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A B S T R A C T   

Combined experimental and density functional theory (DFT) study of Pr0.75Gd0.25ScGe and its hydride 
(Pr0.75Gd0.25ScGeH) reveals intricacies of composition-structure-property relationships in those distinctly layered 
compounds. Hydrogenation of the intermetallic parent, crystalizing in a tetragonal CeScSi-type structure, leads to 
an anisotropic volume expansion, that is, a(=b) lattice parameter decreases while the lattice expands along the c 
direction, yielding a net increase of cell volume. DFT calculations predict an antiparallel coupling of localized Gd 
and Pr magnetic moments in both materials at the ground state. While experiments corroborate this for the 
parent compound, there is no conclusive experimental proof for the hydride, where Pr moments do not order 
down to 3 K. DFT results also reveal that rare-earth – hydrogen interactions reduce spin-polarization of the Pr 
and Gd 5d and Sc 3d states at the Fermi energy, disrupt indirect exchange interactions mediated by conduction 
electrons, dramatically reduce the magnetic ordering temperature, and open a pseudo-gap in the majority-spin 
channel. Both experiments and theory show evidence of Kondo-like behavior in the hydride in the absence of an 
applied magnetic field, whereas increasing the field promotes magnetic ordering and suppresses Kondo-like 
behavior.   

1. Introduction 

Intermetallic RTX compounds and their hydrides, where R = rare- 
earth metal, T = transition metal, and X = p-block elements, attract 
considerable attention due to remarkable structural diversity and asso
ciated tunability of physical properties. Noteworthy are heavy-fermion, 
valence fluctuation, Kondo behavior, superconductivity, unusual topo
logical effects, strong exchange bias, and complex sequences of magnetic 
structures [1–9]. Much of the fundamentally interesting physics in this 
family of materials emerges due to varying interactions between 4f and 
conduction electrons. Considering that the localized nature of 4f elec
trons prevents their direct overlap, conduction electrons mediate 4f-4f 
indirect exchange interactions, a mechanism known as 
Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange [10–13]. Destabili
zation of the RKKY exchange through modified hybridization of 4f 
electrons with delocalized electron bands (usually d electrons) or 
disruption of conduction electron mediation at low temperatures, for 
example by warping of charge densities through additions of 

electronegative species, can initiate heavy fermion, valence fluctuation, 
and/or Kondo behaviors. 

From the original Kondo model, dilute 3d magnetic impurities (e.g., 
Mn impurities in a Cu matrix) enhance the scattering of conduction 
electrons in metals, resulting in increasing resistivity below a material- 
specific characteristic temperature [14]. Certain lanthanides, like Ce 
or Yb (less commonly, Pr, Sm, Eu, and/or Tm) can exhibit valence in
stabilities, fluctuating between non-magnetic Ce4+ (4f0) or Yb2+ (4f14) 
and magnetic Ce3+ (4f1) or Yb3+ (4f13) states, satisfying the dilute 
magnetic impurity prerequisite for Kondo interactions over a broad 
range of chemical compositions. Some of the best-known systems fitting 
this description are Y1− xCex with x ≪ 1 [15], where Kondo interactions 
with lanthanide impurities were first identified, and the Ag-Au-Yb sys
tem [16], which is perhaps the most well-studied Yb-containing Kondo 
system. 

In addition to diluted Kondo systems, lanthanides form a few 
concentrated analogues (β-cerium is a prime example [17]), which, 
given their magnetic nature, are ideal systems to study the competition 
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between Kondo and magnetic interactions. In this regard, RTX com
pounds, with appropriately selected R, and their hydrides (RTXHy) are 
promising canidates to demonstrate this competition as the H-free par
ents exhibit diverse magnetism rooted in indirect RKKY interactions that 
may coexist with valence instabilities [9], [18], while hydrogen inser
tion may, as has been shown to, strongly influence both [19], [20]. For 
example, hydrogenation transforms a non-magnetic Kondo CeNiSn into 
a Kondo-antiferromagnet CeNiSnH1.0 and then into a 
Kondo-ferromagnet CeNiSnH1.8 [21]. Hydrogen insertion similarly 
transforms a non-magnetic Kondo CeRhSb into 
Kondo-antiferromagnetic CeRhSbH0.2 [22]. 

