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Abstract

The crystal structure, electron energy-loss spectroscopy (EELS), heat capacity, and anisotropic
magnetic and resistivity measurements are reported for Sn flux grown single crystals of
orthorhombic Pr,CosGes (U,Coj3Sis-type, Ibam). Our findings show that 0-Pr,Co3;Ges hosts
nearly trivalent Pr ions, as evidenced by EELS and fits to temperature dependent magnetic
susceptibility measurements. Complex magnetic ordering with a partially spin-polarized state
emerges near T, = 32 K, with a spin reconfiguration transition near Ty = 15 K. Heat capacity
measurements show that the phase transitions appear as broad peaks in the vicinity of T, and T'y.
The magnetic entropy further reveals that crystal electric field splitting lifts the Hund’s rule
degeneracy at low temperatures. Taken together, these measurements show that Pr,CosGes is an
environment for complex f state magnetism with potential strongly correlated electron states.

1. Introduction

The Ln,M;X5 (Ln = lanthanide or actinide; M = transition metal; X = Ga, Si, Ge, Sn) family of intermetallic
compounds is rich in complex magnetic and strongly correlated electron behavior. This includes charge
density waves in Sm,Ru;Ges and Nd,RusGes [1, 2], superconductivity in Y,Ir;Ges and LayIr;Ges [3-5],
Kondo lattice behavior in Ce,Rh3Ges, Ce,Ir;Ges, and Yb,Ir;Ges [6-8], competition between ferromagnetic
and antiferromagnetic ordering in Pr,Ni;Sis, Ho,Ni3Sis, and Tb,CosGes [9-12], intermediate/mixed
valance states in Ce,Co3Ges, Ce;ResSis, and Eu, Pt3Si5 [13-16], and pressure induced quantum critical
behavior in Ce,;Ni3;Ges [17, 18]. The ProM3;Ges (M = Co [19], Ni [20], Ru [19], Rh [19], Pd, Ir [3, 19], Pt)
compounds show many exotic phenomena such as charge density waves and polymorphism in Pr,RuzGes
[1], heavy electron behavior in Pr,Rh;Ges [21], and magnetoresistance of nearly ten-fold increase in
Pr,Pd;Ges [21], A superconducting transition has been observed in Pr,Pt;Ges at Tsc = 6.7 K, coexisting
with two antiferromagnetic transitions below T =5 K [5, 22, 23] and non-Fermi liquid behavior, suggesting
a field dependent quantum critical point [24].

The Pr,M;Ges compounds crystallize in one of three structure types: the ScyFe;Sis-type (P4/mnc) [25],
U,Co;Sis-type (Ibam) [26], and Lu,CosSis-type (C2/c or 12/c) [27]. The orthorhombic U,Coj;Sis-type and
monoclinic Lu,CosSis-type structures are the most closely related and can be considered to be distorted
coloring variants of the BaAl, structure type, manifesting as corrugated slabs of Ln-atoms layered between
distorted [T5Xs] tetrahedral slabs. The two structure types differ through a monoclinic distortion that results

© 2022 The Author(s). Published by IOP Publishing Ltd
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in the angle 3 shifting from 90° in the U,Co3Sis structure type to 90° + ¢ in the Lu, CosSis structure type. As
Ln becomes larger, the distortion angle § becomes smaller, approaching 90° and, therefore, the U,Co3Si;
structure type [19, 27]. For the Ln,Co3Ges system, La,Co3Ges and Ce,CosGes crystallize in the U,Co;Si;
structure type and Ln = Sm [19, 28], Gd—Er [12, 19, 29], and Y [19] crystallize in the Lu,Co;Si5 structure
type. Pr,CosGes and Nd,CosGes exist at the brink of the orthorhombic/monoclinic phase boundary and
have been reported to crystallize in both structure types. The polymorphs of Pr,CosGes in the U,Co3Sis

[13, 30] and Lu,CosSi5 [19, 28] structure types are denoted here as 0-Pr,Cos;Ges and m-Pr,CosGes,
respectively. The difference between 0-Pr,CosGes and m-Pr,CosGes is remarkably small, with 5 deviating
from 90° in 0-Pr,Co3Ges to approximately 90.4° in m-Pr,CosGes. However small, the structural difference is
reflected in the magnetic properties of these compounds.

