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A B S T R A C T   

The Lnn+1MnX3n+1 (Ln = lanthanide, M = transition metal, and X = tetrel) homologous series provides a platform 
to study collective phenomena in quantum materials. In this work, we compare the crystal growth, structure, and 
magnetic properties of the n = 3 members of the Prn+1MnGe3n+1 (M = Fe, Co) analogues, Pr4Fe3Ge10 (a = 4.3207 
(10) Å, b = 35.523 (8) Å, c = 4.2982 (15) Å, and V = 659.7 (3) Å3) and Pr4Co3Ge10 (a = 4.3091 (12) Å, b =
35.750 (9) Å, c = 4.2807 (11) Å, and V = 659.4 (3) Å3). We determined that the ideal flux growth conditions for 
each compound are highly dependent on the concentration of Sn flux and quench temperature. Pr4Fe3Ge10 orders 
ferromagnetically at 10 K along the c-direction while Pr4Co3Ge10 orders antiferromagnetically at 16 K along the 
b-direction. For both compounds, we observed a magnetic moment higher than that expected for only Pr3+ ions 
(3.58 µB/Pr), implying that the transition metal ions contribute to magnetic ordering (3.91, 3.48, and 3.69 µB/Pr 
for Pr4Fe3Ge10, and 3.76, 4.04, and 3.83 µB/Pr for Pr4Co3Ge10 measured along the a-, b-, and c-directions, 
respectively). Moreover, the zero-field Mössbauer spectrum obtained at 4.2 K for Pr4Fe3Ge10 demonstrates that 
the iron sites participate in magnetic ordering.   

1. Introduction 

The recently discovered Lnn+1MnX3n+1 (Ln = lanthanide, M = tran
sition metal, and X = tetrel) homologous series [1] is a heterostructure 
of four subunits, including the BaNiSn3 [2], CeNiSi2 [3], ThSi2 [4], and 
AuCu3-type structures [5], as shown in Fig. 1. This homologous series 
provides a platform to investigate the hybridization of f-electrons with 
conduction electrons through systematic substitution of rare earth 
metals, transition metals, and structural subunits. The magnetic and 
transport properties of the strongly correlated Cen+1ConGe3n+1 ana
logues were investigated as a function of stacking [1] for n = 1 [6], n = 4 
– 6 [7–10], and n = ∞ [11]. CeCo0.89Ge2 (“Ce2CoGe4”) [12,13], 
Ce6Co5Ge16 [9], and Ce7Co6Ge19 [10] exhibit an elevated electron mass 
attributed to the Kondo effect with a Sommerfeld coefficient in the range 
of γ = 123–760 mJ/mol K2 that increases with additional BaNiSn3 
subunits. However, the Sommerfeld coefficient of the n = ∞ member, 
CeCoGe3, is smaller than expected based on this trend (γ = 32 mJ/mol 

K2) [11]. The isolated AuCu3 subunit, CeSn3 [14], also does not account 
for the increase in effective electron mass (γ = 56 mJ/mol K2), indicating 
that the strongly correlated nature of this series emerges from the 
interaction of the subunits. Additionally, the magnetic properties in the 
Cen+1ConGe3n+1 n = 4 – 6 analogues exhibit an increase in complexity 
with increasing n [7], with as many as five distinct transition tempera
tures observed in Ce7Co6Ge19 [10]. Based on the trends present across 
the Ce members of the homologous series, we seek to investigate how 
new magnetic interactions and quantum phenomena emerge as a func
tion of stacking for other lanthanides, specifically Pr. 

The growth of Pr-based intermetallic compounds is motivated by the 
discovery of weak mixed valency in PrNi5 and PrFe10Mo2 [15], heavy 
fermion behavior in PrInAg2 [16], Weyl semimetal behavior in PrAlGe 
[17–19], and unconventional superconductivity in PrOs4Sb12 [20,21]. 
The Lnn+1MnX3n+1 series has proven to be a robust platform for sys
tematically investigating Pr compounds, including Pr3Co2Ge7 [22], 
Pr4Co3Ge10 [23], and Pr5Co4Ge13 [23]. Notably, an elevated effective 
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magnetic moment was reported for Pr3Co2Ge7 indicating a transition 
metal magnetic contribution that is absent in Ce analogues of higher n. 
This leads us to investigate the potential for transition metal-lanthanide 
interactions in Pr members of the homologous series. 

Recently, it has been suggested in the ThCr2Si2 structure type that Fe 
substitution can be utilized to increase hybridization strength between f 
and conduction electrons [24]. Similarly, the transition metal has been 
found to have significant impact on the structure and properties of the 
homologous series. For example, in CeMxGe2 (M = Fe, Co, Ni, Cu), the 
Ni, Co, and Cu analogues are antiferromagnetic Kondo lattices, while the 
Fe analog exhibits non-magnetic Kondo lattice behavior [25]. Addi
tionally, in CuFe2Ge2, the substitution of Fe for Co reduces the density of 
states at the Fermi level and suppresses itinerant magnetic ordering 
[26]. Within the BaNiSn3 structure type, CeFeGe3 [27] is a concentrated 
Kondo antiferromagnet, while CeCoGe3 [11] is an RKKY dominated 
antiferromagnet. Studies on CeCo1− xFexGe3 [28] showed that RKKY and 
Kondo interactions could be tuned with Fe composition. In this manu
script, we show that antiferromagnetic and ferromagnetic interactions 
are dependent on the transition metal selection in Prn+1MnGe3n+1 (M =
Fe, Co) through single crystal X-ray diffraction, bulk magnetic mea
surements, and Mӧssbauer spectroscopy. 

