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Abstract 

Unexpected physical phenomena resulting from the seemingly inconsequential substitutions of 

chemically similar lanthanide elements in the Pr1-xGdxScGe system are exploited to further the 

understanding of rare-earth magnetism and inform materials design. By directly probing magnetic 

moments of crystallographically indistinguishable Pr and Gd we solve the puzzles of how an 

unusual magnetic memory and strong exchange bias emerge at specific, easily predictable 

chemistries.  Both effects are rooted in a robust antiparallel arrangement of large 4f magnetic 

moments of light and heavy lanthanides. This enables precise control of nearly zero net 

magnetization either opposed to, or aligned with, the external magnetic field that persists over a 

wide range of temperatures and fields.  Further, spontaneous perturbations in the random 

distribution of lanthanide ions makes strong exchange bias possible in bulk single-phase 

compounds bordering magnetic compensation, consequently expanding the materials base beyond 

artificial magnetic multilayers and broadening the range of potential applications of the 

phenomenon. 

 

I. Introduction 

Lanthanides have some of the highest atomic magnetic moments known in nature that vary 

systematically across the series of the 15 chemically similar 4f elements.  Together with Y and Sc, 

they make up the rare-earth series, forming numerous families of compounds with other metals 

and metalloids, many of which have already become or may soon become the foundation of 

advanced materials indispensable for modern technology.  Among those are hard magnets for 

energy generation and conversion [1,2], compounds that exhibit strong magnetocaloric effects for 

solid-state heat pumping [3,4], materials for quantum information and quantum computing [5,6], 

high-temperature superconductors for energy transmission and use [7], and magnetic materials for 

next-generation data storage [8,9].  To fulfill the promise of future innovation that takes advantage 

of important and/or unusual properties of 4f materials, systematic examination of their 

composition-structure-property relationships is required, including addressing known 

challenges [10,11].  Some of the challenges, real and perceived, include difficulties of synthesis 

due to high-temperature volatility of Sm, Eu, and a few other lanthanides, reactivity of light 

lanthanides at ambient conditions, potential for local chemical inhomogeneities that are difficult 

to eliminate when two or more of the lanthanides are present, underdeveloped theory related to 
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proper modeling of 4f states, strong influence and variability of crystalline electric fields, and 

complexity of magnetic structures.  At the same time, those challenges present clear opportunities 

to establish the missing science of how fundamentally and practically important phenomena 

emerge, with new knowledge to be unearthed in almost every rare-earth system. 

Among the vast array of known intermetallic compounds, the equiatomic RTX family (R = rare 

earth, T = transition metal, and X = p-block element) constitutes a relatively well-studied subgroup 

of rare-earth materials. The RTX series holds more than 5,600 [12] unique ternary combinations 

and nearly an infinite number of pseudo-binary, multinary variants considering ease of feasible 

substitutions on the R, as well as T and X sites.  Members of the family have been shown to 

crystallize in a multitude of structures, exhibiting physical phenomena that can be clearly related 

to their crystallography, as summarized in a number of reviews [13–19].  Specifically, RScGe 

compounds crystallizing in a layered CeScSi-type structure [20], are an ideal subgroup to examine 

the interactions between differing lanthanides in detail.  Here, Ge atoms separate corrugated R 

layers from flat Sc sheets while mirror symmetry doubles its unit cell along the c-axis and 

differentiates it from the closely related CeFeSi-type structure.  Despite the relative 

crystallographic simplicity, CeScSi/CeFeSi-type structures show a plethora of interesting physical 

properties.  For example, a neutron diffraction study revealed that on cooling PrScGe undergoes a 

paramagnetic (PM) to antiferromagnetic (AFM) transition at 140 K, followed by an AFM to 

ferrimagnetic (FiM) transition at 88 K, and a spin reorientation transition at 80 K [21].  GdScGe, 

on the other hand, becomes ferromagnetic (FM) at 350 K, well above the Curie temperature, TC = 

293 K, of its only nominally-magnetic element, Gd [22].  Furthermore, negative magnetization 

and large exchange bias have been reported in Sm1-xNdxScGe and Nd1-xGdxScGe [23]. 