Single crystals of m-Pr,Co3;Ges have been shown to exhibit complex magnetic behavior with two
antiferromagnetic-like transitions at 33 K and 6 K along with strong sensitivity to applied magnetic fields
below 0.5 T [28]. This is in contrast to polycrystalline samples of 0-Pr,Co3Ges, which were reported to be
paramagnetic at an applied field of 1 T [13]. While investigating the flux growth synthesis of m-Pr,CosGes,
we have synthesized single crystals of 0-Pr,CosGes for the first time and investigated its structure-property
relationships to better understand the source of the reported differences in the magnetic properties of these
two polymorphs. Here, we report the crystal structure, anisotropic magnetic ordering, thermodynamic
properties, and electrical transport behavior of 0-Pr,CosGes. Electron energy loss spectroscopy (EELS)
measurements clarify the Pr valence, where it is found to deviate slightly from the trivalent configuration.

2. Methods

Single crystals of 0-Pr,CosGes were prepared using the flux growth method with Sn as a metallic
non-reactive flux. The elements were combined in a ratio of 3 Pr:2 Co:7 Ge:50 Sn. The elements were each
transferred to an alumina Canfield crucible [31], then sealed in fused silica tubes under ~1/3 atm of Ar gas.
The ampoules were placed in a furnace at 573 K and heated to 1448 K at a rate of 300 K h~'. The samples
were dwelled at 1448 K for 6 h, and cooled to 1088 K at a rate of 3 K h~!. The reaction ampoule was removed
and immediately centrifuged to remove the excess Sn flux. Residual Sn on the crystal surfaces was removed
by etching the crystals in diluted HCL.

Single crystal x-ray diffraction data were obtained at room temperature from a fragment of 0-Pr,CosGes
approximately 0.02 x 0.06 x 0.06 mm? in size using a Bruker D8 Quest Kappa single crystal x-ray
diffractometer, equipped with an 1S microfocus source (Mo K,, A = 0.71073 A), HELIOS optics
monochromator and PHOTON II CPAD detector. The Bruker SAINT program was used to integrate the
diffraction data, and the intensities were corrected for absorption via a multi-scan method implemented in
SADABS 2016/2 [32]. Preliminary starting models were generated using the intrinsic phasing methods in
SHELXT [33] and subsequently anisotropically refined (full-matrix least-square on F?) using SHELXL [34].
Here, 0-Pr,CosGes was confirmed to crystallize in the U,CosSis structure type (Ibam) with lattice
parameters a = 9.8199(17) A, b = 11.9189(9) A, and ¢ = 5.8592(7) A. To verify that Ibam was the
appropriate space group setting, the diffraction data was reprocessed in the monoclinic cell and a refinement
was performed in the Lu, Co3Sis structure type (12/c). In I2/c, the Ge2 atomic site (8 g in space group Ibam)
will split into the two atomic sites labeled Ge2 and Ge4 (both 4e in space group I12/c). However, when refined
in the monoclinic space group, the two Ge sites converge to one unique site which demonstrates that it is
more appropriate to adopt the higher symmetry orthorhombic space group. A comparison of the atomic
positions for 0-Pr,CosGes and modeled in I2/c and m-Pr,CosGes from [28] can be found in table S3.
Additionally, the angle 3 was determined to be 90.000 (12)°. For these reasons, the orthorhombic cell was
retained. Details of the structure refinement for 0-Pr,CozGes can be found in tables S1, S2, and S4.

High resolution powder x-ray diffraction data (A = 0.458 164 A) were collected in the 26 range from 0.5°
to 50° on a ground single crystal at the 11-BM beamline at the Advanced Photon Source of Argonne
National Laboratory. TOPAS was used to perform a Rietveld refinement, identifying 0-Pr,CosGes as the
dominant phase (a = 9.818 94(4) A, b = 11.917 50(3) A, and ¢ = 5.858 05(2) A) with PrCoGe; as an
impurity phase of less than two percent (figure S1). Residual Sn from flux growth and Al,O5 from sample
preparation were also identified.