In addition to Kondo interactions, hydrogenation of the CeScSi-type 
structure (Fig. 1) can lead to variable spin-polarization, electronic and 
magnetic disconnects between the lanthanide layers, and effective 
electronic-mass enhancements [23], [24]. In such systems, hydrogen 
commonly fills lanthanide [Ln4] tetrahedral interstices (red polyhedra in 
Fig. 1b-c), and, in some cases, [Sc4Ln2] octahedral interstices (blue 
polyhedra in Fig. 1c), inducing unusual magnetic properties, [24,25]. 
For example, hydrogenation of GdTiGe [25], [26], NdScX [27], and 
CeScX [23] (with X = Si, Ge), dramatically reduces the magnetic 
ordering temperature and allows for the development of Kondo in
teractions. Likewise, a study of hydrogenated GdScGe notes a large 
reduction of Curie temperature (TC), the development of a 
quasi-two-dimensional magnetic structure, and an unusual behavior of 
electrical resistivity [24]. 

Our recent study revealed that partial substitution of Gd for Pr in 
Pr1− xGdxScGe preserves the CeScSi-type structure regardless of x, leads 
to antiferromagnetic (AFM) coupling between Pr and Gd atoms, and 
permits several interesting magnetic features, such as strong exchange 
biases and magnetic memory effects [28], [29]. Here, we investigate 
hydrogenated Pr0.75Gd0.25ScGe with emphasis on electronic behavior. 
We examine Pr0.75Gd0.25ScGeH theoretically via DFT calculations and 
experimentally with X-ray diffraction and spectroscopy (X-ray magnetic 
circular dichroism and X-ray absorption near-edge structure), and 
physical property measurements to establish how the Gd-Pr substitution 

and Gd/Pr-H interactions affect the overall physical properties of this 
system. 

2. Material and methods 

The polycrystalline Pr0.75Gd0.25ScGe parent was prepared by arc- 
melting stoichiometric amounts of high-purity constituents: 99.3 wt% 
pure rare earths (with respect to all other elements) obtained from Ames 
Laboratory Materials Processing Center, and > 99.99 wt% pure Ge 
purchased from Meldford Metals. The alloy was annealed at 550 ◦C for 
one day, followed by three weeks at 950 ◦C, and subsequently slowly 
cooled back to room temperature. Further details can be found in Ref 
[28]. 

Hydrogenation was performed using PCTPro-2000 (Hy-Energy LLC) 
by placing samples into a stainless-steel autoclave under a 10 bar H2 
atmosphere at room temperature, followed by heating to 350 ◦C at a rate 
of 1 ◦C/min, holding for 12 h, and slowly cooling back to the ambient 
temperature at a minimum rate of 1 ◦C/min. For electrical resistivity 
measurements, several parallelepiped-shaped specimens of 
Pr0.75Gd0.25ScGe were precut and hydrogenated, henceforth denoted 
PCTPro hydride. A few specimens broke during the hydrogenation 
process and were thus discarded. Additionally, the hydrogenated pow
der was consolidated into a pellet using Spark Plasma Sintering (SPS- 
211Lx, Sumitomo Coal Mining Co., Ltd) in a graphite die with inner 
diameter of 12.7 mm. The sintering was performed by heating of ~0.5 g 
of polycrystalline Pr0.75Gd0.25ScGeH sample to 700 ◦C (at ~70 ◦C/min) 
under a uniaxial pressure of 103 MPa, holding for 10 min, cooling to 
350 ◦C (at ~70 ◦C/min) followed by switching off the heater and 
releasing the pressure, all while a 97% Ar + 3% H2 gas was flowed 
overtop. The resulting pellet was polished with sandpaper to remove 
residual graphite. The SPS consolidation resulted in an unquantified loss 
of hydrogen, forming a partially hydrogenated material, henceforth 
denoted SPS hydride. Neither of the materials shows signs of degrada
tion when left in ambient conditions for extended periods. 

Room-temperature powder X-ray diffraction (PXRD) measurements 

Fig. 1. Crystal structures of (a) Pr0.75Gd0.25ScGe, (b) Pr0.75Gd0.25ScGeH with hydrogen fully occupying the Ln4 tetrahedra (red), and (c) Pr0.75Gd0.25ScGeH1.5 with 
hydrogen fully occupying both the Ln4 tetrahedra and the Sc4Ln2 octahedra (blue). Schematic in (a) illustrates the DFT unit cell used. 
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were carried out at the 11-BM beamline of the Advanced Photon Source 
(APS) at Argonne National Laboratory (ANL) with λ = 0.457897 Å 
(more details in Del Rose et al. [29]) and on a modified TTRAX Rigaku 
system employing Mo Kα radiation [30]. Rietveld refinements were 
performed using the GSAS-II software [31]. Magnetic measurements 
were performed using a Quantum Design Inc. Superconducting Quan
tum Interference Device (SQUID) Magnetometer (MPMS XL-7). Elec
trical transport and heat capacity measurements were carried out in a 
Quantum Design Inc. Physical Property Measurement System (PPMS). 