An easily predictable, nearly-ideal pseudobinary solid solution of the afore-mentioned 

germanides exemplifies the phrase “complexity is opportunity” by adding interactions between the 

heavy (J = L + S, where L, S, and J are, respectively, the orbital, spin, and total angular momentum 

quantum numbers) and light (J = L - S) lanthanides as well as inherent chemical inhomogeneities, 

likely to be present at the nanoscale in real materials where Pr and Gd atoms are statistically mixed 

on the same crystallographic site [8,24].  Additional complexity may arise from the rare-earth 

element, Sc, that could be classified as a non-magnetic transition metal, playing the role of such in 

RScX, but it may also partially substitute heavy lanthanide atoms, such as Gd [21,25–28]. 
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In this work, we make use of the opportunity and uncover the science underpinning the unusual 

physical properties recently reported in Pr0.75Gd0.25ScGe, such as magnetic compensation and 

peculiar magnetic memory effects [8], by scrutinizing this and other Pr1-xGdxScGe compositions.  

Namely, we examine electronic and thermal transport properties, relating the latter to anomalous 

lattice expansion, and resolve the outstanding challenge of confirming the origin of magnetic 

compensation by directly probing the mutual orientations of lanthanide magnetic moments using 

X-ray magnetic circular dichroism.  We also show how magnetic memory is a direct consequence 

of the magnetic compensation, and how the presence of chemical inhomogeneities results in 

exceptionally strong exchange bias of admixed, magnetically compensated lanthanide systems. 

 

II. Experiment 

A total of seven Pr1-xGdxScGe samples with x = 0, 0.1, 0.25, 0.35, 0.5, 0.6, and 0.75 were arc-

melted using stoichiometric amounts of the constituent elements, flipping each button 4–5 times 

during the arc melting process.  All rare-earth elements were acquired from the Materials 

Preparation Center at Ames Laboratory and had purities of 99.9+ wt.% (99.3+ at.%) with respect 

to all other elements in the periodic table.  Germanium was purchased from Meldford Metals and 

was at least 99.99 wt.% pure.  All elements were from the same batch except for the Gd used in 

the x = 0.1 and x = 0.25 samples (the difference between the Gd metal batches constituted a slightly 

higher/lower O and Al impurity contents, see Ref. [8] for details).  Once in polycrystalline ingot 

form, the samples were wrapped in a Ta foil, sealed in a quartz tube under a partial helium 

atmosphere, and annealed with the following temperature profile: 1) quickly ramped up to 550 °C 

and held for a day; 2) from 550°C quickly ramped to 950°C and held for 2-3 weeks; and 3) furnace 

was turned off to allow samples to slowly cool to room temperature. 

Initial verification of crystal structures and phase purities of all samples, and temperature-

dependent examination of the x = 0.6 sample were achieved with powder X-ray diffraction 

(PXRD) using a modified Rigaku TTRAX system, equipped with a low-temperature attachment, 

using Mo Kα radiation [29].  Additionally, PXRD patterns of all samples were collected at the 11-

BM beamline of the Advanced Photon Source (APS) at Argonne National Laboratory (ANL) with 

λ = 0.457897 Å using rapid-access mail-in service.  Structural parameters were obtained through 

Rietveld refinements using GSAS-II [30]. 
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Microstructures were visualized and elemental analyses were performed using an FEI Teneo 

scanning electron microscope (SEM) equipped with an Oxford Instruments Aztec energy 

dispersive spectroscopy (EDS) system.  Heat capacity, magnetic, and transport properties were 

measured as functions of temperature and applied magnetic fields using a Physical Property 

Measurement System (PPMS, Quantum Design Inc.).  Additionally, some magnetic measurements 

were carried out in a superconducting quantum interference device (SQUID) magnetometer 

(MPMS XL-7, Quantum Design Inc.). 

X-ray magnetic circular dichroism (XMCD) measurements were carried out at beamline 4-ID-D 

of the Advanced Photon Source at Argonne National Laboratory (APS-ANL) on powder samples 

with x = 0, 0.25, and 0.5 compositions, with specimens optimized for transmission measurements. 

Circularly polarized x-rays of opposite helicity were generated using a 180 m-thick diamond 

phase plate [31].  The XMCD data were collected in helicity switching mode with fixed magnetic 

field direction, whereby helicity is modulated at 13.1 Hz and the related modulation in the 

absorption coefficient is measured with a phase lock-in amplifier [32].  A superconducting magnet 

with a variable temperature insert was used for measurements in the 1.75–220 K range. Data were 

collected across Gd-L3 (7.2428 keV) and Pr-L2 (6.4404 keV) absorption edges.  All samples were 

cooled in a 1 kOe field applied parallel to the incident beam. 