A single crystal of 0-Pr,Cos;Ges was analyzed via energy-dispersive x-ray spectroscopy (EDS) at 20 keV
acceleration voltage in a JEOL-IT100 InTouchScope scanning electron microscope equipped with a built in
EDS detector in the secondary electron detector mode. The sample was analyzed in three different spots and
averaged to a final composition of Pr; g6(9)C02.92(14)Ge5.03(6)-

Magnetic properties measurements were performed on an oriented single crystal using a quantum design
vibtrating sample magnetometer magnetic property measurement system. The magnetization measurements
were performed at a constant temperature T' = 1.8 K under applied magnetic fields (H), from —7 Tto 7 T.
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For the zero field-cooled and field-cooled magnetic susceptibility measurements, the sample was cooled
down to 1.8 K with no applied field before heating to 300 K and cooling back down to 1.8 K with an applied
field of H = 0.2 T. In both cases, single crystals were mounted such that the magnetic fields were parallel to 4,
b, and ¢ axes. Heat capacity (C) was measured from 1.8 K to 250 K and electrical resistivity (p) from 1.8 K to
300 K using a Quantum Design physical property measurement system. For the electrical resistivity
measurements, single crystals were cut into rectangular bars with a general dimension of 0.5 mm by 0.7 mm
by 2.0 mm. All surfaces were polished to reduce surface scattering. The measurements were performed in two
different orientations, with the electrical current parallel to the b and ¢ axes.

Electron diffraction patterns were collected in a FEI TitanX operated at 200 kV using a camera-length of
300 mm and a 40 um select-area aperture. Diffraction patterns were indexed using SingleCrystal [35] based
on the distances and angles between Bragg peaks for an orthorhombic Ibam unit cell with lattice parameters
obtained through single crystal x-ray diffraction. Zone axes were determined based on best fit and
minimized sum or the squared errors in distances. The diffraction pattern shown in figure 1(b) confirms that
the crystal is orthorhombic and single phase.

EELS was used to determine the electron valency of the Pr atoms. Electron-transparent cross-sections
were removed from a bulk Pr,Co;Ges crystal in a dual-beam Thermo Fischer Scios 2 SEM-FIB. EELS
experiments were carried out in the TEAM I aberration-corrected transmission electron microscope
equipped with a GIF Continuum operated at an acceleration voltage of 300 kV in the scanning transmission
electron microscopy (STEM) configuration. Wien filter monochromation and an energy dispersion of
90 meV channel ™! produced an energy resolution of 0.27 eV, increasing the visibility of the fine features in
the core-loss spectra. The third condenser lens current was set such that the convergence angle was 20.5 mrad
and the probe current was 0.085 nA. Spectral were collected with a K2-IS single electron detector. Dual EELS
enabled simultaneous collected of the zero-loss peak (ZLP) in the low energy-loss region and the Pr My 5
core-loss edges. EELS maps were acquired from a 120 nm X 120 nm region of the sample with a 1 nm step
size. All core-loss spectra from the region were summed to increase the signal-to-noise. Using the Gatan
DigitalMicrograph package, the core-loss spectra were deconvolved using the ZLP to remove the effects of
plural scattering and a power law background subtraction was applied.

3. Results and discussion

3.1. Structure

The structure of 0-Pr,CosGes, shown in figure 1(a), consists of one Pr (8;), two Co (8j, 4a), and three Ge (87,
8g, 4b) crystallographic sites. The anisotropic features of this structure are highlighted in figure 2. Unlike the
other BaAl, derivatives, PrCoGes (I14mm) and PrCo,Ge, (I4/mmm), the connectivity of the distorted
[Co,Ges] tetrahedral slab differs along all crystallographic directions. Along b, three configurations of
tetrahedron are connected in an A—-B—C-B-A pattern, where A is [CoGe,], B is [Ge(Ge,Co;,)], and C is
[GeCoy]. Along ¢, the configuration of the tetrahedron does not vary, manifesting as continuous rows of Co
or Ge atoms. Lastly, a is the stacking direction of the [Co,Ges] slabs, which are connected by a Co2-Ge3
dimer (2.3493(8) A), separating the corrugated layers of Pr atoms across distances between 5.474(7) A and
5.964(8) A in length. The crystalline anisotropy of 0-Pr,Co;Ges manifest in the magnetic and transport
properties.