X-ray magnetic circular dichroism (XMCD) and X-ray absorption 
near-edge structure (XANES) measurements were carried out in a 
transmission geometry on powder samples at the 4-ID-D beamline (APS, 
ANL). Data were collected across the Gd L2 (7.9303 keV) and L3 
(7.2428 keV), Pr L2 (6.4404 keV) and L3 (5.9643 keV), and Sc K 
(4.4928 keV) edges. For XMCD measurements, a superconducting 
magnet with a variable temperature insert was used to apply magnetic 
fields ( ± 20 kOe) collinear with the incident beam. Circularly polarized 
X-ray beams with opposite helicity were generated using a 180 µm-thick 
diamond phase plate [32]. All XANES and XMCD measurements were 
performed after cooling samples to the temperature of the measurement 
in zero field. 

Density-functional theory (DFT) calculations were performed with 
plane waves using a projector augmented-wave (PAW) method, as 
implemented in the Vienna Ab-initio Simulation Package (VASP) [33], 
[34]. The generalized gradient approximation (GGA), as implemented 
by Perdew, Burke, and Ernzerhof (PBE), was used as the 
exchange-correlation function [35]. We also used an effective Hubbard 
U-J parameter of 5.3 eV for Pr and 6.0 eV for Gd to treat the strongly 
correlated 4f states. The experimentally determined lattice parameters 
of a = b = 4.313 Å and c = 15.817 Å for Pr0.75Gd0.25ScGe and a = b 
= 4.2527 Å and c = 16.9074 Å for the hydride were used as inputs. The 
lanthanide site-disorder was modeled by lowering the symmetry to P1 
and replacing one Pr atom in the unit cell with Gd, as illustrated in 
Fig. 1a. The convergence criterion for self-consistent calculations is 10− 7 

eV for the total energy per cell and an energy cutoff of 520 eV was used 
for the wavefunctions. The k-point integrations were performed using a 
tetrahedron method with Bloch corrections. A 16 × 16 × 4 k-points 
(Γ-centered) grid was used for Brillouin-zone sampling. 

3. Results and discussion 

3.1. Crystal structure 

Pr0.75Gd0.25ScGe crystallizes in a tetragonal CeScSi-type structure 
(Fig. 1a without differentiation between Pr and Gd), which is a stacking 
of alternating corrugated lanthanide (Ln) layers and flat scandium 
sheets, with Ge separating the two. Previous reports on similar CeScSi- 
type structured hydrides show interstitial hydrogen can occupy the 
Ln4 tetrahedra (Fig. 1b) [23,24,27,36] in addition to Sc4Ln2 octahedra 
(Fig. 1c) [24,27,36]. Locating H atoms in the hydrogenated 
Pr0.75Gd0.25ScGe is complicated by the fact that neutron diffraction is 
practically impossible due to the exceedingly large neutron-absorption 
cross-section of the naturally occurring mixture of Gd isotopes. DFT 
results (see the Electronic-structure section for details), however, reveal 
that hydrogen energetically favors Ln4 tetrahedra whereas Sc4Ln2 
octahedra are unfavorable. Thus, we assume that H occupies only the 
Ln4 interstices, hence, the fully hydrogenated compound is a mono
hydride Pr0.75Gd0.25ScGeH. 

Full hydrogenation of Pr0.75Gd0.25ScGe (PCTPro hydride) expands 
the c lattice parameter by 6.7% increasing the separation between the Sc 
sheets and the Ln layers, as well as between the Ln layers; these changes 
are likely to affect and weaken the interlayer magnetic interactions. At 
the same time, the a(=b)-axis contracts by 1.4%, resulting in slightly 
shorter Ln-Ln distances within the lanthanide layers, potentially 
enhancing the intra-layer Ln-Ln interactions. These peculiar competing 
features – more compact lanthanide layers and larger interlayer spacing 
– could result in a possible 2D magnetic behavior. The lattice constants 
of the SPS hydride (a = b = 4.2668(5) Å and c = 16.203(2) Å) are be
tween those of the Pr0.75Gd0.25ScGe parent and the fully hydrogenated 
(PCTPro hydride) material (listed in Table 1). Assuming the unit cell 
volume is a linear function of hydrogen concentration and that the 
PCTPro hydride is a monohydride, the estimated hydrogen content in 
the SPS hydride is 0.27 H/formula unit (f.u.). 