2. Experimental 

2.1. Synthesis 

As previously reported, Pr4Co3Ge10 was synthesized using Sn flux 
[23]. Similarly, single crystals of Pr4Fe3Ge10 were also grown using Sn 
flux with a Pr:Fe:Ge:Sn reaction ratio of 3:2:7:30. The elements were 
placed in an alumina Canfield crucible [29] and flame sealed in a fused 
silica tube with a pressure of 1/3 atm of Ar gas. The reaction was placed 
in a furnace and heated to 1175 ◦C at a rate of 100 ◦C/h, annealed for 
48 h, and cooled to 685 ◦C at a rate of 2 ◦C/h. The reaction was then 
annealed at a final temperature of 685 ◦C for 48 h. The tube was then 
removed from the furnace and centrifuged for 5 min to remove the 
unreacted Sn. The sample was etched with 1:2 HCl:H2O to remove trace 
amounts of Sn present on the surface of the crystals. The plate-like 
morphology of Pr4Fe3Ge10, as shown in Fig. 2, ranges from 1 to 3 mm 
in length. The maximum reaction temperature of 1175 ◦C for Pr4Fe3Ge10 
is the same as the previously reported crystal growth of Pr4Co3Ge10, 
which used a different Pr:Co:Ge:Sn reaction ratio of 3:2:7:50 and was 
cooled to 815 ◦C [23]. Notably, the optimal synthesis parameters for 
crystal growth differ with the selection of Fe versus Co in Pr homologous 
series members. 

Reaction parameters, such as starting composition, maximum reac
tion temperature, ramp rate, and final annealing temperature, were 

optimized for the growth of Pr4Fe3Ge10, resulting in yields of 68–88% 
along with binary compounds such as dendritic crystals of Fe1.6Ge [30] 
and PrSn3 [31], which were mechanically separated from the sample. 
We observed that the concentration of Sn flux affects binary formation. 
For example, when the reaction ratio was changed to 3:2:7:50 and 
quenched at 815 ◦C, only Fe1.6Ge was obtained. Other modifications to 
the reaction parameters, such as decreasing the concentration of Sn from 
3:2:7:30–3:2:7:15 and increasing the final annealing temperature to 
815 ◦C, yielded crystals of Pr4Fe3Ge10 that were 1 mm (or less) in length. 
A reaction ratio of 1:1:3:20 with a maximum temperature of 1200 ◦C 
and a quench temperature of 500 ◦C also yielded 1 mm crystals of 
Pr4Fe3Ge10, indicating its stability over a wide range of final annealing 
temperatures and starting material concentrations. A 3:2:7:30 reaction 
ratio and a lower quench temperature of 715 ◦C yielded larger (2 mm in 
length) single crystals. Crystal size was further increased (3 mm in 
length) by maintaining a reaction ratio of 3:2:7:30 but reducing the final 
annealing temperature to 685 ◦C, from which samples were used in 
magnetic measurements. The concentration of Fe ranges from 2.92 (1) 
– 2.97 (1) while the concentration of Sn ranges from 0.59 (4) – 0.63 (4), 
based on single crystal X-ray diffraction from batch to batch. 

2.2. Single crystal X-ray diffraction 

Single crystals (with approximate dimensions 0.01 mm x 0.01 mm x 
0.02 mm) of Pr4Fe2.97(1)Ge9.37(4)Sn0.63(4), which will be denoted as 
Pr4Fe3Ge10 for simplicity throughout the text, were mounted on glass 
fibers using two-part epoxy. Data sets for single crystal X-ray diffraction 
were collected at room temperature on a Bruker D8 Quest Kappa X-ray 
diffractometer. The diffractometer was equipped with a PHOTON III 

Fig. 1. The crystal structures of the structure types (a) BaNiSn3, (b) CeNiSi2, (c) ThSi2, and (d) AuCu3 are shown to illustrate the relationship between the stacking 
units of the homologous series Lnn+1MnX3n+1 (Ln = lanthanide, M = transition metal, and X = tetrel). 

Fig. 2. A representative crystal of Pr4Fe3Ge10.  

M.G. Anderson et al.                                                                                                                                                                                                                           



Journal of Alloys and Compounds 976 (2024) 172974

3

CPAD detector, HELIOS optics monochromator, and IµS microfocus 
source (Mo Kα, λ = 0.71073 Å). Diffraction data was integrated with the 
Bruker SAINT program while a multiscan method from the SADABS 
2016/2 program was used to correct intensities for absorption [32]. 
SHELXT [33] was employed to generate a preliminary starting model 
using intrinsic phasing and the model was then anisotropically refined 
using SHELXL [34]. 

2.3. Powder X-ray diffraction 

Powder X-ray diffraction data was collected on select plate-like 
crystals that were ground using an agate mortar and pestle. The 
collection for Pr4Fe3Ge10 was performed using a Bruker D2 Phaser 
diffractometer with Cu Kα radiation (λ = 1.54184 Å). The instrument 
operated at 30 kV/10 mA with a LYNXEYE XE-T detector. TOPAS was 
used to perform Rietveld refinement. All reflections are indexed as a 
single-phase with the occupancies constrained to the single crystal 
model for Pr4Fe3Ge10 (see Fig. S1). The lattice parameters obtained from 
Rietveld refinement are as follows: a = 4.3309 (9) Å, b = 35.6028 (44) 
Å, c = 4.3115 (9) Å, and V = 664.8 (2) Å3. The powder X-ray diffraction 
of Pr4Co3Ge10 was previously reported with lattice parameters of a 
= 4.36710 (14) Å, b = 35.6931 (63) Å, c = 4.20920 (14) Å, and V 
= 656.113(34) Å3 [23]. 