 

III. Results and Discussion 

A. Crystallography and Microstructure 

The high-resolution synchrotron data from Advanced Photon Source (APS) were used for full-

profile Rietveld refinements. All studied compounds are isostructural and adopt the layered 

CeScSi-type structure (space group I4/mmm) first reported by Bodak et al. [20].  All refinements 

converged at Rwp ≤ 9 %, RF2 ≤ 3 %. A slight preferred orientation was detected and accounted for 

during the refinements using the spherical harmonics approximation with 4 independent 

parameters. All refined powder X-ray diffraction (PXRD) data sets are shown in Fig. S1 and S2 in 

the Supplementary Information, SI [33].  A majority of the samples are single phase, however, 

APS PXRD and electron microscopy showed a small amount of (Sc,Pr,Gd)5Ge3 in the x = 0.6 

sample that was undetectable in the standard laboratory PXRD.  Scanning electron microscopy 

(SEM) image analysis estimates this impurity to be 0.6 vol.%.  Due to the low concentration, the 

impurity is not expected to introduce any notable property changes, and thus will not be further 
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discussed in this work.  A list of refined structural parameters can be found in Table 1 for all 

samples studied here; the values for x = 1 are taken from Guillou et al. and references therein [22]. 

The x = 0.25 sample displays obvious asymmetry in the (00l) peaks, most notably at high l-

values (see Fig. S2, SI [33]).  Other Bragg peaks, those with l >> h and k, show weaker, but still 

noticeable asymmetry.  This, together with the fact that the asymmetry remains minor, given the 

data collection geometry and high resolution, leads us to the conclusion that the crystal structure 

of x = 0.25 is the same as all other samples, but some segregation of Pr and Gd occurs at the 

nanoscale. We also note that Rietveld fits of all Gd-containing samples showed slight 

improvements to Rwp when refined with an additional 2% Gd on the Sc site.  This is consistent 

with previous reports of off stoichiometry [34,35].  However one must be careful as an addition of 

2% Gd to the Sc site is minuscule, would be hard to tell if it is truly intrinsic to the samples, and 

given the as-weighed stoichiometry, 2% of Sc would be expected to substitute Gd on the R site.  

Furthermore, since PXRD data gives an average unit cell, the presence of local distortions 

produced by minor compositional inhomogeneities across nanoscale regions in real materials is 

feasible. 

Compositional dependence of interatomic distances, shown in Figure 1b, tends to follow the 

lattice parameters, baring the Ge-Ge distances along the c-axis.  From this, as Gd substitutes Pr, 

the corrugated rare-earth layers contract along the c-axis and move closer together.  This structural 

feature may influence magnetism – according to the Ruderman-Kittel-Kasuya-Yosida (RKKY) 

theory the strength of the lanthanide exchange interaction is an exponentially decaying oscillating 

Table 1: Rietveld-refined crystallographic parameters of Pr1-xGdxScGe.  Values for x = 1 are 

taken from Guillou et al. [22].  The least squares standard deviations are shown in parentheses.   

x a c V (a2c) Z (Ln) Z (Ge) 

0 4.33000(3) 15.89503(8) 298.012(4) 0.32342(1) 0.12265(2) 

0.1 4.32814(2) 15.87891(6) 297.456(3) 0.32353(1) 0.12317(2) 

0.25 4.31578(2) 15.82624(6) 295.779(3) 0.32340(1) 0.12370(1) 

0.35 4.31084(2) 15.80113(5) 294.637(3) 0.32343(1) 0.12423(1) 

0.5 4.30083(2) 15.75778(6) 291.473(3) 0.32331(1) 0.12473(2) 

0.6 4.28857(2) 15.72148(6) 289.147(3) 0.32339(1) 0.12474(2) 

0.75 4.27927(1) 15.67600(2) 287.0609(7) 0.32308(1) 0.12544(1) 

1 4.2590(5) 15.598(1) 282.93(7) 0.32283(6) 0.1265(1) 
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function of 4f-element spacing.  Additionally, Ge-Sc interatomic distances remain nearly invariant 

with respect to changes in the unit cell dimensions despite a gradual reduction of both a and c, and 

cell volume. 