Previously, reports describing GdScGe and GdScGeH [24,37] sug
gested that GdScGe may be slightly off-stoichiometric with ~1–2% of Gd 
occupying Sc (4c) sites, seemingly independent of x [29]. Therefore, a 
small, ~2% fraction of Gd atoms may also occupy the Sc site in 
Pr0.75Gd0.25ScGeH. This could lead to an interesting magnetic behavior 
where Gd atoms on the Sc site provide minor alterations to the 
long-range magnetic order. 

To examine the effects of hydrogenation on the crystal structure 
further, an additional sample was synthesized following the same pro
cess outlined for the PCTPro hydride but under a 150 bar hydrogen 
pressure instead of the standard 10 bar, and powder X-ray diffraction 
(PXRD) data were collected at the 11-BM beamline (APS, ANL). All 
Bragg peaks can be indexed to the same CeScSi-type structure with little 
change in lattice constants when compared to the PCTPro hydride; 
however, many Bragg peaks with Miller indices l > > h, k are broadened 
and can be interpreted as convolutions of peaks with varying widths, 
resulting in a poor Rietveld fit (Fig. S1, SI). Such peculiar peak shapes 
imply that hydrogenation lowers the crystallinity of Pr0.75Gd0.25ScGe. 
Worsening crystallinity after hydrogen absorption in these LnScGe ma
terials is common [24]. We also considered a possibility of a hydrogen 
gradient from the surface to the core of individual particles, but the 
PXRD pattern can be fully indexed by a CeScSi-type structure with no 
peaks of non-hydrogenated Pr0.75Gd0.25ScGe, suggesting that the 
gradient, if any, is insignificant. 

3.2. Physical properties 

DC magnetic susceptibilities measured as functions of temperature 
for fully and partially hydrogenated materials are illustrated in Fig. 2. 
Magnetic susceptibilities of the fully (partially) hydrogenated samples 
measured in different magnetic fields, bifurcate below 40 (80) K, an 
indication of complex magnetic behavior. AC magnetic susceptibility 

Table 1 
For Pr0.75Gd0.25ScGe and its hydride: experimental and DFT lattice parameters 
and electronic specific heat (γ), DFT energy difference (ΔE = EFiM – EFM) be
tween ferrimagnetic (FiM) and ferromagnetic (FM) configurations of Pr/Gd, 
total number (spin-up + spin-down) of states at the Fermi energy (n(EF)), and 
site-specific magnetic moments. Experimental lattice parameters of 
Pr0.75Gd0.25ScGe are taken from Del Rose et al. [29].   

Pr0.75Gd0.25ScGe Pr0.75Gd0.25ScGeH 

Parameter Experiment DFT Experiment DFT 

a(=b) (Å) 4.31578(2) 4.3212 4.25125(4) 4.2502 
c (Å) 15.82624 

(6) 
16.0274 16.8827(3) 16.8849 

c/a 3.67 3.71 3.97 3.97 
Cell volume (Å3) 294.779(3) 299.2759 305.123(8) 305.0122 
Volume/atom (Å3/atom) 24.52 24.94 19.11 19.06 
γ (mJ/mol K2) 8 9.35 28.7 13.22 
n(EF) (states/eV f.u.) 3 3.96 12.2 5.61 
ΔE (eV/atom) -0.181 -0.087 
DFT-Magnetic moment 

(μB/atom) 
Pr1: 4f = − 1.97, 5d 
= − 0.21Pr2: 4f = − 1.97, 
5d = − 0.25Gd: 4f = 6.96, 
5d = 0.04Sc: 3d 
= − 0.243 

