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6 ABSTRACT: The synthesis and characterization of Ce4Fe3Ge10, n = 3, member of
7 the homologous series Lnn+1MnX3n+1 (Ln = lanthanides, M = transition metal, X =
8 tetrel), is reported. The structure can be modeled with the Cmcm space group
9 adopting the Eu2Ni2−xSn5 structure type, with lattice parameters of a = 4.3323

10 (15) Å, b = 35.507 (9) Å, and c = 4.3069 (12) Å. Members of the series for n > 2
11 consist of stacking of ordered (CeNiSi2 type) and disordered (BaNiSn3/AuCu3
12 type) subunits with the acting as a “spacer” between CeNiSi2 subunits. Although
13 neither CeFeGe3 nor CeFe0.63Ge2 order magnetically down to 2 K, Ce4Fe3Ge10 is
14 an antiferromagnet below 3.6 K. To rationalize the emergent magnetism: (i) we
15 established the Kondo- and RKKY-interaction dominant regions for the Ce
16 analogues adopting the BaNiSn3 and CeNiSi2 by creating an electronic landscape for each and (ii) mapped the strained subunits, due
17 to stacking, within the series. We established that the CeFeGe3 subunit within Ce4Fe3Ge10 contracts and is located within the
18 Kondo-interaction dominant region, while the CeFe0.63Ge2 subunit expands and is in the RKKY-interaction dominant region.

1. INTRODUCTION
19 The stacking sequence of structural motifs for each member of
20 a homologous series provides a platform for systematically
21 studying the structure−property relationships. The number of
22 stacking repeats of a motif and chemical substitutions within
23 the motif can provide a means to produce emergent behavior.
24 A well-known example is CenMIn3n+2 (n = 1, 2, ∞; M = Co,
25 Rh, Ir), members of the LnnMmX3n+2m homologous series,
26 which consists of a MIn2 slabs (PtHg2 type) and n slabs of
27 CeIn3 (AuCu3 type) along the tetragonal c-axis.1 The base unit
28 in the series, CeIn3 (n = 1, m = 0), is a heavy Fermion
29 antiferromagnet with commensurate ordering at TN = 10 K
30 and superconducting at 200 mK with an applied pressure of 25
31 kbar.2−4 Among the n = 1 analogues, both CeCoIn5

5 and
32 CeIrIn5

6 exhibit unconventional superconductivity with a Tc =
33 2.3 and 0.4 K under ambient pressure, respectively, while
34 CeRhIn5 orders antiferromagnetically at 3.8 K, similar to
35 CeIn3. In addition, CeRhIn5 exhibits a dome of super-
36 conductivity spanning a quantum critical point with a
37 maximum Tc = 2.1 K at 16 kbar.5,6 Among the n = 2
38 analogues, Ce2CoIn8 exhibits superconductivity below Tc = 0.4
39 K,7 while Ce2MIn8 (M = Rh, Ir) orders antiferromagnetically
40 at 2.8 K and remains paramagnetic down to 50 mK.1 The
41 occurrence of superconductivity at ambient pressure for some
42 of the CenMIn3n+2 members, compared to the antiferromag-
43 netic order in CeIn3, showcases the tunability achieved by
44 stacking MIn2 (PtHg2 type) slabs. Comparing the crystal

45structure of the ambient pressure superconductors CeCoIn5
46and CeIrIn5 with the pressure-induced superconductors CeIn3
47and CeRhIn5 concluded that the stronger distortion of the
48cuboctahedra (CeIn3 subunit) may be correlated to super-
49conductivity at atmospheric pressure.8,9 Compressibility
50studies of CeMIn5 and Ce2MIn8 (M = Co, Rh, and Ir) show
51the stiffening of the lattice with the addition of MIn2 layers to
52CeIn3 while also revealing the ambient pressure c/a ratio’s
53correlation to the maximized superconducting transition
54temperature achievable, Tc

max, in the CeMIn5 compounds.10

55The CenMIn3n+2 (M = Co, Rh, Ir) members of a homologous
56series thus exemplify how understanding the structural changes
57between higher-order family members and the subunits can be
58correlated to the emergent properties.
59Our group has discovered a homologous series with the
60formula Lnn+1MnX3n+1 (Ln = lanthanides, M = transition metal,
61X = tetrel).11 The series consists of stacking ordered (CeNiSi2
62type) and disordered (BaNiSn3/AuCu3 type) subunits, with
63the latter subunits acting as a “spacer” between CeNiSi2
64subunits. There are n−1 (BaNiSn3/AuCu3 type) subunits per
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65 unit cell in the Lnn+1MnX3n+1 (Ln = lanthanide, M = transition
66 metal, X = tetrel), which adopt the orthorhombic structures
67 (Cmcm and Cmmm for odd and even n, respectively, as

f1 68 depicted in Figure 1). Several of the subunits independently
69 host interesting properties, such as superconductivity,12 zero
70 thermal expansion in the CeNiSi2, vacancy ordered Ln4MGe8
71 (Ln = Gd, Yb; M = Cr−Ni, Ag),13 and anomalous
72 ferromagnetism in CeRuSi2 with non-Fermi liquid behavior
73 in a Kondo lattice14 in the monoclinic variant of the CeNiSi2
74 type. Pressure-induced superconductivity15−17 and complex
75 magnetism18 with the noncentrosymmetric BaNiSn3 structure
76 type have also been observed in several Ce-based Co triad
77 germanide members. On the other hand, all of the Fe triads are
78 nonmagnetic Kondo lattice compounds.19,20