SEM and energy dispersive spectroscopy (EDS) data confirm the single-phase nature of all 

synthesized materials (see SI, Fig. S3 [33]), except for some surface oxidation during polishing 

and the presence of a minor impurity phase in x = 0.6.  All materials are extremely brittle, hence 

micropores and microcracks are abundant, and are likely a result of polishing as well.  Furthermore, 

 

Figure 1. Rietveld refinement results of Pr1-xGdxScGe at room temperature.  (a) Unit cell volume 

of Pr1-xGdxScGe as a function of Gd concentration (the x = 1 point is from Guillou et al. [22]).  

(b) Relative changes in the nearest-neighbor interatomic distances as functions of Gd 

concentration.  The relative changes of lattice parameters a and c are plotted for comparison. (c) 

Depiction of the unit cell and interatomic distances shown in (b). 
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the x = 0.25 sample was the only sample to chemically etch when polished with water-based 

colloidal silica despite the same crystal structure and chemical makeup analogous to the entire 

series.  In light of this, all SEM images (see Fig. S3, SI [33]) are from samples polished with 1 𝜇m 

diamond paste. 

A low-temperature PXRD study, results of which are illustrated in Figure 2a, was performed on 

the x = 0.6 sample using a laboratory PXRD setup [29] between 10 and 300 K in zero magnetic 

field.  The a (= b) lattice parameter increases fairly linearly during heating over the measured range 

(Figure 2b).  The c parameter, on the other hand, behaves unexpectedly. In addition to thermal 

contraction instead of thermal expansion along the longest cell dimension as temperature increases, 

c(T) has three distinct regions: 0 K ≤ T ≤ 150 K (slowly decreasing), 150 K ≤ T ≤ 260 K (rapidly 

falling), and T ≥ 260 K (nearly constant). The scatter of the data is within 2–3 standard deviations, 

but the rapid drop of c between 150 and 260 K is intrinsic. The upper-temperature limit of this 

region happens to coincide with the global magnetic ordering temperature, but the anomalous 

thermal expansion is not believed to be exclusively a result of spontaneous striction (see section 

III.B for more details).  Except for the rapid contraction along c, no other structural changes can 

 
Figure 2. Rietveld refinement results of the x = 0.6 sample with respect to temperature.  (a) 

Rietveld fit of the low temperature (T = 100 K) PXRD data for x = 0.6 with only the 10  2  

20 region shown for clarity, and (b) lattice parameters as functions of temperature.  The Bragg 

peaks of a minor (Pr,Gd,Sc)5Ge3 impurity phase could not be seen in a laboratory PXRD. The 

Bragg peak near 2θ = 11° in (a) is due to a small amount of the cubic polymorph of ice 

forming [36], common for this system [37].  The dashed lines in (b) are linear fits of the c 

parameter highlighting three distinct regions. 
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be detected, and the PXRD pattern depicted in Figure 2a is characteristic of the same CeScSi-type 

structure stable at T = 100 K, as well as at any other temperature between 10 and 300 K. 

B. Heat capacity, electronic and thermal transport 

Heat capacity measured in zero magnetic field for x = 0.25 (Fig. S4, SI [33]) shows a second-

order phase transition anomaly with a maximum at 183 K.  Fitting of the low-temperature data 

using the Debye model (CP  T3) for the lattice contribution and CP  T for the electronic 

contribution, modified to include nuclear heat capacity of Pr (CP  T-2), results in the Debye 

temperature, D, of 251 K.  This is in reasonable agreement with the values reported for GdScGe, 

CeScGe, and CeTiGe compounds [22,39,40].  It is worth noting that the large nuclear contributions 

resulted in unrealistic electronic contribution (CP  T) to heat capacity. 

 
Figure 3. Transport properties of Pr0.75Gd0.25ScGe and Pr0.4Gd0.6ScGe.  Thermal conductivity 

of (a) x = 0.25 and (b) x = 0.6 samples measured in 0 and 10 kOe fields during heating.  The 

electronic contribution is estimated using the Weidemann-Franz law and electrical resistivity 

measured concurrently (not shown [38]).  Electrical resistivity of (c) x = 0.25 and (d) x = 0.6 in 