Pr1: 4f = − 2.13, 5d 
= − 0.06Pr2: 4f = − 1.97, 
5d = − 0.04Gd: 4f 
= 6.95, 5d = 0.143Sc: 3d 
= − 0.03  
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measurements (insets in Fig. 2) show nearly frequency-independent 
energy losses at lower temperatures, 10 K and 70 K, respectively, 
which signal the formation of magnetic domains. Hence, the progressive 
insertion of hydrogen has a substantial effect on the ferrimagnetic long- 
range order, which in hydrogen-free Pr0.75Gd0.25ScGe occurs at TC 
= 190 K [28]. Note that a large difference between temperatures of the 

anomalies seen in AC and DC measurements of the fully hydrogenated 
sample is peculiar in that domain formation usually implies the onset of 
long-range ferro- or ferrimagnetic ordering. Likewise, heat capacity 
measurements (Fig. S2, SI) do not have the usual λ-like anomaly indic
ative of a second-order transition (i.e., long range magnetic ordering). It 
is likely that the increased inter-Ln layer distances caused by hydrogen 

Fig. 2. DC Magnetic susceptibility as a function of temperature for (a) fully and (b) partially hydrogenated samples. Insets show the imaginary components of AC 
magnetic susceptibility for each sample. 

Fig. 3. Electrical resistivity measured as a function of temperature in varied magnetic fields for the (a) Pr0.75Gd0.25ScGe parent, (b) SPS hydride, and (c) PCTPro 
hydride. Insets show electrical resistivities versus log(T). 
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insertion have magnetically decoupled the Ln layers allowing for 2D or 
“quasi-2D” magnetic ordering to occur, as suggested for GdScGeH [24]. 
Experiments utilizing single crystals are needed to confirm this 
postulation. 

Even though hydrogen intercalation increases the unit cell volume 
and, subsequently, the distances between the Ln layers, likely weak
ening RKKY exchange, the higher electronegativity of hydrogen is likely 
the main reason for a much-reduced TC. As H is more electronegative 
compared to other elements present, the attraction of electrons to H 
alters the conduction electron density and disrupts the mediation of 4f- 
4f interactions. Furthermore, 4f-states of Pr can be located close to the 
Fermi energy [38], allowing for a modified 4f-5d (and 6s) hybridization, 
decreasing 4f localization, and thus also weakening the RKKY exchange. 

The zero-field electrical resistivity (ρ) shows obvious changes in the 
signs of dρ(T)/dT from positive (metallic) to negative (Kondo-like) at 
low-temperatures in both hydrogenated Pr0.75Gd0.25ScGe specimens. 
True Kondo behavior is also characterized by the linearity of electrical 
resistivity as a function of log(T), seen in zero-field data in the insets of 
Fig. 3b (roughly linear) and 3c (linear). Even though the SPS hydride 
(Fig. 3b) retains positive to negative sign changes in dρ(T)/dT at low 
temperature and fields up to 90 kOe, it does not constitute a Kondo 
system as the material is magnetically-ordered below 70 K (Fig. 2b), 
well above the temperature at which “Kondo-like” resistivity becomes 
distinguishable, in contradiction to Kondo theory [14]. Similarly, for the 
PCTPro hydride, the prominently increasing deviations from linearity as 
magnetic field increases (Fig. 3c) indicate suppression of Kondo-like 
scattering bringing into question whether this behavior can be 
explained with Kondo theory. The dρ(T)/dT sign changes in a high 

magnetic field were previously hypothesized for GdScGeH by Mahon 
et al. [24], stating that they are a result of weak localization of con
duction electrons caused by imperfections, such as Gd/Sc substitutions, 
hydrogen vacancies, or stacking faults. It is also plausible that a narrow 
bandgap opening at the Fermi energy, like CeScSiH [23], gives rise to 
low-temperature non-metallic, Kondo-like behavior. Further examina
tion of the density of states is required to determine the true nature of 
these materials, see the Electronic-structure section. 

Considering the anomalous behavior of the electrical resistivity, we 
also examined the electronic contribution to the heat capacity of the 
PCTPro hydride. The heat capacity of Pr0.75Ge0.25ScGeH (see Fig. S2, SI) 
reveals a large nuclear contribution, common in Pr-containing com
pounds [39], evident from CP/T upturn at low temperatures. Complex 
and strong magnetic field dependence of CP/T at low temperature 
(initial enhancement in 20 and 50 kOe and suppression in 90 kOe 
magnetic fields) also indicates additional conventional magnetic con
tributions. The presence of both makes it impossible to reliably deter
mine the electronic heat capacity coefficient, γ, using standard fitting to 
the Debye model. Availability of heat capacity data of the isostructural 
LaScGeH that has Debye temperature, θD = 273 K, and γ = 4.9 mJ/mol 
K2 [24], and where only conventional lattice and electronic contribu
tions are present, makes it possible to estimate γ of Pr0.75Ge0.25ScGeH, 
reasonably postulating that θD of both are the same (see SI for details). 
Thus determined γ = 28.7 mJ/mol K2 corresponds to a density of states 
at the Fermi energy, EF, of 12.2 states/eV-f.u. (Table 1). 