79 Several members of the Cen+1ConGe3n+1 (n = 1,21 4,22 5,23

80 6,24 and ∞, or CeCoGe3
18) exhibit highly correlated behavior,

81 with the higher members of the series showcasing complex
82 anisotropic competition between antiferromagnetic and
83 ferromagnetic ground states. To better understand the
84 correlation between the stacking of the BaNiSn3 and CeNiSi2
85 subunits and the emergent properties in the series, we opted to
86 synthesize Fe analogues. CeFeGe3 is a heavy Fermion
87 nonmagnetic Kondo lattice, while CeCoGe3 is a heavy
88 Fermion with multiple magnetic orderings below ∼25 K.18

89 This work presents the general trends between the Ce-based
90 noncentrosymmetric BaNiSn3 and centrosymmetric CeNiSi2
91 subunits by plotting the volume of the unit cell as a function of
92 valence electron count (VEC) and the tuning of the
93 magnetism in the subunits of the homologous series. We
94 were able to (i) identify the regions with distinct ground states
95 (Kondo and Ruderman−Kittel−Kasuya−Yosida (RKKY)-
96 interaction dominant regions),25 (ii) demonstrate the com-
97 pounds reaching a quantum critical point or superconductivity
98 are in the crossover region defined in the electronic landscapes
99 for the Ce-based analogues with the BaNiSn3 and CeNiSi2

100 structure types. Ce4Fe3Ge10 is an antiferromagnet member of
101 the homologous series Lnn+1MnX3n+1, which consists of the
102 stacking of nonmagnetic subunits, CeFe0.63Ge2 and CeFeGe3.
103 We can rationalize the emergent magnetism by considering the

104volume and VEC change caused by the lattice mismatch of the
105subunits when they are stacked in the Lnn+1MnX3n+1 series. The
106CeFeGe3 subunit decreases its volume and stays in the Kondo
107dominant regime, while the CeFeGe2 crosses over to the
108magnetic regime through the expansion of the subunit and
109higher VEC.

2. EXPERIMENTAL SECTION
1102.1. Synthesis. Ce4Fe3Ge10 was grown by flux-growth methods
111using excess Sn flux.26 The compound can be grown using Ce, Fe, and
112Ge in a 6:5:16 molar ratio with an excess of 30 mol of Sn; the total
113reaction mass was 2.73 g. The elements were placed in a 2 mL
114Canfield alumina crucible27 and sealed in a fused silica tube under
115∼1/3 atm of Ar. The sealed ampule was placed in a programmable
116furnace at 300 °C, heated to 1175 °C at 100 °C/h, and dwelled for 48
117 f2h, as shown in Figure 2. The furnace was then cooled at a rate of 2

118°C/h to 815 °C, the temperature at which the ampule was rapidly
119removed, inverted, and centrifuged to remove the excess flux and
120further etched using 12.1 M HCl:H2O in a 1:2 volume ratio. The
121resulting product was plate-like crystals of Ce4Fe3Ge10 (up to 4 mm
122along the a and c-axes) and a minor magnetic impurity (Fe5Ge3),
123which was mechanically separated. A single plate-like crystal of
124Ce4Fe3Ge10 (1 × 2 × 4 mm3) was mounted, and X-ray powder
125diffraction data was collected along the 0k0 direction, as shown in
126 f3Figure 3, to rule out the intergrowth of other members of the series.

Figure 1. Depiction of the intermetallic homologous series Lnn+1MnX3n+1 (Ln = lanthanide, M = transition metal, and X = tetrel). Green highlights
the CeNiSi2 slab while the spacing in between is composed of BaNiSn3/AuCu3 slabs.

Figure 2. Heating profile utilized to synthesize Ce4Fe3Ge10. Reactions
with the same reaction ratio were centrifuged at each dwelling
temperature to probe whether other members of the series were
synthesized. However, all reactions yielded either n = 3 or molten flux.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c01938
Chem. Mater. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01938?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


127 Synthesis attempts using the molar ratios 4:3:10, 5:4:13, and 6:5:16
128 for Ce−Fe−Ge to match those of n = 3−5 members, normalized to
129 0.4 g of Ce of the cobalt homologous series, resulted in Ce4Fe3Ge10,
130 where the 6:5:16 ratio yielded the largest crystals. A modified heating
131 profile was also performed, which consisted of the same heating,
132 cooling, and maximum temperature, except the centrifuge temper-
133 ature was attempted at 1000 and 915 °C. The reaction taken out of
134 the furnace at 1000 °C yielded no crystals since everything was still
135 liquidus, while the sample annealed at 915 °C resulted in small single
136 crystals of Ce4Fe3Ge10 (<1 mm3 along the a and c-axes).
137 2.2. X-ray Diffraction. A single crystal of 0.02 mm × 0.03 mm ×
138 0.12 mm was mounted on a glass fiber by using grease. Data was
139 collected at room temperature using a Bruker D8 Quest Kappa single-
140 crystal X-ray diffractometer with an IμS microfocus source (Mo Kα
141 radiation, λ = 0.71073 Å) and a Photon II CPAD area detector. The
142 raw data frames were processed using Bruker SAINT, and multiscan
143 absorption correction was applied using SADABS.28 A preliminary
144 starting model was obtained utilizing the intrinsic phasing method and
145 SHELXL-2019 for least-squares refinement.29 In the early stages of
146 the refinement, high residual electronic density was observed between
147 the Fe1 and Ge5 dimer and assigned as Sn5. A refinement considering
148 the sum of the partial occupancies of the Fe1−Ge5 dimer and Sn5
149 improved the model. Sn was considered instead of Ge due to the
150 bond distance between the excess electronic density and the nearest
151 Ge (Ge3 at 3.138 Å) being longer than usual Ge−Ge bonds and EDS
152 results indicating Sn is present (see Section 2.4). The resulting bond
153 distance of the Fe1−Ge5 dimer is 2.296 (8) Å, similar to the 2.307 Å
154 reported for CeFeGe3.