2.4. Energy-dispersive X-ray spectroscopy 

Energy-dispersive spectroscopy (EDS) was carried out using a VERSA 
3D focused ion beam scanning electron microscope on single crystals of 
Pr4Fe3Ge10 (see Fig. 3) to confirm the incorporation of Sn (see Section 
3.1). The formula (normalized to Pr) was determined from the average 
of four scans at select points on the crystal. The chemical formula ob
tained from EDS, Pr4Fe3.07(2)Ge8.47(4)Sn0.68(1), is in agreement with the 
formula Pr4Fe2.97(1)Ge9.37(4)Sn0.63(4) from single crystal refinement. 

2.5. Laue X-ray diffraction 

X-ray backscattering images were obtained using a Photonic Science 
Laue system AL048 with a Thermo Kevex DXS-11-5025 X-ray source, a 
tungsten target, and a dual lens coupled Laue camera. The X-ray back
scattering images from single crystals of Pr4Fe3Ge10 were obtained to 
ensure the absence of any impurity phases on the surface of the crystal as 
well as provide confirmation of the single crystallinity of the sample 
(Fig. S2). 

2.6. Magnetic property measurements 

Magnetic properties were measured using a Quantum Design Mag
netic Property Measurement System (MPMS for Pr4Fe3Ge10 and MPMS3 
for Pr4Co3Ge10). Field dependent measurements were measured for 
Pr4Co3Ge10 at 1.8 K from -7 to 7 T. Additionally, data was collected at 
1.8 K, 5 K, 10 K, and 15 K from -7 to 7 T for Pr4Fe3Ge10. Temperature 
dependent magnetic susceptibility was measured with an applied field of 
0.1 T along all three crystallographic directions of the crystals under 
zero-field cooled (ZFC) and field cooled (FC) conditions. 

2.7. 57Fe Mössbauer spectra 

Nuclear Gamma Resonance (Mössbauer) spectra were recorded using 
a spectrometer operated in a constant acceleration mode. This instru
ment was equipped with a Janis 8DT Varitemp cryostat which incor
porated a superconducting coil cooled with liquid helium. The spectra 
obtained at room temperature (RT) were recorded while the cryostat 
was warmed at RT. Isomer shifts are reported with respect to the center 
of a zero-field spectrum recorded for a metal foil of α-iron. The absorbers 
used in this study have been prepared by dispersing ground crystalline 
powders in eicosane which functioned as an inert support. The data was 
analyzed using the WMOSS (See Co formerly Web Research Co, Edina 
MN) and C-based Igor Pro codes written in house. The RT spectrum was 
simulated considering either one or two quadrupole doublets. In 
contrast, the 4.2 K spectrum was analyzed using the model developed by 
Rancourt and Ping [35,36] which allowed us to determine the effective 
fields acting on the iron nuclei by considering an arbitrary distribution 
of hyperfine fields. 

3. Results and discussion 

3.1. Pr4Fe3Ge10 structure 

The n = 3 members of the Prn+1MnGe3n+1 (M = Fe, Co) homologous 
series are isostructural to Eu2Ni2-xSn5 (“Eu4Ni3Sn10”) [37] and contain 
CeNiSi2 [3], ThSi2 [4], AuCu3 [5], and BaNiSn3 [2] -type subunits, as 
shown in Fig. 4. The flux-growth and structure of the Co analog 
Pr4Co3Ge10 was previously reported in the space group Cmcm with lat
tice parameters of a = 4.3091 (12) Å, b = 35.750 (9) Å, c = 4.2807 (11) 
Å, and V = 659.4 (3) Å3 [23]. Pr4Fe3Ge10 also crystallizes in the 
orthorhombic Cmcm space group with lattice parameters of a = 4.3207 
(10) Å, b = 35.523 (8) Å, c = 4.2982 (15) Å, and V = 659.7 (3) Å3 as 
summarized in Table 1. The structure consists of two Pr, two Fe, and six 
tetrel sites with the special position 4c (m2m) (Table S1). The Pr2 local 
environment can be represented by either the ThSi2 or CeNiSi2 structure 
types (Fig. 4b), containing ten germanium atoms and four iron atoms. 
Pr2 is in contact with 6 other Pr2 atoms with distances of 3.9949 (10) Å x 
2, 4.2982 (15) Å x 2 and 4.3207 (10) Å x 2 (Table 2). 

The Pr1 local environment is a disordered polyhedron related to the 
BaNiSn3 and AuCu3 structure types; comprised of twelve germanium, six 
iron, and four tin atoms. Pr1 is in contact with four other Pr1 atoms with 
distances of 4.2982 (15) Å x 2 and 4.3207 (10) Å x 2 (Table 2). Without 
the consideration of the AuCu3 subunit represented by the Sn5B site in 
the anisotropic model, a residual electron density of 7.98 e- Å-3 and a 
hole of -9.59 e- Å-3 were observed less than 1 Å from a prolated Ge5A 
site. As a result, the Sn5B site (Fig. 4c) was added to the model based on 
the interatomic distances of neighboring Ge2 atoms (3.2767 (29) Å x2) 
and the suggestion of Sn incorporation from EDS. This change was 
successful in reducing the prolation of the Ge5A site. With the Fe1A and 
Ge5A occupancies constrained to be equal and the sum of the Ge5A and 
Sn5B sites constrained to be 100%, elevated residual electron densities 
of 4.74 e- Å-3 (0.11 Å from Ge5A) and -10.12 e- Å-3 (0.27 Å from Fe1A) 
were observed. Therefore, the Fe1A site occupancy was allowed to refine 
freely from the Ge5A site, as done with previously published n = 3 an
alogues [22,37]. After considering partial Fe1A occupancies, the Fig. 3. A representative crystal of Pr4Fe3Ge10 used for EDS is shown.  
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residual electron densities further reduced to 2.6 e- Å-3 and -4.9 e- Å-3. 
Additionally, the Fe2 site occupancy was allowed to refine, but 
remained near unity and was constrained to full occupancy. In summary, 
two configurations are present in the disordered model of the Pr1 local 
environment: the Fe1A – Ge5A dimer, representing the occupancy of the 
BaNiSn3 subunit (~ 69%) (Fig. 4c) with Fe vacancies, and the Sn5B site, 
representing the occupancy of the AuCu3 subunit (~ 31%) (Fig. 4d). 