3.3. Electronic-structure calculations 

To model the structures of both the Pr0.75Gd0.25ScGe parent and 
Pr0.75Gd0.25ScGeH hydride, one of the four Pr atoms in a PrScGe unit cell 

Fig. 4. Partial densities of states (PDOS) of (a) Pr0.75Gd0.25ScGe and (b) 
Pr0.75Gd0.25ScGeH. 

Fig. 5. Total density of states (TDOS) of (a) Pr0.75Gd0.25ScGe and (b) 
Pr0.75Gd0.25ScGeH. 
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is replaced with Gd after lowering symmetry from the original I4/mmm 
to P1 (Fig. 1a), and the structure is allowed to relax, leading to a 
reasonable agreement between experiment and theory (Table 1). The Pr 
atom neighboring the Gd atom is no longer equivalent to the two 
remaining Pr atoms in the same cell; respectively, these are denoted as 
Pr1 and Pr2 in Table 1. This simple model represents the “average” unit 
cell (Pr3GdSc4Ge4), not necessarily the case for a given unit cell. 
Considering a uniform distribution of Pr and Gd atoms in a lattice, the 
probability that a randomly-selected unit cell contains n Gd atoms 
(0 ≤ n ≤ 4) is given by P(n) =

( 4
n
)
0.25n0.754− n. Thus, there is a 31.6% 

probability that a unit cell has no Gd atoms (n = 0), whereas the cor
responding probabilities for n = 1, 2, 3, and 4 are, respectively, 42.2%, 
21.1%, 4.7%, and 0.4%; the model of the crystal structure we employ, 
therefore, represents the most probable case where n = 1. 

Postulating that magnetic moments of Pr and Gd may be either 
antiparallel (ferrimagnetic, FiM) or parallel (ferromagnetic, FM), the 
DFT-derived energy differences ΔE = EFiM – EFM (Table 1) reveal the 
stability of FiM at the ground states of both parent and hydride, in 
agreement with the magnetic property data shown in the physical 
property section. Hydrogenation increases c, c/a, and unit cell volume. It 
also reduces the average total Pr-(4f + 5d) moment from 2.26 µB to 
2.08 µB, whereas the total Gd moment becomes slightly enhanced. The 
5d moments of Pr (Gd) decrease (increase) with the hydrogenation. 
Rather significant Sc-3d moments align parallel with those of Pr in the 
Pr0.75Gd0.25ScGe parent, but they are nearly negligible in the hydride. 
This reduction of the Pr and Sc moments can be understood from 
changes in the electronic structure with hydrogen insertion. The partial 
density of states (PDOS) plotted in Fig. 4 (see Fig. S3, SI, for band 
structure) reveals strong hybridization of Sc(3d)-Pr/Gd(5d) states near 
EF in Pr0.75Gd0.25ScGe. The spin-polarized Gd/Pr-5d states around the 
Fermi energy in Pr0.75Gd0.25ScGe, are most prominent for Gd, but they 
diminish with hydrogen insertion, similar to that observed in GdScGe 
[24]. Likewise, a strong hybridization between Pr/Gd-5d states and 

Sc-3d states near EF is noticeable in Pr0.75Gd0.25ScGe, but it also di
minishes upon hydrogen insertion. The minority-spin channel of the 
hydrogenated system (Fig. 4b) has one sharp peak near EF, contributed 
by 4f-states of Pr1-atoms whereas 4f-states of Pr2 atom are around 
− 3 eV, well below EF. 4f states of Pr1 are hybridized strongly with 
5d/3d-states in the vicinity of EF in Pr0.75Gd0.25ScGeH, unlike in 
GdScGeH, as populated Gd-4f states are far below EF. Overall, the 
insertion of hydrogen into the Pr0.75Gd0.25ScGe lattice reduces both the 
5d-DOS and spin polarization at EF. 