30 The refined formula corresponds to
155 Ce4Fe3.23Ge9.23Sn0.77 and is referred to as Ce4Fe3Ge10 for simplicity

t1 156 throughout the article. Table 1 provides the data collection and
t2 157 refinement statistics, and Table 2 provides fractional atomic

158 coordinates.
159 To confirm the phase purity of multiple single crystals,
160 mechanically separated plate-like crystals were placed on a PMMA
161 sample holder, filling the recess with SiO2. X-ray diffraction of the
162 Ce4Fe3Ge10 samples was performed on a Bruker D2 Phaser between
163 2θ = 5−75° (Figure 3 shows a diffraction pattern of a single crystal).
164 For single domain confirmation prior to property measurements, a
165 large plate-like crystal of ∼2 × 3 × 4 mm3 was mounted on a glass
166 fiber using low-melting point wax. X-ray backscattering images were
167 obtained utilizing a Photonic Science Laue system (AL048) coupled
168 with a Thermo Kevex DXS-11-5025 X-ray source (W Kα radiation, λ
169 = 0.71698 Å) and a dual-lens coupled Laue camera. The
170 backscattering X-ray collection was performed on the flat surface of
171 the crystal along the [010], as shown in Figure S1.

1722.3. Magnetic Properties. Magnetic properties were measured
173on a single crystal of 39.9 mg using a Magnetic Properties
174Measurement System (MPMS). Temperature-dependent magnetic
175susceptibility (χ = M/H) was measured from 1.8−300 K under an
176applied magnetic field of H = 0.1 T along each of the principal axes
177under zero-field cooled (ZFC) and field-cooled (FC) conditions.
178Field-dependent magnetization isotherm (M/H) measured at 1.8 K
179for −7 T < H < 7 T.
1802.4. Energy-dispersive X-ray Spectroscopy. Energy dispersive
181X-ray spectroscopy (EDS) was performed on Ce4Fe3Ge10−ySny
182through a Versa 3D focused ion beam scanning electron microscope
183with an acceleration voltage of 20 kV. By normalizing the weight
184percent to Ce and averaging five spots randomly selected on the
185 f4crystal, shown in Figure 4, the resulting atomic formula was
186Ce4Fe3.28Ge9.59Sn0.56, which is in good agreement with the single
187crystal X-ray diffraction refinement formula (Ce4Fe3.23Ge9.23Sn0.77).
1882.5. Fe Mo ̈ssbauer. The data included in this report were
189acquired using a spectrometer operated in a constant acceleration
190mode. This instrument was equipped with a Janis 8DT cryostat.
191Spectra recorded at 4.2 K were obtained by submerging the absorber
192in liquid helium. Isomer shift values are reported with respect to the
193centroid of a room temperature (RT) spectrum recorded for α-Fe foil.
194Theoretical simulations were obtained using the WMOSS spectral
195simulation software (see Co., formerly Web Research, Edina, MN) as
196well as C-based Igor Pro codes developed in-house. The absorber was
197prepared by dispersing ∼30 mg of ground crystals in eicosane, which
198functioned as an inert matrix.
1992.6. Heat Capacity and Resistivity. A Physical Properties
200Measurement System (PPMS) was used to perform temperature-
201dependent heat capacity C(T) and electrical resistivity ρ(T)
202measurements in a zero field. C(T) and ρ(T) were measured for
2031.8−30 and 1.8−350 K, respectively. ρ(T) measurements were
204performed using the four-wire method, where platinum wires were
205spot-welded to the sample such that the electrical current flowed
206within the a−c plane.

Figure 3. X-ray diffraction pattern on a single crystal of Ce4Fe3Ge10.
Rietveld refinement was performed considering the preferred
orientation. The blue data points correspond to the experimental
data, the red line is the Rietveld fit, and the gray line is the difference
between both. (0k0) Bragg peaks observed indicate that the [010]
direction is perpendicular to the large face of the plate-like sample.

Table 1. Crystallographic Data and Refinement Parameters
of Ce4Fe3.23Ge9.23Sn0.77

a

empirical formula Ce4Fe3.23Ge9.23Sn0.77

space group, crystal system Cmcm, orthorhombic
lattice parameters

a (Å) 4.3323 (15)
b (Å) 35.507 (9)
c (Å) 4.3069 (12)

volume (Å3) 662.5 (3)
Z 2
density (g/cm3) 7.531
absorption coefficient (mm−1) 38.79
F(000) 1300
crystal size (mm3) 0.02 × 0.03 × 0.12
θ range (deg) 2.3−30.5
index range

h −6 → 6
k −50 → 50
l −6 → 6

number of reflections 11 912
unique reflections 638
data/restraints/parameters 638/0/42
Rint 0.080
Δρmax/min 2.23/−3.20
GoF 1.136
R1 [F2 > 2σ(F2)] 0.040
wR2 (F2) 0.136
aR1 = Σ|(|Fo| − |Fc |)|/Σ|Fo| and wR2 = {Σw[(Fo)2 − (Fc)2 ]2/Σw
[(Fo)2]2}1/2.
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3. RESULTS
207 3.1. Structure. Ce4Fe3Ge10 adopts the orthorhombic
208 Cmcm Eu2Ni2−xSn5