As summarized in Table 2, the Ge–Ge bond distances in Pr4Fe3Ge10 
are 2.6474 (14) Å (Ge1–Ge1) in the CeNiSi2 subunit and 2.8111 (19) Å 
(Ge4–Ge5A) in the BaNiSn3 subunit, which agree with the bond lengths 
present in PrFeGe2 (2.629 Å) and PrFeGe3 (2.776 Å) [38,39]. The Fe–Ge 
bond distances (2.259 (5) Å - 2.3613 (9) Å) are comparable to PrFeGe3 
and PrFeGe2 (2.269–2.395 Å) [38,39]. Additionally, Pr-Ge bond dis
tances (3.0916 (8) Å – 3.1680 (11) Å) are in agreement with previously 
reported interatomic distances found in PrGe3.36 [40] and Pr4Ge7 [41] 
(see Table S2). 

The composition of the parent structure, Eu2Ni2-xSn5, depends on the 
synthesis method: Eu2Ni1.49(1)Sn5 was grown from a self-flux and 
Eu2Ni1.35(1)Sn5 was arc-melted [37]. Eu2Ni2-xSn5 (x = 0.65 and 0.51), 

contains Sn5A and Sn5B sites which are analogous to the Ge5A and Sn5B 
sites in the model for Pr4Fe3Ge10 (see Table 1 and Figs. 4c and 4d) [37]. 
When comparing the flux-grown Eu2Ni1.49Sn5 and Pr4Fe3Ge10, the M1 
(M = Fe, Ni) site occupancies are equal at ~ 48%; however, the occu
pancies of the disordered tetrel sites differ from ~ 53% and ~ 47% for 
Sn5A and Sn5B in Eu2Ni1.49Sn5 to ~ 69% and ~ 31% for Ge5A and Sn5B 
in Pr4Fe3Ge10. In Pr4Co3Ge10, an additional orientation of the BaNiSn3 
subunit is present in the disordered Pr1 local environment with the 
Co1A–Ge5A dimer ~ 67% occupied, the Co1B–Ge5B dimer ~ 8% 
occupied, and the Sn1 site ~ 25% occupied [23]. The Co sites within the 
Co–Ge dimers are also partially occupied with Co1A ~ 58% occupied 
and Co1B ~ 5% occupied. 

3.2. Magnetic properties 

3.2.1. Pr4Fe3Ge10 
The temperature dependent magnetic susceptibility of Pr4Fe3Ge10 

(Fig. 5) was measured along the a-, b-, and c-directions, the results of 
which are summarized in Table 3, where θCW 

Fig. 4. The atoms, Pr, Fe, Ge, and Sn are shown as yellow, dark orange, green, and purple, respectively. The structure of Pr4Fe3Ge10 is viewed along the c-axis (a). 
The CeNiSi2 subunit contains Pr2 atomic sites as shown in (b) with the ThSi2 structure type highlighted in green. The disorder model for Pr4Fe3Ge10 is shown for the 
Pr1 local environment and can be broken down into two partially occupied structure types: BaNiSn3 (c) and AuCu3 (d), with the percent occupancy specified. 
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is the Weiss constant, TN is the Néel temperature, and µeff is the 
effective magnetic moment. Fitting the inverse susceptibility (Fig. S3) 
above 50 K yielded θCW = -30.0 K and -31.3 K along the a- and b-di
rections, respectively (Table 3), indicating antiferromagnetic in
teractions. However, along the c-direction, a positive Weiss constant of 
22.0 K is observed, which indicates ferromagnetic interactions. Along 
the a- and b-directions, bifurcation of the ZFC and FC is observed in the 
magnetic susceptibility (Fig. 5, inset). Pr4Fe3Ge10 exhibits an effective 
magnetic moment of 3.91, 3.48, and 3.69 µB/Pr for the a-, b-, and c-di
rections, respectively. These values along a- and c-directions are higher 
than anticipated for the spin-only magnetic moment of Pr3+ (3.58 µB) 
and suggests that Fe contributes to the magnetism. 

Fig. 6 shows the field dependent magnetization along all three 
crystallographic directions at T = 1.8 K, 5 K, 10 K, and 15 K. The 
magnetization in the c-direction is strongly anisotropic, in contrast to 

the magnetization in the a- and b-directions. There is a slight hysteresis 
present (Fig. S4) with a small asymmetric kink in the hysteresis for the a- 
and b-directions. At 7 T and 1.8 K, the saturation magnetic moment is 
µsat = 2.89 µB/mol F.U. (formula unit) along the a-direction, µsat = 3.74 
µB/mol F.U. along the b-direction, and µsat = 8.4 µB/mol F.U. along the c- 
direction. 