0, 20, 50, and 90 kOe fields.  The insets depict magnetoresistance. 
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Thermal conductivities, T(T) = L(T) + e(T), where T, L and e are, respectively, total, lattice, 

and electronic conductivities, of x = 0.25 and x = 0.6 materials measured as functions of 

temperature in 0 and 10 kOe magnetic fields, are shown in Figure 3a and Figure 3b.  The electronic 

contributions were calculated from ρ(T) data (not shown but measured concurrently  [38]) using 

the Wiedemann–Franz law: e = L0 T -1, where  is the dc electrical resistivity and L0 = 2.45×10−8 

W Ω K-2 is the Lorentz number.  The initial strong increases in κT(T) at low temperatures 

correspond to the rapidly increasing number of phonons and rising kinetic energy of electrons, 

while the local maxima at low temperatures signify scattering due to the increased number of 

phonon-phonon and phonon-electron interactions.  The behaviors of both the electronic and lattice 

contribution are not uncommon for a metallic material, baring anomalous slope changes in κT(T) 

near 170 K and 240 K for x = 0.25, and near 200 K and 250 K for x = 0.6. 

 The anomalous slope changes do not fully correspond with spontaneous striction as x = 0.25 

orders magnetically at 184 K, near the lower temperature (170 K) anomaly in T(T), and x = 0.6 

orders at 270 K, above the higher temperature (250 K) slope change.  However, the slope changes 

in x = 0.6 can be related to the corresponding anomalies in lattice expansion along the c-axis 

revealed by temperature-dependent PXRD, depicted in Figure 2b.  These anomalies are not seen 

in e(T), implying electrons are much less susceptible to the small volume changes than phonons.  

Additionally, applied fields have little to no effect on the phononic contributions and the observed 

minor change in the electronic contribution with applied field is most likely due to cracks forming 

during thermal cycling. 

Figure 3c and Figure 3d depict the electrical resistivities measured as functions of temperature 

in different magnetic fields for the x = 0.25 and x = 0.6 samples.  The residual resistivity ratios, 

RRR  4, are relatively low, reflective of the considerable contributions from carrier scattering on 

defects such as grain boundaries and microcracks naturally present in these extremely brittle 

materials.  The resistivities show metallic character with nearly temperature-independent 

behaviors at T ≤ 25 K, typically caused by defect dominated scattering.  Slope changes occur near 

the corresponding TCs, marking the second-order magnetic phase transitions in both materials.   

The resistivities measured at different applied fields show minimal qualitative changes in the 

electronic transport behavior.  Magnetoresistances (MR) are weak and anomalous near TCs (insets 

in Figure 3c-d).  The shallow minima in MRs extend over large temperature ranges indicative of 
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the second-order nature of the magnetic transitions.  The MR minima correlate very well with TCs 

found from magnetization. 

C. Magnetic properties 

The magnetic behaviors of the Pr1-xGdxScGe compounds are dominated by the 4f electrons of 

lanthanides, Gd and Pr, and thus follow the RKKY model of indirect exchange interactions [41–

44].  However, substitution of Gd is not a trivial matter as saturation magnetization does not 

monotonously increase with increasing the concentration of Gd – the element with a higher 

magnetic moment – but instead, the addition of Gd initially decreases the saturation magnetization 

(Figure 4). When the concentration of Gd reaches and exceeds 25%, the saturation magnetization 

begins to rise. Intuitively, this should happen when heavy and light lanthanides are mixed on the 

same site: because they are also early transition metals, their induced 5d moments and, 

consequently, 4f spin moments should be parallel. Orbital 4f moments are, however, either 

antiparallel, as in light lanthanides, or parallel, as in heavy lanthanides, to their spin moments (J = 

L ± S), and since generally L  S, the magnetic moments of light lanthanides are expected to couple 

antiparallel with those of the heavy.  Although this has been previously assumed for other rare 

earth systems, for example, admixed rare-earth dialuminides [45–49], explicit experimental 

confirmation on a microscopic level has not yet been demonstrated. 

Isothermal dependencies of magnetization (Figure 4) indicate no spin flips in any of the mixed 

lanthanide materials in fields as high as 140 kOe (not shown, but see Del Rose et al. [8]), 

suggesting a strong antiparallel coupling between the Gd (L = 0, S = 7/2, J = 7/2), and Pr (L = 5, S 

= 2/2, J = 4) moments.  Additionally, x = 0 and 0.5 are the only compositions to clearly reach 

 

Figure 4. Evolution of 

magnetization, measured as 

function of magnetic field and 

change in x(Gd) at T = 2K. The 

black contour lines indicate 

measured data and the blue → 

green → red color scale indicates 

increasing magnetization. 
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saturation at H = 70 kOe, however, the magnetization of the other 4 samples (excluding x = 0.25) 

is close to saturation, likely indicating minor canting between the magnetic moments of Gd and 

Pr. 