Besides the hybridization of 4f and conduction electrons, 5d-states of 
lanthanides hybridize with H-1s states around − 4 eV, suggesting a 
chemical bonding between the Ln and H atoms. The Ln-H hybridization, 
in turn, reduces the 5d-3d hybridization at EF, leading to a pseudo-gap in 
the majority-spin channel (Fig. 5b). The reduced Pr moments and 4f- 
conduction electron hybridization near EF are commensurate with 
Kondo interactions in the hydrogenated system. Only 4f-states of Pr1 
atoms fall in the vicinity of EF. Considering that only a third of Pr atoms 
(Pr1 but not Pr2) contribute to 4f-conduction electron hybridization and 
that the reduction of the Pr moment is minor, Kondo interactions in the 
hydride should be considered weak. 

Spin and charge densities of Pr0.75Gd0.25ScGe and its hydride are 
plotted in Fig. 6. By comparing spin density in the non-hydrogenated 
and hydrogenated cases, the spin density on the Pr-atoms is clearly 
reduced in the hydride. The spin density on Sc-atoms that form inter
layer “magnetic bridges” between Ln atoms in Pr0.75Gd0.25ScGe vanishes 
as a result of hydrogenation. Commensurate with the reduced Pr mo
ments and nearly fully diminished Sc moments, these changes in spin 
density also illustrate how, similar to GdScGeH [24], a 3D magnetic 
structure of the parent morphs into a quasi-2D structure of the hydride. 
The charge density difference illustrated in Fig. 6c, demonstrates that 
hydrogen gains charge and its insertion redistributes mainly the in-plane 
charge on Pr-atoms, whereas Gd-atoms are practically unaffected. The 
charge transfer to hydrogen leads to reduced moments on both Pr and Sc 

Fig. 6. Spin densities of (a) Pr0.75Gd0.25ScGe and (b) Pr0.75Gd0.25ScGeH shown as ± 0.008 e/Å3 isosurfaces; positive (spin-up) in blue and negative (spin-down) in 
red. (c) Total charge-density difference between Pr0.75Gd0.25ScGe and its hydride shown as ± 0.02 e/Å3 isosurfaces; positive (charge gain) in blue, negative (charge 
loss) in red. (d) Top view of the fragment highlighted in (c); charge-difference isosurfaces show charge gain (blue) and loss (red). Color-coding of atoms is identical 
to Fig. 1. 

T. Del Rose et al.                                                                                                                                                                                                                                



Journal of Alloys and Compounds 966 (2023) 171351

7

atoms and, consequently, to reduced Ln-Sc interactions. 

3.4. Spectroscopy 

Element-specific XANES spectra for Gd, Pr, and Sc of 
Pr0.75Gd0.25ScGe and its hydride are depicted in Fig. 7. For Pr and Gd, 
the measured absorption edges, L2 and L3, are for the 2p1/2→5d and 
2p3/2→5d excitations, respectively. The shapes, intensities, and posi
tions of the peaks near the absorption edges can be useful for extracting 
information about the electronic structure and electronic configurations 
of the elements [40]. For example, the sum of the L2 and L3 “white lines” 
(large peaks above the threshold) is related to the number of empty 5d 
states above the Fermi energy [40–43]. 

The L2 and L3 white line sum increases (decreases) for Pr (Gd) with 
hydrogenation. This reveals that the number of empty Pr 5d states in
creases while Gd 5d empty states decreases just above the Fermi energy, 
corroborating the DFT-calculated DOS shown in Fig. 5 (Pr1 5d PDOS 
drastically increases above EF, leading to more Pr empty states, while Gd 
peak directly above EF disappears with hydrogenation, giving fewer 
empty states). Additionally, the near-edge structure of Sc changes sub
stantially between the Pr0.75Gd0.25ScGe and the PCTPro hydride (Fig. 7c) 
indicative of large differences in Sc local structure, also in agreement 
with DFT PDOS calculations (Fig. 4). On the other hand, the stark dif
ferences in charge density around Pr between Pr0.75Gd0.25ScGe and the 
PCTPro hydride (Fig. 6) should result in an observable change in the 
peak shape at the Pr-L2 and L3 edges, yet peak shapes of the PCTPro 
hydride are within error of Pr0.75Gd0.25ScGe. This difference is likely a 

result of the difficulties related to proper modeling chemical disorder in 
DFT in a small unit cell. 

