35−xEx 
crystal structure and magnetic behaviour, we assume that 
Fe32+δGe35−xSix is likely to share the key features of the magnetic 
structure of Fe32+δGe33As2 and Fe32+δGe35−xPx, including layered 
antiferromagnetic structure, with iron-rich layers consisting of 
Fe1, Fe3, Fe4, and Fe5 atoms ordering antiferromagnetically 
with respect to each other. Since the Fe2 atoms were shown to 
exhibit spin reorientation in Fe32+δGe33As2 and Fe32+δGe35−xPx,21 
we expect the Fe2 atoms in Fe32+δGe35−xSix to experience spin 
reorientation at TSR, too. Given that the Fe2 atoms are isolated 
from the rest of the Fe sites, we also expect the rest of the Fe 
moments to retain their configuration in a manner similar to 
that of Fe32+δGe33As2 and Fe32+δGe35−xPx. Based on this picture, 
we can summarise the magnetic behaviour of Fe32+δGe35−xSix in 
the proposed magnetic phase diagram (Fig. 13).

Conclusions

Using both chemical transport and solid-state reactions, 
Fe32+δGe35−xSix, a third member of the Fe32+δGe35−xEx (E = p-
element) family of compounds, have been isolated. Although 
Fe32+δGe35−xSix shares the same underlying two-dimensional 
intergrowth structure of the MgFe6Ge6 and Co2Al5 structure 
types with the P- and As-based members of the family, there 
are some notable features in its crystal structure that 
distinguish it from the other two phases, which stems from 
differences in electron configuration of Ge, As, Si, and P. The 
magnetic measurements of Fe32+δGe35−xSix reveal a rich 
magnetic behaviour with a rare combination of strong magnetic 
anisotropy, magnetic frustration and a spin reorientation, which 
arise from the complex topology of Fe and p-element networks.

Fig. 13 Proposed magnetic phase diagrams of Fe32+δGe35-xSix for different directions of 
magnetic fields: parallel to the c axis (a) and perpendicular to it (b). PM stands for 
paramagnetic; CW stands for Curie-Weiss. Antiferromagnetic phases with different 
structures are marked as AFM1 and AFM2.
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The peculiar field dependence of the spin reorientation in 
Fe32+δGe35−xSix, where the spins can be gradually rotated 
towards the c axis above TSR by an applied magnetic field, but 
remain practically locked along this axis below TSR even in strong 
fields, makes it particularly interesting to evaluate 
Fe32+δGe35−xSix as an antiferromagnetic memory material.
The example of Fe32+δGe35−xSix shows that the specific magnetic 
characteristics, such as temperatures of the magnetic 
transitions or the magnetic field response, can be tuned by 
chemical substitution without losing the main features of the 
Fe32+δGe35−xEx magnetic behaviour. The large number of 
transition metal and p-element sites with different atomic 
environment presents a strong case to explore further 
tunability of the magnetic properties.
The discussed features of the Fe32+δGe35−xSix magnetic 
behaviour also demonstrate that even such a heavy 
modification of the kagome lattice can still preserve magnetic 
frustration, while the expected metallic behaviour of this phase 
makes it compelling to determine if the reciprocal space 
features of the kagome lattice can also be preserved in 
Fe32+δGe35−xSix. Thus, the electronic structure and electronic 
transport of Fe32+δGe35−xSix await thorough experimental 
investigation.
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