3.2. Physical properties

Anisotropic temperature dependent magnetic susceptibility x(T') data for magnetic fields H = 0.2 T applied
along the g, b, and ¢ axes are shown in figure 3(a). Curie—Weiss behavior following the expression

X(T) = C/T — fcw is seen for 150 K < T < 300 K and fits to x ~!(T) are shown in figure 3(b). Results from
these fits are summarized in table 1, where the effective magnetic moments along g, b, and c are

et = 4.01 pp Pr™1,3.77 ug Pr—1, and 4.07 up Pr—!, respectively. These values are larger than the expected
value for trivalent Pr (p = 3.58 up (Pr>T) 1), indicating that the Co d-electrons contribute to the magnetic
moment along all axes. Similar behavior is seen for other Ln, Co3;Ges compounds like Nd,CosGes

(Lu, CosSis-type) and Sm,CosGes (Lu,CosSis-type) [28], but is absent for others such as m-Pr,CosGes
(fegr = 3.52 pp Pr=1) [28] and Tb,Co3Ges (Lu,Co3Sis-type) [12]. Anisotropy is also seen in the
paramagnetic state, where the Curie—Weiss temperatures fcw = —21.4 K, —12.5 K, and 9.0 K for H along 4,
b, and ¢, respectively. This shows that while there is an antiferromagnetic exchange interaction along the a
and b directions, there are complex ferromagnetic interactions along the ¢ direction. At temperatures below
the fit range, we observe gradual deviations from the Curie—Weiss behavior that may relate to crystal electric
field splitting of the Hund’s rule multiplet. Finally, complex magnetic ordering is observed at lower
temperatures, where x(T) increases abruptly near T, = 32 K by different amounts for H along 4, b, and c.
This is seen clearly in the temperature derivative of the susceptibility 9x/JT as a sharp peak, shown in the

3
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Figure 1. (a) Crystal structure of 0-Pr,Co3Ges (Ibam), where Pr, Co, and Ge atoms are shown in yellow, blue, and green,
respectively. (b) Select-area electron diffraction of a 0-Pr,CosGes single crystal along [012].

(a)
A: [GeCo,)
L ]

Gel

B: [Ge(Ge,Co,)]
.

Y ¥96°S - vLb'S

Figure 2. Highlighted crystallographic features of 0-Pr,CosGes, where Pr, Co, and Ge atoms are yellow, blue, and green,
respectively. A single tetrahedral slab viewed along a is shown in (a) to illustrate the differences in structure along b and c. The
yellow arrow along ¢ indicates the A-B—C—B—A arrangement of tetrahedra. The layering of the tetrahedral slabs viewed along ¢ in
(b) with Pr contacts and Co2-Ge3 dimers shown with dashed grey lines.

inset of figure 3(a). A second anisotropic sub-phase is seen at Ty = 15 K, which increases x for H along ¢
and decreases  for H along a. It also produces a weak low temperature upturn in x for H along c at lower
temperatures. This reveals that the ground state magnetic configuration is complex, where further
measurements will be needed to identify the detailed order parameter. A second possibility is that that the
low temperature features stem from magnetic impurities; however, no evidence of this was observed in single
crystal x-ray diffraction. Our results are contrasted with an earlier study of polycrystalline 0-Pr,CosGes,
which exhibits paramagnetic behavior where fits to the data yield pf = 3.76 g Pr—!, Ocw = 5.48 K, and
little evidence for magnetic ordering [13].

Further insights about the magnetically ordered state are obtained from anisotropic field dependent
magnetization measurements M (H) for H < 7 T shown in figure 3(c). For fields along the ¢ axis, M(H)
increases abruptly to M = 0.9 ug EU.™! near zero field with a small hysteresis loop, and then gradually
saturates towards a value near 4 pp FEU. 7! This shows that there is a spontaneous magnetization within the
ordered state that is consistent with there being a partial spin-polarization along the ¢ direction. We also
compare the extrapolated saturation moment with the Hund’s rule value M, = 3.2 up (Pr>*) 1. This shows
that the extrapolated saturation moment per Pr (M, = 1.83 ug Pr™!) is reduced from the Hund’s rule value,
consistent with there being crystal electric field splitting that reduces the ground state moment. In contrast,
the increase in M(H) is more gradual along a and b and we note (a) that these curves are not perfectly linear
and (b ) are suppressed from the values for H along c. This leads us to anticipate that the application of larger
magnetic fields in these directions would drive metamagnetic phase transitions. Similar magnetization was
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Figure 3. (a) Anisotropic temperature-dependent magnetic susceptibility x (T) of 0-Pr,Co3Ges measured under an applied
magnetic field of H = 0.2 T. The inset in (a) is the derivative of the magnetic susceptibility with respects to temperature, where
the dashed red line indicates the first magnetic transition temperature Tsp. (b) Inverse of the magnetic susceptibility vs
temperature, where the dashed lines represent the Curie—Weiss fit. (c) Anisotropic magnetization M vs applied magnetic field H
measured at T = 1.8 K.