31 structure type with lattice parameters
209 of a = 4.3323 (15) Å, b = 35.507 (9) Å, and c = 4.3069 (12) Å,

f5 210 as shown in Figure 5. The crystallographic data refinement and
211 atomic coordinates are listed in Tables 1 and 2. Ce4Fe3Ge10 is
212 the n = 3 member of the Lnn+1MnX3n+1 (Ln = lanthanide, M =
213 transition metal, X = tetrel) homologous series, where the
214 structure consists of two Ce, two Fe, and six main group
215 element crystallographically distinct sites. Ce4Fe3Ge10 can be
216 described as stacking of the structural subunits: CeNiSi2,

t3 217 AuCu3, and BaNiSn3 structure types. Table 3 provides bond
218 distances in Ce4Fe3Ge10, Pr4Fe3Ge10, CeFeGe3, CeSn3, CeGe3,
219 CeFe0.63Ge2, and CeGe1.76.
220 3.1.1. BaNiSn3/AuCu3 Subunit. The Ce1 local environment
221 can be described as a disordered BaNiSn3/AuCu3 subunit.
222 When the Fe1−Ge5 dimer is present (Figure S2), the local
223 environment of Ce1 adopts the local environment of the
224 lanthanide in the BaNiSn3 structure type, with 12 germanium
225 atoms (four Ge2, two Ge3, two Ge4, and four Ge5) and six
226 iron atoms (five Fe1 and one Fe2). The interplanar distance
227 along the b-axis between the germanium square nets in
228 Ce4Fe3Ge10 (n = 3) is 4.768 (3) Å, which is also less compared
229 to the reported 4.972 Å in CeFeGe3 (Figure S2). The volume
230 of the Ce1-centered polyhedron (83.531 Å3) is reduced by
231 4.7% in comparison with that of Ce1 in CeFeGe3 (87.637 Å3),
232 as shown in Figure S2.
233 When Sn5 is present, the local environment of Ce1 is a
234 cuboctahedron related to the AuCu3 structure type. The

235cuboctahedron volume in the Ce4Fe3Ge10 is 75.79 Å3, which is
236between that of CeSn3 (87.628 Å3) and the high-pressure
237stabilized CeGe3 (68.38 Å3).32

2383.1.2. CeNiSi2 Subunit. The Ce2 local environment can be
239described as a CeNiSi2 subunit with Ce2 in a trigonal prism
240arrangement, with 10 germanium (six Ge1, two Ge3, and two
241Ge4) and four iron atoms (Fe2) surrounding each Ce2 site.
242The Ce2−Fe2 bond distance in Ce4Fe3Ge10 is 3.383 (1) Å,
243longer than the that in CeFe0.63Ge2 (3.224 Å). The shortest
244Ce−Ce distances in CeFe0.63Ge2 are 4.167 Å and 4.170 Å, we
245observe a contraction and expansion for Ce2−Ce distance
246within Ce4Fe3Ge10 (4.016 (1) Å and 4.3069 (12) Å) (Figure
247S3). Overall, there is a 4.3% volume expansion of the Ce2 local
248environment (73.685 Å3) in Ce4Fe3Ge10 compared to that of
249CeFe0.63Ge2 (70.678 Å3)21 as shown in the highlighted section
250of Figure S3. The expansion of the Ce2 local environment may

Table 2. Fractional Atomic Coordinates and Displacement Parameters of Ce4Fe3.23Ge9.23Sn0.77
site label Wyckoff x y z Ueq (Å2) occupancy

Ce1 4c 0 0.81930 (2) 1/4 0.0117 (3)
Ce2 4c 0 0.54774 (2) 1/4 0.0103 (3)
Fe1 4c 0 0.72956 (13) 1/4 0.0251 (14) 0.614 (11)
Fe2 4c 0 0.91128 (6) 1/4 0.0085 (5)
Ge1 4c 0 0.97810 (5) 1/4 0.0099 (4)
Ge2 4c 0 0.25013 (7) 1/4 0.0284 (6)
Ge3 4c 0 0.38428 (5) 1/4 0.0113 (4)
Ge4 4c 0 0.11572 (5) 1/4 0.0112 (4)
Ge5 4c 0 0.66491 (19) 1/4 0.0176 (10) 0.614 (11)
Sn5 4c 0 0.6800 (2) 1/4 0.0191 (13) 0.386 (11)

Figure 4. Single crystal of Ce4Fe3Ge10 utilized for EDS (∼2 mm × 3
mm × 4 mm).

Figure 5. Crystal structure of Ce4Fe3Ge10 highlighting the CeFeGe2
subunit within the structure.
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251 be the cause of the full occupancy of Fe in comparison with
252 CeFe0.63Ge2.
253 The reduction of the Ce1 and expansion of the Ce2 local
254 environments in Ce4Fe3Ge10 in comparison to the tetragonal
255 CeFeGe3 and orthorhombic CeFe0.63Ge2 could accommodate
256 the lattice mismatch between the latter. The square ab-plane of
257 CeFeGe3 is 4.329 Å by 4.329 Å, while the rectangular ab-plane
258 of CeFe0.63Ge2 is 4.285 Å by 4.170 Å, ranging between a ∼1−
259 4% difference along each axis. Volume expansion and
260 compression of subunits to compensate for the mismatch in
261 lattice parameters of reported prototypes are also observed in
262 the Ca2Pt7XP3−x (X = Al, Ti, Zn) compounds adopting the
263 Eu2Pt7AlP3−x structure type33,34 and is analogous to strain
264 engineering.35 Ca2Pt7XP3−x (X = Al, Ti, Zn) consists of
265 stacking CaBe2Ge2 subunits with AuCu3. Both ternary
266 CaPt2P2−x and binary intermetallic compounds XPt3 (X =
267 Al,36 Ti,37 Zn38) have previously been reported and have a
268 lattice mismatch of ∼4% between their shortest dimension.
269 3.2. Mössbauer Spectroscopy. The zero-field Mössbauer
270 spectra recorded for Ce4Fe3Ge10 exhibit an asymmetric
271 quadrupole doublet. At room temperature, this doublet is
272 characterized by an apparent isomer shift δ = 0.40 mm/s,
273 quadrupole splitting ΔEQ = 0.40 mm/s and unequal linewidths

f6t4 274 ΓL/R = 0.27/0.35 mm/s (Figure 6 and Table 4). Lowering the
275 temperature leads to a small increase in the ΔEQ value and to a
276 slight decrease in the isomer shift, which can likely be traced to
277 a second-order Doppler effect. The persistence of the
278 quadrupole splitting even at 4.2 K, as opposed to the onset
279 of a spontaneous magnetic hyperfine splitting such as that
280 observed previously for Pr4Fe3Ge10,