Direct experimental evidence of antiparallel alignment between Gd and Pr moments has been 

obtained from X-ray magnetic circular dichroism (XMCD) measurements (Figure 5) that provide 

element-specific information about magnetic moment orientation relative to an applied magnetic 

field.  In a pure PrScGe (x = 0), the Pr moment has a net projection along the magnetic field 

direction, but as Gd replaces Pr, the moment of the latter opposes the applied magnetic field when 

x ≥ 0.25 as illustrated in Figure 5a.  Considering the difference between the localized magnetic 

moments of Pr and Gd, for Gd concentrations smaller than x = 0.25, Pr moment dominates and is 

expected to orient parallel to the applied field, thus minimizing the Zeeman energy.  In fact, using 

the ordered moments of GdScGe and PrScGe (respectively, 7.1 B reported in Guillou et al. [22] 

and 2.35 B, see below) determined from MH=70kOe, a simple linear combination of the two predicts 

the composition at which full magnetic compensation occurs as x = 0.24, in agreement with the 

XMCD and magnetometry data.  Furthermore, keeping in mind that Zeeman energy should be 

minimized, the fully compensated composition also signifies the boundary between the Gd 

dominant and Pr dominant compositions, in terms of which lanthanide has a net moment along the 

 

Figure 5. XMCD and x-ray absorption near edge structure (XANES) of the (a) Pr L2 edge in x 

= 0, 0.25, and 0.5 and (b) Gd L3 edge in x = 0.25, and 0.5.  A positive (negative) XMCD signal 

at Pr L2 (Gd L3) edges corresponds to Pr (Gd) magnetization having a projection along the 

applied field direction. The L3 and L2 XMCD data are normalized to isotropic absorption jump 

of 1 and 0.5, respectively. 
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field direction.  It is worth noting that the experimentally determined Pr moments in this series of 

compounds are much lower than the theoretically expected 𝑔√𝐽(𝐽 + 1)= 3.58 B/Pr and gJ = 3.2 

B/Pr, pointing towards a large crystal field splitting as the main reason for the lower Pr moment 

in accordance with previous reports [25]. 

The increase in Pr-L2 XMCD signal for x ≠ 0 (Figure 5a) indicates a more collinear alignment 

of the Pr magnetic moments with field.  The minor but obvious increases in Pr-L2 (Figure 5a) and 

Gd-L3 (Figure 5b) XMCD signals from x = 0.25 to x = 0.5 also indicate projections of the 

corresponding magnetic moments are more in-line with the applied field.  Furthermore, the 

magnitude of the Gd-L3 peak is slightly lower than what is expected of Gd moments coinciding 

with the applied field, indicative of minor canting [50]. 

The bifurcation between MH=70kOe (negative slope) and eff (positive slope) for x ≤ 0.25 (Figure 

6a and Table 2) further exemplifies the antiparallel orientation of the Gd and Pr moments in the 

ordered state.  Noting that this magnetic ordering neither constitutes nor represents a classical 

ferrimagnetic (FiM) system as the Gd and Pr ions carrying different magnetic moments share the 

same lattice site; nor does this represent a spin-wave as the substitution is a nearly random 

statistical mixture, the title materials will be referred to as ferrimagnets throughout this work.  AC 

Table 2. Magnetic parameters for Pr1-xGdxScGe.   TCs are assigned as the minima in dM/dT, and 

θP and peff are obtained by fitting -1(T) to the Curie-Weiss law.  TC and MH=70kOe for x = 1 are 

taken from Guillou et al. [22], while P and eff are from Ivanova et al. [51].   The value of eff 

marked with an asterisk represents an average of 2 samples prepared from different batches of 

the Gd metal with minor differences in the impurity concentrations (see Ref. [8] for details on 

the effects of Gd impurities). 

x (Gd) TC or TN(K) P (K) MH=70kOe  (B/f.u.) eff (B/f.u.) 