The magnetic properties of the BaNiSn3 and AuCu3 subunits may be 
compared to the magnetic properties of Pr4Fe3Ge10. PrFeGe3, (BaNiSn3 
structure type) shows similar magnetic properties to Pr4Fe3Ge10 along 
the a- and b- directions with a Weiss constant of - 1.6 K that suggests 
weak antiferromagnetic interactions, similar to the negative Weiss 
constants for H // a and H // b, as well as a lower than expected effective 
moment of 3.47 µB/Pr, similar to H // b (3.48 µB/Pr) [42]. However, 
Pr4Fe3Ge10 only has a negative Weiss constant along the a- and b-di
rections. The only similarity observed for PrSn3 (AuCu3 structure type) is 
antiferromagnetic order along the < 100 > and < 110 > directions (TN 
= 8.2 K); while unlike Pr4Fe3Ge10, a lower effective magnetic moment 
than expected is observed [43]. The Pr2 local environment may be 
analyzed in terms of the ThSi2 and CeNiSi2 structure types. The poly
crystalline PrGe2-x compound (ThSi2 structure type) exhibits a slight 
hysteresis curve from - 0.10 to 0.10 T at 2 K, a lower than expected 
effective magnetic moment, and a ferromagnetic ordering temperature 
at 14.6 K [44]. In contrast, the slight hysteresis seen for Pr4Fe3Ge10, is 
present from -0.7 to 0.7 T for the a-direction, - 0.5 to 0.5 T for the 
b-direction, and - 0.05 to 0.05 T for the c-direction. The structure of 
PrFe1-xGe2 (x = 0.32) [38] (CeNiSi2 structure type) has been reported; 
however, its magnetism is yet to be described. Overall, the magnetic 
behavior observed for the subunits in this phase space are not identical 
to the properties present in the stacked heterostructure. Therefore, the 

Table 1 
Crystallographic data, data collection, and refinement parameters.  

Empirical formula Pr4Fe2.97 (1)Ge9.37 (4)Sn0.63 (4) 

Space group Cmcm (no. 63) 
Lattice parameters   

a (Å) 
b (Å) 
c (Å) 

4.3207(10) 
35.523(8) 
4.2982(15) 

Volume [Å3] 659.7(3) 
Z 2 
Density [g/cm3] 7.472 
Absorption coefficient [mm− 1] 39.70 
F(000) 1289 
Crystal size [mm3] 0.01 × 0.01 × 0.02 
θ range [◦] 2.3–30.5 
Index range   

h 
k 
l 

-6 → 6 
-50 → 50 
-6 → 6 

Number of reflections 11,813 
Unique reflections 637 
Parameters/restraints 39/1 
Rint 0.065 
Δρmax/min (e- Å− 3) 2.63/− 4.93 
GoF 1.14 
R [F2 > 2σ(F2)] 0.032 
wR2 (F2) 0.083 

R =
∑

||Fo | − |Fc | |/
∑

|Fo | and wR2 =

{
∑

w
[
(Fo)

2
− (Fc)

2
]2

/
∑

w
[
(Fo)

2
]2

}1/2  

Table 2 
Select interatomic distances (Å) in Pr4M3Ge10 (M = Fe, Co).   

Pr4Fe3Ge10 Pr4Co3Ge10 [23] 

BaNiSn3 subunit     
Pr1-Pr1 (x2)  4.2982 (15)  4.3091 (12) 
Pr1-Pr1 (x2)  4.3207 (10)  4.2807 (11) 
M1A-M1A (x4)  3.392 (3)  3.566 (3) 
Co1B-Co2 (x4)  -  3.554 (15) 
M1A-Ge2 (x2)  2.2862 (14)  2.3336 (17) 
M1A-Ge5A (x1)  2.259 (4)  2.248 (5) 
Co1B-Ge5B (x1)  -  2.231 (36) 
Ge3-Ge5A (x2)  2.8004 (19)  2.715 (2) 
Ge4-Ge5A (x2)  2.8111 (19)  2.729 (2) 
Ge2-Sn5B (x2)  3.2767 (29)  3.2862 (45) 
CeNiSi2 subunit     
Pr2-Pr2 (x2)  3.9949 (10)  4.0011 (9) 
Pr2-Pr2 (x2)  4.2982 (15)  4.2807 (11) 
Pr2-Pr2 (x2)  4.3207 (10)  4.3091 (12) 
M2-M2 (x4)  4.2982 (15)  4.2807 (12) 
M2-Ge1 (x1)  2.3558 (19)  2.351 (2) 
M2-Ge3 (x2)  2.3613 (9)  2.3652 (11) 
M2-Ge4 (x2)  2.3496 (10)  2.3509 (11) 
Ge1-Ge1 (x2)  2.6474 (14)  2.6222 (17)  

Fig. 5. The magnetic susceptibility (measured at 0.1 T) as a function of tem
perature is shown for Pr4Fe3Ge10. Along the a (red circles), b (black circles), and 
c (blue circles) crystallographic direction. The inset contains a zoomed region to 
highlight the transition temperature at 10 K and the bifurcation along the a- 
and b-direction. 

Table 3 
Magnetic properties of Pr4Fe3Ge10 compared to Pr4Co3Ge10 at H = 0.1 T.   

Applied field direction µeff (µB/Pr) θCW (K) TN (K) 

Pr4Fe3Ge10 H // a  3.91  − 30.0 10  
H // b  3.48  − 31.3 10  
H // c  3.69  22.0 10 

Pr4Co3Ge10 H // a  3.76  − 31.6 -  
H // b  4.04  − 42.6 16  
H // c  3.83  − 34.1 -  
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stacking interactions of the subunits or separation of subunits is 
important to the tuning of properties for a desired application. 