39 suggests that for
281 Ce4Fe3Ge10 the iron sites either do not contribute to the
282 magnetic ordering observed at low temperature or that their
283 contribution is insignificant. Considering that the structural
284 investigation of Ce4Fe3Ge10 revealed the presence of this
285 species of two distinct iron sites, we have simulated these
286 spectra by considering two spectral components with a 1:2
287 relative ratio, just as predicted by the X-ray diffraction data.
288 This procedure led to parameters that, when considering the
289 S/N, are essentially identical to those derived for Pr4Fe3Ge10,
290 as shown in Table 4. Similarly, the larger isomer shift of the
291 minority component, shown in blue, suggests that for these
292 sites, we observe lower s-electron density at the nucleus, when
293 compared to those of the majority component, likely due to an
294 increase in the population of iron’s 3d band.

295Similarly, the larger quadrupole splitting of the minority
296component is likely caused by a change in the population of
297the iron 3d orbitals as opposed to a dramatic difference in the
298symmetry of the first coordination spheres of the iron sites.
2993.3. Magnetic Susceptibility and Magnetization.
300 f7Figure 7 shows the temperature-dependent magnetic suscept-
301ibility with H = 0.1 T applied along each of the principal axes.
302It is evident the c-axis is the easy axis, while χ(T) for H//a and
303b closely resemble each other. This is noteworthy given that
304the ac plane is more symmetric than the ab or cb planes, which
305naively might be expected to result in strong magnetic
306anisotropy between the ab and c-directions. Fits to the data
307using the formula 1/χ = (T − θCW)/C (Figure 7a) yield
308Curie−Weiss constants (θCW) of −118.6, −179.8, and −29.3 K
309for the a, b, and c-axes, respectively. This anisotropy resembles

Table 3. Selected Interatomic Distances (Å) in Ce4Fe3Ge10 and Related Structures

Ln1 BaNiSn3 subunit Ce4Fe3Ge10 Pr4Fe3Ge10 CeFeGe3 CeSn3 CeGe3
Ln1−Ln1 4.3069 (12) 4.2982 (15) 4.329 4.72 4.3485
Ln1−Ln1 4.3323 (15) 4.3207 (10)
Ln1−Fe1 3.186 (5) 3.227 (4) 3.306
Ln1−Fe2 3.266 (3) 3.270 (2)
Ln1−Sn5 3.0545 (7) 3.0473 (6) 3.3375 3.0775
Fe1−Ge2 2.2710 (18) 2.2735 (15) 2.3386
Fe1−Ge2 2.2862 (18) 2.2862 (13)
Fe1−Ge5 2.296 (8) 2.259 (5) 2.3071
Fe2−Ge4 2.3573 (13) 2.3496 (10) 2.3386

Ln2 CeFeGe2 subunit CeFe0.63Ge2 CeGe1.76
Ln2−Ln2 4.0163 (9) 3.9949 (10) 4.1670 4.1233
Ln2−Ln2 4.3069 (12) 4.2982 (15) 4.1700 4.2100
Ln2−Fe2 3.3832 (12) 3.3724 (9) 3.2245 3.2117
Ln2−Ge1 3.1892 (9) 3.1805 (7) 3.1829 3.2117
Ln2−Ge4 3.2433 (15) 3.2254 (10) 3.1436 3.148

Figure 6. Zero-field Mössbauer spectra recorded for Ce4Fe3Ge10 at
4.2 K (top) and room temperature (bottom). The solid gray lines are
the theoretical spectra obtained from the sum of two spectral
components shown in blue and red above the corresponding
experimental spectrum derived using the parameters listed in Table 4.
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310 what is seen for Pr4Fe3Ge10,
39 suggesting that the large θCW

311 values for H//a and b are due to structural factors that lead to
312 the directions being the magnetically hard axes. In contrast, the
313 smaller negative value for H//c likely represents the intrinsic
314 antiferromagnetic spin-exchange interactions resulting from
315 Ruderman−Kittel−Kasuya−Yosida (RKKY) interactions.
316 Note that no diamagnetic constant was necessary to describe
317 the magnetic susceptibility above 150 K for fits along the c-axis,
318 while χ0 = 2.6 and 5 (10−4 cm3/mol Ce) were used for the a-
319 and b-directions. Finally, using the formula = C8eff , the
320 effective magnetic moments (μeff) along the a, b, and c-axes are
321 calculated to be 2.54, 2.57, and 2.55 μB/Ce, respectively. This
322 is similar to the 2.54 μB/Ce Hund’s rule value for trivalent Ce
323 and agrees with the Fe Mössbauer. Antiferromagnetic ordering

324is seen at TN = 3.6−3.8 K along all measured directions. The
325negative values for θw suggest dominantly antiferromagnetic
326behavior along all axes, where it is noteworthy that TN ≪ θCW
327for H//c, suggesting some degree of magnetic frustration.
328As shown in Figure 7b, isothermal magnetization was
329measured along the principal axes at 1.8 K. M(H) is strongly
330anisotropic, where a weak linear increase is seen for H//a and
331b. This is consistent with the spins being resistant to alignment
332in this direction, as seen in χ(T). In contrast, M(H) for H//c
333increases rapidly with increasing field and shows an abrupt
334increase near H = 1.3 T due to a metamagnetic phase
335transition. At large fields, M(H) for H//c saturates toward 0.9
336μB/Ce. This value is reduced from the value expected for a full
337Ce3+ multiplet, indicating that either crystal electric field
338splitting or Kondo hybridization reduces the low-temperature
339magnetic moment.