0 140 125 2.35 2.3 

0.1 140 15.6 1.28 4.3 

0.25 186 135 0.26 4.6* 

0.35 211 194 0.92 4.8 

0.5 246 236 2.64 6.4 

0.6 270 275 3.22 6.7 

0.75 306 324 5.14 7.0 

1 352 332 7.4 7.8 
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magnetic susceptibility measured for x = 0.25 over the temperature range 2-300 K [8] shows no 

frequency dependence, and thus the formation of a spin-glass state is unlikely as well. 

The x = 0.1 sample has the same TC as x = 0 despite having drastically different Weiss 

temperature (P), MH=70kOe, and eff values (Table 2).  With a 90% probability for any given 

lanthanide atom to be Pr at this composition, the probability that all 4 lanthanide atoms are Pr in 

an average Pr0.9Gd0.1ScGe unit cell is 0.94 = 0.66.  Hence 66% of the cells are exclusively PrScGe.   

 

Figure 6. (a) Effective magnetic moment and magnetization at H = 70 kOe plotted as 

functions of gadolinium concentration.  The red points at x = 1 are taken from Guillou et 

al. [22].  (b) Depiction of the change in XMCD signal with respect to temperature normalized 

to XMCD signals at T = 1.75 K.  (c) The unusual magnetic effects this work addresses, that is, 

negative magnetization and magnetic memory effects in Pr0.75Gd0.25ScGe (full datasets are in 

Ref. [8]).  Hcool is the field applied prior to measurement, on cooling (ranging from -20 Oe to 

20 Oe), and Happ is the field applied while measuring (0.1 kOe, always positive). 
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However, when a given unit cell accommodates Gd, its magnetic moment still orients antiparallel 

to that of Pr as evident from MH=70kOe.  This could indicate a rather interesting magnetic structure 

as Pr in ternary PrScGe is known to split into multiple, differently degenerate 4f states with 

different magnetic moments that orient antiparallel [21], and minor Gd additions could cause the 

complex ferrimagnetic magnetic structure, intrinsic to pure PrScGe, to become frustrated. 

The negative magnetization and atypical magnetic memory effects earlier reported for 

Pr0.75Gd0.25ScGe in Del Rose et al. [8] (Figure 6c) are a result of the nearly zero observed net 

magnetic moment and weak applied magnetic fields.  Small, trapped fields intrinsic to the 

superconducting magnets used in SQUID devices generally oppose the previously set field [52], 

initially polarizing the Gd moments parallel and the Pr moments antiparallel to those trapped fields 

for x ≥ 0.25 and vice-versa for x < 0.25.  As temperature decreases across and below the Curie 

temperature, the Gd and Pr moments are “frozen” in place, so when a magnetic field smaller than 

the coercivity but opposing the trapped field is applied at the lowest temperature, the Gd moment 

remains oriented anti-parallel and Pr parallel to the new applied field.  This results in negative 

magnetizations when x = 0.25. 

 Additionally, as depicted in Figure 6b, the localized lanthanide moments develop non-uniformly 

with temperature and the competing Gd and Pr magnetic sublattices are expected to create a near 

zero net magnetic moment at all temperatures for at least x = 0.25.  Even though Figure 6b shows 

positive net magnetization at all temperatures, it assumes perfectly anti-parallel Gd and Pr 

moments that are collinear with the applied magnetic field.  Minor canting in either the Pr or Gd 

sublattices, or both, with respect to the applied field or slight changes to their collinear alignment 

with each other, which has been suggested previously in this work, could cause the flip between 

negative and positive magnetization, as shown in Figure 6c.  Furthermore, by controlling the field, 

that is, by setting weak positive or negative bias fields during cooling to override the trapped fields, 

the initial Gd and Pr magnetic moment orientations can be flipped, causing tunable positive and 

negative temperature dependent magnetization regions, as depicted in Figure 6c. 

 Spontaneous exchange bias (exchange bias when cooled in zero magnetic field) was observed 

in Pr0.75Gd0.25ScGe [8] as well as with other single-phase, admixed lanthanide systems near their 

fully compensated compositions, for example, in Nd0.75Ho0.25Al2 and Sm0.94Gd0.06ScGe [23,49].  

Previously it has been suggested that self-inclusions of differing magnetic structures, usually 

caused by metamagnetic transitions, could be an underlying cause of the spontaneous exchange 
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bias in single phase materials [24,53].  However, no metamagnetic behavior is observed in any of 

those compounds (also refer to Figure 4). 