3.2.2. Pr4Co3Ge10 
As shown in Fig. 7a, the magnetic susceptibility of Pr4Co3Ge10 ex

hibits a bifurcation between the ZFC and FC measurements at T ~ 7 K 
with field applied perpendicular to the c-direction. In the ZFC, two 
features are visible at T1 = 6.7 K and T2 = 2.9 K. These features are 
likely not magnetic transitions as they are only present in the ZFC and 
not in the FC magnetic susceptibility. The a- and b-directions exhibit 
similar behavior, but there is no bifurcation of the ZFC and FC. The 
bifurcation is reminiscent of the polycrystalline magnetic susceptibility 
in Eu2Ni1.50Sn5 below approximately T = 5 K [37]. Susceptibility mea
surements parallel to the b-direction reveal an antiferromagnetic tran
sition at T = 16 K, but another spin reorientation may appear below 
1.8 K. The inverse magnetic susceptibility (Fig. S5) shows Curie-Weiss 
behavior with θCW = -31.6 K and µeff = 3.76 µB/Pr, θCW = - 42.6 K and 
µeff = 4.04 µB/Pr, and θCW = -34.1 K and µeff = 3.83 µB/Pr along the a-, 
b-, and c-directions, respectively. The negative Weiss constants indicate 
dominantly antiferromagnetic interactions along all three directions, 
with elevated effective magnetic moments (µcalc = 3.58 µB/Pr3+) sug
gesting magnetic contribution from the Co sublattice. Notably, the Co 
contribution to the magnetic moment is not observed in the Ce ana
logues of this homologous series [7,9,10], but is observed in Pr3Co2Ge7 
suggesting that the 3d-4f interactions are markedly different for Pr [22]. 

Fig. 7b shows the field dependent magnetization measured at 1.8 K. 
Up to applied fields of 7 T, the magnetization does not approach the 
expected magnetic saturation for Pr3+ of µsat = 12.8 µB/F.U. instead 
reaching significantly lower values µsat = 2.28 µB/F.U., 3.16 µB/F.U., 
and 2.36 µB/F.U., along the a-, b-, and c-directions, respectively. These 
properties are similar to the partially Sn substituted analog of Pr3Co2Ge7 
which attains a magnetization of µsat ≈ 1.95 µB/F.U. We note that, un
like Pr3Co2Ge7, Pr4Co3Ge10 exhibits no evidence of metamagnetic 
transitions below 7 T. The reduced saturation magnetic moment re
sembles the behavior of polycrystalline Eu2Ni1.50Sn5 which also had a 
saturation moment nearly half that expected for Eu2+ [37]. As reflected 
in the magnetic susceptibility measurements, the magnetization of 
Pr4Co3Ge10 along the a- and c-directions are most similar, with a weak 
curvature and small hysteresis up to an applied field of H = 0.5 T like 
that observed in PrGe2-x [44] and Pr4Fe3Ge10 (Fig. S6). This is contrasted 
by the uniform hysteresis present up to H = 7.0 T along the b-direction. 
It should be noted that Pr2Co3Ge5 is often present as a coproduct with 
Pr4Co3Ge10, as is discussed elsewhere [23]. The powder diffraction 
pattern obtained for the measured Pr4Co3Ge10 sample shows no pres
ence of Pr2Co3Ge5 and the magnetic behavior of Pr4Co3Ge10 is distinctly 
different. Both polymorphs of Pr2Co3Ge5 show broad magnetic ordering 
at T = 30-36 K and T = 5 - 10 K with no bifurcation of the ZFC and FC 
measurements [45,46]. The effective magnetic moments obtained for 
Pr2Co3Ge5 when normalized to Pr also show elevated values in a range 
of µeff = 3.77 - 4.07 µB/Pr depending on the measured direction, similar 
to what is observed for Pr4Co3Ge10. 

Like the Cen+1ConGe3n+1 family of compounds [7], the magnetic 
behavior of Pr4Co3Ge10 contrasts that of its structural building blocks. 
As previously mentioned, PrCoGe3 (BaNiSn3 structure type) was re
ported to be paramagnetic down to 1.8 K with no indication of Co 
contribution to the paramagnetic effective moment [47]. Interestingly, 
the magnetic properties of PrCoGe3 are more anisotropic than 
Pr4Co3Ge10 where the magnetic response with field applied along the 
long axis of the unit cell is nearly ten times greater than along the 
ab-plane [47]. In contrast, Pr4Co3Ge10 behaves significantly less aniso
tropic, albeit with a characteristic hysteresis present along the long axis 
that is absent in the ac-plane. PrCo0.85Ge2 (CeNiSi2 structure type) 
adopts a collinear antiferromagnetic order with Pr moments aligned 
anti-parallel to the c-axis at 5 K, corresponding approximately to the 
ordering temperature observed in the ZFC magnetic susceptibility along 
the c-direction of Pr4Co3Ge10 [48]. However, the saturation magnetic 

Fig. 6. Magnetization as a function of magnetic field is shown for Pr4Fe3Ge10 
(a) along the a-direction (H||a), (b) (H||b), and (c) (H||c). Temperature is held 
constant at 1.8 K (green circles), 5 K (blue circles), 10 K (red circles), and 15 K 
(black circles). 
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moment (µsat = 1.5 µB/Pr), while still far reduced from the expected 
magnetic saturation of Pr, is double that of Pr4Co3Ge10 [48]. The 
effective magnetic moments of both PrCoGe3 (3.60 µB/Pr parallel to a- 
and 3.50 µB/Pr parallel to c-directions) and PrCo0.85Ge2 (3.63 µB/Pr) 
suggests that there is little to no Co contribution to the magnetism. The 
reported Weiss constants for PrCoGe3 (θCW = 6.6 K parallel to a- and θCW 
= -18 K parallel to c-crystallographic directions) and PrCo0.85Ge2 (θCW =

-15 K, polycrystalline) are about half the magnitude of that observed in 
Pr4Co3Ge10 [47,48]. Thus, the magnetic properties in this intergrowth 
structure are a coherent interaction of the subunits distinctly different 
than the sum of its building blocks, further suggesting that the sequence 
of the stacking subunits plays a significant role in the properties of the 
homologous series members. 