340 f83.4. Heat Capacity and Resistivity. Figure 8a summa-
341rizes the temperature dependence of the heat capacity divided
342by the temperature Cp/T of Ce4Fe3Ge10. The data are
343dominated by phonon contribution above 10 K, where a fit

344to the data using the expression = + TC
T

2 is shown in
345Figure 8b, which yields a phononic coefficient β of 2.17 mJ/
346mol K2 and an electronic heat capacity coefficient γ of 192 mJ/

Table 4. Parameters Derived from the Analysis of the Zero-field Mössbauer Spectra Recorded for Ce4Fe3Ge10 and Their
Comparison to Those Previously Reported for Pr4Fe3Ge10

compound model temp. [K] site δ [mm/s] ΔEQ [mm/s] ΓL/R [mm/s] rel. area [%] ref.

Ce4Fe3Ge10 1-site 4.2 n.a. 0.37 0.43 0.30/0.40 100 this work
293 n.a. 0.40 0.40 0.27/0.35 100

2-site 4.2 red 0.33 0.39 0.30 66
blue 0.47 0.56 0.28 33

293 red 0.37 0.36 0.26 66
blue 0.46 0.49 0.26 33

Pr4Fe3Ge10 1-site 298 n.a. 0.38 0.38 0.29/0.35 100 39
2-site 298 red 0.37 0.38 0.28 66

blue 0.45 0.48 0.28 33

Figure 7. (a) Magnetic susceptibility as a function of temperature
under 0.1 T. The inset contains a zoomed-in region of the magnetic
susceptibility to highlight the ordering and the inverse magnetic
susceptibility fit to the Curie−Weiss law (red dashed lines) between
each axis. All axes have a magnetic ordering temperature TN = 3.6−3.8
K. (b) Magnetization as a function of applied field parallel along the
principal axes at 1.8 K from −7 to 7 T. The H//c (black circles) is
highly anisotropic in comparison with the a (red circles) and b (blue
circles) axes.

Figure 8. (a) Temperature-dependent heat capacity for Ce4Fe3Ge10.
A peak at 3.44 K can be observed through the heat capacity,
coinciding with the magnetic transition temperature observed through
the magnetic susceptibility. (b) The Sommerfeld coefficient for
Ce4Fe3Ge10 is 192 mJ/mol K2, corresponding to 48 mJ/mol Ce K2.
(c) Temperature-independent entropy of the Ce 4f electrons.
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347 mol K2. The latter corresponds to a Sommerfeld coefficient of
348 48 mJ/mol Ce K2. While this value is not larger by comparison
349 to prototypical heavy Fermion materials such as CeCoIn5 (γ =
350 290 mJ/mol K2),5 it is nonetheless enhanced by comparison to
351 that of a weakly correlated metal such as copper (γ = 1 mJ/mol
352 K2). By subtracting the fit to Cp/T and further integrating Cp/
353 T, we obtain temperature-dependent entropy Smag (Figure 8c),
354 which reaches 1/3 Rln2 per Ce. Therefore, the values for γ and
355 Smag indicate the presence of strong Kondo lattice hybrid-
356 ization. Finally, a lambda-like peak is seen near TN = 3.4 K.
357 This is consistent with the χ(T) measurements, showing the
358 occurrence of an antiferromagnetically ordered ground state.

359 The temperature-dependent electrical resistivity, ρ(T), for
f9 360 electrical current applied in the a−c plane is shown in Figure 9.

361 The RRR is 1.59, which could be due to the structural disorder
362 present in Ce4Fe3Ge10. Similar to what has been seen for
363 several other Ce-based materials in this family, the behavior is
364 typical of a Kondo lattice compound. In particular, ρ exhibits
365 metallic behavior but initially only weakly decreases with
366 decreasing T. It eventually evolves through a broad shoulder
367 around 70−80 K as the Kondo coherent state forms at low T.
368 This is followed by a weak increase that spans from 12 to 4 K
369 and finally an abrupt decrease at TN = 3.4 K where spin
370 scattering of conduction electrons is removed as the system
371 transitions from paramagnetism to antiferromagnetic order. It
372 is noteworthy that the residual resistivity below the phase
373 transition remains relatively large, indicating the presence of
374 static disorder scattering, which is likely due to structural
375 defects.

4. DISCUSSION
376 4.1. Magnetic Data. In the following, we compare
377 Ce4Fe3Ge10 with the properties of prototypes CeFeGe3 and
378 CeFe0.63Ge3 reported in the literature. CeFeGe3 is a
379 concentrated heavy Fermion Kondo compound with Ce3+
380 valency (μeff = 2.57 μB) down to 0.5 K and γ = 150 mJ/mol
381 K2.19 CeFe0.63Ge2 is a heavy Fermion compound with Kondo-
382 lattice behavior with γ = 240−320 mJ/mol K2.40 Ce4Fe3Ge10
383 orders antiferromagnetically (TN ∼ 3.7 K) with γ = 48 mJ/
384 (mol Ce K2).40 To interpret rationalizing the emergent
385 magnetism in Ce4Fe3Ge10 compared to CeFeGe3 and
386 CeFe0.63Ge2, we define the ground states of Ce-based
387 analogues of the BaNiSn3 and CeNiSi2 structure types by
388 plotting the volume of the unit cell as a function of VEC.