XMCD (Fig. 7d) is used to directly probe the coupling of Pr and Gd 
magnetic sublattices in hydrogenated Pr0.75Gd0.25ScGe, and, for refer
ence, PrScGe. As seen, both Pr and Gd sublattices have magnetic 
moment projections along the applied magnetic field contrary to 
Pr0.75Gd0.25ScGe, where the Pr moment projection opposes the field 
[29]. Even though XMCD suggests a parallel coupling of Pr and Gd, the 
signal from the Pr magnetic sublattice (~0.5%) is far weaker than in 
pure PrScGe (~3.5%) – a material known to be a ferrimagnet with large 
crystalline electric field effects that reduce Pr moments and, as a result, 
XMCD signal [44] – as well as its non-hydride parent (~5.0%) [29]. 
Considering that domains appear at 10 K, it is feasible that the Pr 
magnetic sublattice is not ordered at 3 K. Hence, the weak XMCD signal 
indicating that the Pr magnetic projection is along the field is likely a 
reflection of the disordered Pr magnetic sublattice polarized by the or
dered Gd magnetic sublattice and/or the applied magnetic field. Here we 
note that the 2 K magnetization as a function of applied magnetic field 
reaches ~2 μB/f.u. (Fig. S4, SI), roughly the expected contribution from 
the Gd magnetic sublattice, further suggesting that the Pr magnetic 
sublattice remains disordered at low temperatures. This peculiar mag
netic behavior does not conflict with the DFT-calculated magnetic 
structure as DFT was done at 0 K. 

4. Conclusions 

We have examined and interpreted the effect of hydrogenation on 

Fig. 7. XANES across the (a) Pr L2 and L3, (b) Gd L2 and Pr L3, and (c) Sc K edges for Pr0.75Gd0.25ScGe (black) and the PCTPro hydride (red). The solid blue lines 
denote the differences between hydride and parent. XANES of the Gd and Pr edges were performed at 300 K and for the Sc edge at 2 K. (d) XMCD across Pr-L2 and Gd- 
L3 edges of Pr0.75Gd0.25ScGeH and PrScGe obtained at 3 K in 20 kOe applied fields. Positive XMCD is indicative of a projection along the field for both Pr and Gd. 
Eedge is the energy of the respective absorption edges. 
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crystal structure and physical properties of Pr0.75Gd0.25ScGe. The mag
netic ordering temperatures of the partially (approximately 0.27 H 
atoms per formula unit) and fully (1 H atom per formula unit) hydro
genated intermetallic compound are, as seen from AC magnetic sus
ceptibility, 70 K and 10 K, respectively; both are lower than the 190 K 
magnetic ordering temperature of the non-hydrogenated parent. 
Experimentally, the Gd and Pr magnetic sublattices in 
Pr0.75Gd0.25ScGeH order separately, with the Gd magnetic sublattice 
being ordered and the Pr magnetic sublattice being disordered at 3 K. 
DFT predicts that at the ground state Gd and Pr order ferrimagnetically. 

Like other CeScSi-type structures, hydrogen is inserted into the Ln4 
tetrahedra, contracting the a(=b) lattice parameters, expanding the c 
lattice parameter, and increasing the unit cell volume. Hydrogenation 
destroys the spin densities on the Sc atoms disconnecting the 
Pr0.75Gd0.25 magnetic layers and forming a quasi-2D magnetic structure. 
Hybridization of the Gd/Pr 5d states with H 1s states indicate chemical 
bonding, influencing the magnetic properties of Pr0.75Gd0.25ScGeH. The 
Pr/Gd-H hybridization in the valence band results in weak spin- 
polarization of conduction electrons at the Fermi energy, EF, opening 
a pseudo-gap in the spin-up channel, in contrast to the spin-down 
channel where EF is located on a steep slope. Furthermore, hydrogena
tion causes strong hybridization between the Pr1–4f and 5d/3d-states in 
the vicinity of EF, shifting the Pr1–4f states near EF in the minority 
channel. The strong 4f hybridization coupled with the pseudo-gap at EF 
in the majority-spin channel, suggests hydrogenation induces weak 
Kondo interactions in the fully hydrogenated Pr0.75Gd0.25ScGe system. 
Anomalous electrical resistivity behavior stems directly from the 
competition between weak Kondo interactions and long-range magnetic 
ordering. Thus, when strong magnetic fields are applied, long-range 
magnetic ordering dominates, and Kondo behavior is suppressed. 
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