3.3. Mössbauer spectroscopy 

The zero-field RT spectrum obtained for a neat powder sample of 
Pr4Fe3Ge10 exhibits an asymmetric doublet (Fig. 8). This spectrum may 
be fit considering a quadrupole doublet characterized by an isomer shift 
δ = 0.38 mm/s, quadrupole splitting ΔEQ = 0.38 mm/s and dissimilar 
linewidths ΓL/R = 0.29/0.35 mm/s, (Fig. S7 and Table 4). However, the 
presence of two crystallographically distinct iron sites suggests that the 
observed spectrum originates from the contribution of two distinct 
spectral components. Therefore, the theoretical RT spectrum was ob
tained by considering two symmetric quadrupole doublets with a 1:2 
relative ratio as inferred from the Fe1A:Fe2 site occupancies. While the 
dominant spectral component of Fe2 is characterized by parameters 
which are similar to those obtained considering a single site, the pa
rameters of the minor Fe1A component derived when using two sites are 
quite different, with the ΔEQ of Fe1A being 50% larger than that of Fe2 
(see Table 4). A larger quadrupole splitting is often indicative of a lower 
iron site symmetry. However, in this case, the two iron sites occupy the 
same Wyckoff positions and thus the same site symmetry. Therefore, it is 
likely that the dissimilar ΔEQ values of Fe2 and Fe1A are traced to dif
ferences in the populations (or site occupancy) of iron’s 3d orbitals in the 
average structure. Additionally, the larger isomer shift of the minor 
component suggests that the Fe1A sites have a lower electron density at 
the 57Fe nucleus [49]. Inspection of the spectrum recorded at 4.2 K 
(bottom of Fig. 8) for Pr4Fe3Ge10 reveals that at this temperature the 
observed resonances are much broader than at RT (top of Fig. 8). This 
behavior suggests that this spectrum exhibits an unresolved magnetic 
hyperfine splitting which likely originates from the onset of magnetic 
ordering. Using the isomer shift values and the 1:2 relative ratio inferred 
from single crystal X-ray diffraction data, we estimated that while the 

Fig. 7. (a) The magnetic susceptibility (at 0.1 T) as a function of temperature is shown for Pr4Co3Ge10. (b) Magnetization as a function of magnetic field at 1.8 K is 
shown for Pr4Co3Ge10. H//a, H//b, and H//c are shown as red, black, and blue, respectively. 

Fig. 8. Zero-field 57Fe Mӧssbauer spectra recorded at RT (top) and 4.2 K (bot
tom) for Pr4Fe3Ge10. The theoretical spectra were obtained using the parameters 
listed in Table 3. 
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spontaneous magnetic field acting on the Fe2 sites is Bint ~ 2.65 T, that 
acting on the Fe1A sites associated with the minor component is 
somewhat smaller Bint ~ 2.06 T. For these simulations we have set the 
electric field gradient tensor component (ε) along the internal field to 
zero. 

3.4. Discussion 

Pr4Fe3Ge10 and Pr4Co3Ge10 both show transition metal contributions 
to the magnetic properties of 2.00 µB/mol Fe and 2.17 µB/mol Co, 
respectively. Additionally, both materials exhibit magnetic anisotropy 
likely stemming from their highly anisotropic crystal structures; how
ever, their magnetism differs significantly. Pr4Fe3Ge10 exhibits strong 
magnetic ordering along the c-direction compared to the a- and b-di
rections, whereas the magnetic ordering in Pr4Co3Ge10 is significantly 
weaker, with the b-direction differing from the a- and c-directions. The 

Curie-Weiss constants of Pr4Fe3Ge10 indicate that the a- and b-directions 
are both antiferromagnetic while the c-direction is dominantly ferro
magnetic, unlike the Co analog which is antiferromagnetic along all 
directions (Table 3). Notably, the Pr-Pr interatomic distances of 
Pr4Fe3Ge10 and Pr4Co3Ge10 (Table 2) are similar (less than 0.05 Å dif
ference between equivalent distances), suggesting that Pr alone is not 
responsible for the differences observed in the magnetism. The behavior 
of the Fe and Co analogues may be linked to three trends in the disor
dered subunit of the homologous series: (1) the transition metal occu
pancy of the BaNiSn3 subunit, (2) the number of orientations of the 
BaNiSn3 subunit within each disordered Pr1 local environment, and (3) 
the local environment of the transition metal. 