3894.1.1. BaNiSn3 Electronic Landscape. To clarify the
390electronic and magnetic behavior that is seen in the
391homologous series, we have compiled the reported lattice
392parameters and properties for the CeMX3 (M = Groups 8−10,
393 f10X = Si, Ge),15−18,30,41−52 and the CeMX2 (M = Groups 8−11,

394 f10X = Si, Ge, Sn)12,21,40,53−737477 adopting the BaNiSn3 (Figure

395 f10f1110), and CeNiSi2 structure types (Figure 11), respectively. In
396particular, the electronic and magnetic behaviors are plotted in

Figure 9. Temperature-dependent electrical resistivity of Ce4Fe3Ge10
along the a−c plane. The inset shows the low-temperature region
(<50 K), where the ordering temperature is observed.

Figure 10. Electronic landscape highlighting the competition between
Kondo- (blue) and RKKY-interaction (green) dominant regions in
the Ce analogues of the BaNiSn3 structure type by plotting the
volume as a function of the valence electron count (VEC). Within the
graph, we have plotted the compounds with Kondo- (orange circle),
RKKY-interaction dominant (white circles), near a quantum critical
point (star) ground state, and the CeMX3 subunits with the
homologous series Cen+1MnX3n+1 (rectangles).

Figure 11. Electronic landscape highlighting the competition between
RKKY- (green) and Kondo-interaction dominant (blue) in the Ce
analogues of the CeNiSi2 structure type by plotting the volume as a
function of valence electron count (VEC). Within the graph, we have
plotted compounds with the Kondo- (orange circle), RKKY-
interaction dominant (white circles), near a quantum critical point
(star) ground states, and the subunits with the homologous series
(rectangles).
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397 the space defined by the unit cell volume and the valence
398 electron count (VEC). For both the CeMX3 and CeMX2
399 compounds, three regions can be delineated within the
400 electronic landscape: (i) the bottom left region (blue) is
401 composed of compounds where Kondo interactions is
402 dominant (orange circle), (ii) the top right (green) is
403 composed of compounds where RKKY interactions is
404 dominant, having magnetic ordering, (white circle) and (iii)
405 the crossover region (white) is composed of compounds
406 associated with magnetic quantum criticality and, in some
407 cases, superconductivity. Further details regarding Kondo and
408 RKKY interactions with a Doniach diagram (Figure S4) are
409 provided in the Supporting Information. The crossover region
410 for CeMX3 can be validated by plotting the doping studies
411 (stars) of CeFe1−xRuxGe3,

78 CeFe1−xCoxGe3,
79−81 Ce-

412 Co1−xIrxSi3,
44 and CeCoGe3−xSix,

82,83 each of which is driven
413 toward a quantum critical point (QCP) at particular x values.
414 Similar to what is seen for other prototypical Kondo lattice
415 antiferromagnetic quantum critical points such as the pressure-
416 tuned CeRhIn5,

84 we also observe that the Sommerfeld
417 coefficient goes through a maximum for compounds closer
418 to the crossover region, as expected when approaching a
419 QCP.85 Such observation is consistent with the enhancement
420 of the Sommerfeld coefficient when near a QCP in the doping
421 study of CeFe1−xRuxGe3.

78,85 Figure 10 thus reveals the
422 importance of tuning both the unit cell volume and VEC to
423 reach regions with interesting properties, similar to what was
424 previously observed of the Ce analogues of the ThCr2Si2
425 structure type.86

426 This result is consistent with those of earlier studies. For
427 example, Sun et al. correlated the ambient pressure volume
428 with the critical pressure and maximum superconductivity
429 temperature (Tc

max) for CeMX3 (M = Co, Rh, Ir and X = Si,
430 Ge).17 This work found (i) the critical pressure to achieve
431 Tc

max is correlated nonlinearly to the initial volume; (ii) the
432 estimated unit cell volume at which Tc

max is achieved is within
433 a narrow range (V ∼ 168−175 Å3); and (iii) Tc

max is correlated
434 to spin−orbit coupling.17 In Figure 10, we observe (i) the
435 distance between the Co triad compounds and the crossover
436 regime, in a vertical path where the VEC is unchanged, are
437 correlated nonlinearly to the pressure necessary to realize
438 superconductivity; (ii) the estimated volume of the isoelec-
439 tronic compounds based on Vegard’s law, CeCoGe3−xSix (x =
440 1.25) and CeCo1−xIrxSi3 (x = 0.35), which are near a QCP and
441 superconduct, respectively, are between 173−175 Å3. There-
442 fore, we have reached the same conclusion as Sun et al., while
443 exposing additional regions of interest with distinct VECs.
444 These results also clarify the behavior in the homologous
445 series. As mentioned before, due to the mismatch of the
446 subunits’ lattice parameters, we see a contraction and
447 expansion of the CeFeGe3 and CeFeGe2 subunits, respectively.
448 The hypothetical unit cell volume of the CeFeGe3 and
449 CeCoGe3 subunits within Ce4Fe3Ge10 (179.90 Å3) and
450 Ce5Co4Ge13 (180.73 and 183.66 Å3)22 showcase such
451 contraction. Note that Ce5Co4Ge13 has two distinct crystallo-
452 graphic sites with disordered BaNiSn3/AuCu3 subunit and
453 therefore has two data points in Figure 10. An example of how
454 the hypothetical unit cell volumes of the subunits are
455 determined is found in Figure S5. Based on Figure 10, the
456 subunits within Ce4Fe3Ge10 and Ce5Co4Ge13 would still fall
457 within the Kondo and magnetically ordering region,
458 respectively. Ce4Fe3Ge10 only has one magnetic ordering (TN
459 ∼ 3.7 K), while Cen+1ConGe3n+1 analogues have multiple