Table 1. Summarized magnetic data for 0-Pr,Co3Ges.

fhest (s Pr—") Ocw (K) T (K) Twm (K)
H/la 4.01 —21.36 ~32 —
H/lb 3.77 —12.50 ~32 <5
H/lc 4.07 9.04 ~32 <15

reported in Pr,NizSis (U,CosSis-type) [10, 36] and Pr,NizGes (U,CosSis-type) [20]. Neutron diffraction is
needed to understand the nature of the anisotropic magnetic behavior of 0-Pr,CosGes.

Zero-field electrical resistivity p(T) curves measured for electrical currents applied parallel to b and ¢ are
shown in figure 4. Metallic behavior is observed, where both curves decrease gradually from room
temperature with a slight negative curvature. Similar behavior was previously seen for the polycrystalline
specimens and is not unusual for lanthanide-based intermetallics that contain d-electron elements. For
example, the filled skutterudites LaRuyAs;, and PrRuyAs;; show related behavior where the temperatures
dependence of the electrical resistivity is determined by a combination of the Bloch-Gruneisen formula and
scattering of s-electrons into incompletely filled d-bands [37]. We also note that the resistivity parallel to b,
along which the tetrahedral configurations vary, is approximately three times that of the resistivity along c.
This illustrates the differences in connectivity of the [CosGes] slab and likely relates to the Fermi surface
anisotropy. Finally, for current applied along b, a kink is seen near T'y, which is followed by a gradual
decrease with decreasing T. The transition is less clear for current along ¢, which reveals that the extent to
which the electronic scattering is reduced by the magnetic ordering is anisotropic. We also find that there is
no obvious feature near Ty,.

The temperature dependent heat capacity C(T') are summarized in figure 5. The data resemble what is
seen for polycrystalline specimens [13] and are well described by a Debye—Einstein model [38]
for 50 K < T < 300 K,

Op)T

C(T) = Co (T/6p)’ /

0

4 /T
et ol TR — )
(e —1) (/T —1)

(1)

where x = STMT’ w is the Debye frequency, 8 and 0 are the Debye and Einstein temperatures, respectively,
and Cp and Cg are constants containing # umbers of oscillators and degrees of freedom, respectively [39].
The resulting Debye temperature 0, = 222 K is comparable to that of the non-magnetic analog La, CosGes
fp = 282 K [40], which suggests that our model is a good representation of the non-magnetic contribution
to the specific heat. We also note that a simple Debye function (blue dotted curve) does not describe the data
as well, which implies that it is appropriate to include an Einstein term. Although it remains to be
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Figure 4. Temperature-dependent electrical resistivity of Pr,Co3Ges measured in two different orientations, with electrical
current (a) parallel to b-axis and (b) parallel to c-axis.
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Figure 5. Temperature-dependent (a) specific heat C(T) . The dashed and solid lines represent the high temperature fittings using
the Debye and Debye—FEinstein models as described in the text. The inset represents the low-temperature behavior plotted as C/T

vs T2, (b) magnetic contribution to the heat capacity over temperature per mole of Pr, and (c) magnetic entropy per mole of Pr
(Smag) of PryCo3Ges.

established, we speculate that this may originate from the large mass of Pr ions which are contained within
distorted Co-Ge cages. At temperatures below 50 K there is a pronounced deviation from the lattice behavior,
which could originate from splitting of the Hund’s rule multiplet by the crystal electric field (i.e. a Schottky
anomaly) [1, 13, 16, 21, 39, 40] or represent spin fluctuations and magnetic ordering of the Pr f-electron
magnetic moments. To isolate this term, we subtract the Debye—Einstein fit from the data, which yields the
curve Cpqg/ T shown in figure 5(b). Fits to the data using a two level Schottky model were attempted but were
unsuccessful. We also note that the weight of Cy44/T spans the ordering temperatures T, and Ty, which
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Figure 6. Monochromated STEM-EELS of Pr My s edges collected from a 150 N m? region of 0-Pr,CosGes. From the zero-loss
peak, the energy-resolution is 0.27 eV. The Pr M4 edge has peaks at 944.6 eV and 947.9 eV, corresponding to Pr’* and Pr*+
oxidation states, respectively. Similarly, the Pr M5 edge has a main peak at 928.4 eV and a shoulder feature at 929.5 eV,
corresponding to Pr’t and Pr*t, respectively. From the spectra, the bulk average Pr valency is dominated by the Pr*+ cation.