In the germanium analogues of the CeNiSi2 structure type, an in
crease in transition metal occupancy occurs with increasing transition 
metal group number [38]. Our results agree with this trend: the con
centration of transition metal increases from Pr4Fe2.97(1)Ge9.37(4)Sn0.63 

(4) to Pr4Co3.25(3)Ge9.50(1)Sn0.469(4) [23]. However, the transition metal 
vacancy does not occur in the CeNiSi2 subunit but in the M-Ge dimer of 
the BaNiSn3 subunit. The difference in transition metal vacancies for 
Pr4Fe3Ge10 (~ 21%) compared to Pr4Co3Ge10 (~ 12% summed between 
the Co1A and Co1B sites) may affect the transition metal contribution to 
the magnetic properties. Vacancy dependent magnetism has been re
ported in compounds isostructural to CeNiSi2. For example, decreasing 
Ni occupancy in TbNixGe2 results in a decrease of the Néel temperature 
where concentrations of x = 1, 0.6, and 0.4 result in transition tem
peratures of 37 K, 31 K, and 16 K, respectively [50–52]. Additionally, in 
CeMxGe2 (M = Fe, Co, Ni, Cu; x = 1 – 0.53), the transition metal oc
cupancy was correlated with changes in broad features of the electrical 

Table 4 
Zero-field 57Fe Mӧssbauer parameters derived from the analysis of the RT 
spectrum recorded for Pr4Fe3Ge10.  

Model Site 
δ 
[mm/s] 

ΔEQ 

[mm/s] 
ΓL/R 

[mm/s] 
Bint

a 

[T] 
Area 
[%] 

1 site Red  0.38  0.38 0.29/0.35 n.a.  100 

2 sites Red (Fe2)  0.37  0.32 0.28 2.65  66 
Blue (Fe1A)  0.45  0.48 0.28 2.06  33  

a Internal magnetic field used to simulate the spectrum recorded at 4.2 K. In 
this case the electric field gradient tensor component along the internal field was 
set to zero. 

Fig. 9. (a) The disorder of the BaNiSn3 subunit in Pr4Co3Ge10 is shown with the typical orientation marked as Co1A-Ge5A and the inverted orientation as Co1B- 
Ge5B. The (b) Fe1A, (c) Fe2, (d) Co1A, (e) Co1B, and (f) Co2 sites are compared for Pr4Fe3Ge10 and Pr4Co3Ge10. The transition metal-Ge distances and distance 
from the basal Ge plane (highlighted in orange) are given. 
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resistivity linked to Kondo-lattice behavior [25]. 
Pr4Fe3Ge10 and Pr4Co3Ge10 are similar structurally, but differ in their 

disorder. The disordered subunit of Pr4Fe3Ge10 consists of either the 
AuCu3 building block or one orientation of the BaNiSn3 building block, 
whereas in Pr4Co3Ge10, the BaNiSn3 block can exist in two orientations 
[23]. The second BaNiSn3 configuration in Pr4Co3Ge10 is inverted from 
the one found in Pr4Fe3Ge10 and is present only 5% (Fig. 9a). Still, the 
additional disorder may impact the differences in properties observed 
between the two analogues. Also, the Fe1A site present in the BaNiSn3 
subunits is different compared to the Fe2 site or the Co1A and Co2 sites. 
As shown in Figs. 9b and 9c, the Fe1A-Ge2 bond distance (2.2735 (15) 
Å) is significantly contracted compared to the Fe2-Ge3/4 bond distances 
(2.3496 (10) - 2.3613 (9) Å, Fig. 9c) and Fe2-Ge1 bond distance (2.3558 
(19) Å) indicating stronger Fe1A-Ge bonding interactions compared to 
Fe2-Ge. The Mӧssbauer spectroscopy also indicates electronic differ
ences between the two Fe sites based on the enhanced quadrupole 
splitting of the Fe1A site compared to the Fe2 site, despite their equiv
alent site symmetry (m2m). In contrast, the Co-Ge bonds in Pr4Co3Ge10 
are more similar. Here, the Co1A-Ge5A and Co1B-Ge5B distances are 
contracted relative to the Co2-Ge1 distance whereas the 
Co1A/Co1B-Ge2 distances are similar to the Co2-Ge3/Ge4 distances (see 
Fig. 9d-f). Both 5-coordinate Fe1A and Fe2 local environments may be 
described as a “basally distorted square pyramid” [53]. Due to the 
contracted Fe1A-Ge2 distances, the Fe1A is nearer to the plane of the 
basal Ge2 atoms than Fe2 with the basal plane of the Ge3/4 atoms; 
however, Co1A/Co1B and Co2 have similar distances to the basal Ge 
plane. The structural differences of the Fe local environment compared 
to Co may contribute to the dissimilar magnetic properties. While 
neutron scattering experiments would be necessary to fully elucidate the 
role of Fe ordering in the magnetism of Pr4Fe3Ge10 compared to the role 
of Co in Pr4Co3Ge10, the difference in magnetism is likely not due to 
Pr-Pr interactions alone. 

4. Conclusion 

Crystals of the homologous series Prn+1MnGe3n+1 (M = transition 
metal), Pr4Fe3Ge10 and Pr4Co3Ge10, were grown using Sn flux. We 
characterized the disordered structure of Pr4Fe3Ge10 with single crystal 
X-ray diffraction and compared the properties of the Fe and Co ana
logues of the homologous series. Additionally, we have shown that 
Pr4Fe3Ge10 and Pr4Co3Ge10 exhibit major differences in their magnetic 
properties including anisotropy, magnetic response, and the type of 
magnetic ordering. Further measurements, such as field dependent 
Mӧssbauer spectroscopy, neutron diffraction, or electron energy-loss 
spectroscopy may help elucidate the contribution of the lanthanide 
and transition metal sublattice to the magnetic properties. We illustrated 
the utility of using a homologous series as a platform to study collective 
phenomena in quantum materials with future work targeting the non- 
magnetic lanthanum analog to further our understanding of the role of 
the transition metal with respect to magnetism. 
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