460magnetic transitions.22−24 Assuming the more complex
461magnetic ordering in the Cen+1ConGe3n+1 analogues is due to
462the ground state of CeCoGe3, this would mean that the
463magnetic ordering is due to (i) the interaction between the
464CeFeGe3 and the CeFeGe2 sublattice or (ii) the CeFeGe2.
4654.1.2. CeNiSi2 Electronic Landscape. Doped compounds
466that reach a QCP fall within the crossover region; however,
467compared with the mapped Ce-BaNiSn3 electronic landscape,
468the crossover region for the Ce-CeNiSi2 compounds is not
469linear. Such behavior may be due to effects caused by the
470transition metal vacancies. Nevertheless, we observe a trend
471similar to that in BaNiSn3: (i) the distance between a
472magnetically ordering compound and the crossover region is
473correlated to the pressure necessary to induce super-
474conductivity. Due to the lattice mismatch between the
475subunits, we observe an expansion of the CeFeGe2 subunit
476within the homologous series. The CeFeGe2 (V ∼ 331 Å3)
477subunit present in Ce4Fe3Ge10 is located diagonally with
478respect to the parent structures due to an increment in volume
479and VEC toward the magnetically ordered regime, as shown in
480Figure 11. We searched for Ce analogues of the Lnn+1MnX3n+1
481series (Ln = lanthanide, M = transition metal, X = tetrel) to
482further validate the trends observed in the CeNiSi2 analogues
483and their relationship to the series. Ce3Ni2X7 (X = Ge, Sn)87,88

484and Ce3Co2Sn7
89 are also members of the Lnn+1MnX3n+1 series

485with Ce1 and Ce2 in a local environment resembling the
486AuCu3 and the CeNiSi2 structure types, respectively. Through
487magnetic susceptibility and/or neutron diffraction, the
488magnetic ordering in Ce3Ni2X7 (X = Ge, Sn)87,88 and
489Ce3Co2Sn7,

89 7.2, 3.8, and 4.6 K, respectively, were attributed
490to the Ce2 sites. If we locate the corresponding CeNiSi2
491analogues within Figure 11 and consider both the expansion of
492the subunit and the larger VEC due to the filling of the
493vacancies, then we can conclude that the subunits will be
494within the magnetically ordered regime.
495We have rationalized the emergent magnetic ordering in
496Ce4Fe3Ge10 from two nonmagnetic parent structures,
497CeFe0.63Ge2 and CeFeGe3, through the understanding of the
498structural changes caused by the stacking of each subunit while
499also understanding the electronic landscape of the Ce
500analogues adopting the BaNiSn3 and CeNiSi2 structure types.
501The magnetic ordering within the structure seems to arise from
502the CeFe0.63Ge2 subunit’s expansion, while the contraction of
503the CeFeGe3 subunit further enhances the Kondo interaction.
504Further studies, such as neutron diffraction, will be necessary
505to confirm the current hypothesis.

5. CONCLUSION
506The new Ce4Fe3Ge10 has been reported and characterized
507through powder and single-crystal X-ray diffraction. It
508crystallizes in the Cmcm space group, Eu2Ni2−xSn5 structure
509type, with lattice parameters of a = 4.3323 (15) Å, b = 35.507
510(9) Å, and c = 4.3069 (12) Å. We have established the Kondo
511and RKKY-interaction dominant regions for the Ce analogues
512adopting the BaNiSn3 and CeNiSi2 by plotting the unit cell
513volume as a function of VEC. To elucidate the emergent
514magnetism in comparison to the subunits, we located the new
515position of the subunits within the established electronic
516landscapes, determining that the CeFeGe3 contracts and falls
517within the Kondo-interaction dominant region, while the
518CeFeGe2 subunit is in the RKKY-interaction dominant region,
519therefore speculating the emergent magnetism arises from the
520CeFeGe2 subunit.
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521 The Lnn+1MnX3n+1 (Ln = lanthanide, M = transition metal, X
522 = tetrel) homologous series provides an excellent opportunity
523 to study structure property. The Ce-based BaNiSn3 and
524 CeNiSi2 electronic landscapes in this article will guide the
525 growth of the analogues within the region of interest. We
526 foresee their use in the design of new analogues and doping
527 studies to reach quantum critical points or superconductivity.
528 The electronic landscape also highlights the potential of the
529 Lnn+1MnX3n+1 (Ln = lanthanide, M = Co, Rh, Ir, X = tetrel)
530 homologous series for high-pressure studies, where lower
531 pressure may be necessary to reach superconductivity or a
532 QCP in comparison to its subunits, while also providing
533 potential for the design of spintronics through the tuning of
534 the stacked subunits. A similar design principle through “strain
535 engineering” can span to intermetallic families of materials with
536 structural motifs related to the BaAl4, AuCu3, and CeNiSi2
537 structure types. Potential structure types are the
538 Eu2Pt7AlP3−x,

33 U3Co4Ge7,
90 CePdnAln,

91 and Th2(AuxSi1−x)-
539 [AuAl2]nSi2,

92 since structural motifs related to BaNiSn3 and
540 CeNiSi2 are part of their structure.
541 As Prof. DiSalvo noted in his manuscript, “···we find that as
542 materials become more complex in stoichiometry and
543 structure, new, interesting, and perhaps useful, phenomena
544 are encountered.”93 “While it is clear that some properties and
545 phenomena depend critically on scale and processing, others
546 depend on the complexity of the compound. But it is not at all
547 clear what fraction of complex structures will support enhanced
548 or novel phenomena rather than be uninteresting “bricks” truly
549 is exemplified in modern materials”.93 We envision the work
550 presented in this manuscript is a step toward Prof. DiSalvo’s
551 vision by understanding the constituent “chemical bricks” of a
552 seemingly complex structure and the impact in properties
553 stacking in bulk have. The work presented in this paper
554 exemplifies the potential of rational design of complex
555 structures and the associated novel phenomena by under-
556 standing the constituent “chemical bricks” and showcasing
557 stacking as a tuning parameter.
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