suggests that this part of the heat capacity is associated with the magnetic ordering. However, we cannot rule

out the possibility that a Schottky anomaly also contributes over this temperature range. Finally, the
T
magnetic entropy Spag shown in figure 5(c) is obtained using the expression Spag = [ C’;“g dT [41]. We find

that Sy, saturates towards a value near RIn3 near 40 K, which is smaller than the theoretical value for the
complete Hund’s rule multiplet of trivalent Pr (J = 4) [42], —ASn.x = RIn(2]+ 1) = RIn(9), where R is the
gas constant. This shows that crystal electric field splitting impacts the magnetic ground state at
temperatures above 40 K, but still does not rule out the possibility that additional splitting occurs with the
same energy scale as the magnetic ordering. A magnified plot of the region from 2 K to 50 K for both the
magnetic contribution to the specific heat and magnetic entropy are provided in figure S2.

3.3. Electron energy loss spectroscopy

The ZLP and Pr My 5 edges collected using monochromated STEM EELS are shown in figure 6. The width of
the ZLP at half of its maximum height is 0.27 eV, giving the energy resolution of the spectra. The M, 5 edges
result from the excitation of 3d core electrons to the unoccupied 4f-states (3d'°4f" — 3d°4f"*1), in the
lanthanides [43]. The sharp M5 peak at 928.4 and M, peak at 947.9 eV correspond to dipole-permitted
transitions from the Pr 3d>? and 3d*? core levels into the 4f”/? and 4f°'* states, respectively [44]. Both M,
and M; edges split into two peaks, with the lower energy-loss peak corresponding to the Pr’™ cation and the
higher energy-loss peak corresponding to the Pr** cation. The splitting of My 5 edge into two separate peaks
corresponding to Pr’™ and Pr** results from the high probabilities of two electron transition pathways to
available final states and coupling between final and initial states [45]. The split is more apparent for the M,
edges, but the inset in figure 6 shows a shoulder feature on the higher-energy side of the Ms edge. Based on
comparison with x-ray absorption spectra [46, 47] and consideration of the My 5 edge features, the spectrum
indicates that the mean Pr valence is overwhelmingly Pr>* although a small proportion of Pr** is likely
present in the sample. Compared to Pr**, Pr’* contains more outer-shell electrons, resulting in greater
relative core-hole screening and looser core electron bonding, which is responsible for the lower energy-loss
of Pr¥* compared to Pr** in the EEL spectra [46]. The dominant Pr’>T state agrees with the results obtained
through magnetic susceptibility measurements. The relatively small contribution of the Pr** state,
correspond well with the report of a mixed valence state in Ce,Co3Ges [13], as one would expect less 4f
hybridization with the conduction band in Pr analogues compared to Ce. Additionally, in U,Rh;Si5
(LupCosSis-type) and U,Ir;Sis (U,CosSis-type) [15], x-ray absorption spectroscopy has shown an
intermediate U valence state close U*". The nature of the Pr 4f state could have strong implications for the
highly correlated nature of 0-Pr,CosGes and related phases should be investigated further.

4, Conclusion

Single crystals of 0-Pr,CosGes (U,Co3Si5-type) were grown using Sn flux and its physical properties were
investigated anisotropically for the first time. Magnetic susceptibility measurements at 0.2 T revealed
anisotropic Curie—Weiss paramagnetism consistent with trivalent Pr ions. Magnetic ordering occurs at
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approximately T, = 32 K and a second spin reorientation occurs along the b and ¢ directions near

Tm = 15 K. In the paramagnetic state, dominant antiferromagnetic interactions were observed along the a
and b directions, whereas ¢ was found to have complex ferromagnetic interactions. A broad magnetic
contribution to the specific heat was observed near T, due to either a Schottky anomaly or spin fluctuations.
EELS has indicated the presence of a dominant Pr’* valence state with a minor Pr** contribution. This
indicates that there is an instability of the f-electron valence that might be favorable for strong electronic
correlations. Future investigations of the electronic and magnetic structure are needed to clarify the highly
correlated nature of 0-Pr,CosGes. Additionally, further studies are underway to elucidate the structural and
property relationships between o0-Pr,Co;Ges and m-Pr,CosGes.

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI:
https://www.ccdc.cam.ac.uk/structures/ for the single crystal structure of 0-Pr,Co;Ge; under deposition
number CSD 2174502.
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