 Instead, we propose that inhomogeneities inherent to the lanthanide chemical disorder result in 

exchange bias in this, and, consequentially, other substituted and magnetically-ordered, nearly-

fully compensated lanthanide, systems.  In the case of Pr0.75Gd0.25ScGe, imperfections in the local 

chemical disorder, as discussed in section III.A, could result in regions of slightly lower (or higher) 

Gd concentrations.  Usually, this would have minute consequences, as the properties of a region 

of slightly lower (higher) Gd concentration would be averaged out in macroscopic properties (i.e., 

magnetization and transport).  However, x = 0.25 is uniquely situated on the border between a Gd 

and Pr dominant system, in terms of magnetic ordering direction.  Thus, it is conceivable that x = 

0.25 has both Pr dominant (inclusions that average x < 0.25) and Gd dominant (bulk) regions.  The 

interfaces between these regions would ensure the magnetic pinning necessary to produce 

exchange bias, as schematically illustrated in Figure 7. 

 

 

Figure 7. Proposed mechanism (left) for producing exchange bias (right) in single-phase 

Pr0.75Gd0.25ScGe.  The smaller, red, and larger, purple, arrows represent Pr and Gd magnetic 

moments, respectively, while the black, dashed line illustrates the boundary between the Gd-

rich (left) and Gd-poor (right) regions.  The rectangular box represents a unit cell.  For a full 

dataset illustrating the exchange bias see Ref. [8]. 
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IV. Conclusions 

Synchrotron PXRD and SEM verifies that all studied Pr1-xGdxScGe samples are single phase 

(except x = 0.6 for which SEM shows a minor, 0.6 vol.% impurity of (Sc,Pr,Gd)5Ge3).  When x = 

0.25, asymmetry in the (00l) Bragg reflections is noticeably greater when compared to other 

isostructural members with different x, reflecting local inhomogeneity in Pr and Gd distribution.  

Low-temperature PXRD of x = 0.6 unveils anomalous anisotropic lattice expansion that correlates 

with anomalies in lattice thermal conductivity. 

Magnetism of all samples is controlled by indirect RKKY interactions with the magnetic 

moments of Gd and Pr ordering antiparallel despite randomly occupying the same lattice site.  Even 

though this has previously been assumed for mixed heavy and light lanthanide materials, this study 

shows direct evidence through XMCD at the Pr-L2 and Gd-L3 edges.  Furthermore, XMCD shows 

the negative magnetization in samples with low Gd content to be a product of the differences in 

how the magnetic moments of different lanthanides develop with temperature.  From here we 

demonstrate how weak negative and positive bias fields, applied during cooling, change the initial 

orientation of the Gd and Pr moments but maintain their antiparallel coupling over a wide range 

of temperatures, even when the measurement field, on heating, is replaced by a stronger opposing 

field.  We further show how this can lead to magnetic compensation and magnetic memory effects 

as well as strong exchange bias in admixed, nearly compensated lanthanide systems with even 

minor local perturbations of commonly assumed fully random distribution of the lanthanide ions 

in the crystal lattice. 

 

Data Availability Statement 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 
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and S. Tencé, Hydrogen Insertion in the Intermetallic GdScGe: A Drastic Reduction of the 

Dimensionality of the Magnetic and Transport Properties, Inorganic Chemistry 57, 14230 

(2018). 

[27] S. Couillaud, E. Gaudin, V. Franco, A. Conde, R. Pöttgen, B. Heying, U. C. Rodewald, and 

B. Chevalier, The Magnetocaloric Properties of GdScSi and GdScGe, Intermetallics 19, 

1573 (2011). 



20 

 

[28] O. I. Bodak, Z. M. Shpyrka, and I. R. Mokra, Peculiarities of the Interaction of the 

Components in the Systems of Two Rare Earth Metals and Germanium, Journal of Alloys 

and Compounds 247, 217 (1997). 

[29] A. P. Holm, V. K. Pecharsky, K. A. Gschneidner, R. Rink, and M. N. Jirmanus, X-Ray 

Powder Diffractometer for in Situ Structural Studies in Magnetic Fields from 0 to 35 KOe 

between 2.2 and 315 K, Review of Scientific Instruments 75, 1081 (2004). 

[30] B. H. Toby and R. B. von Dreele, GSAS-II: The Genesis of a Modern Open-Source All 

Purpose Crystallography Software Package, Journal of Applied Crystallography 46, 544 

(2013). 

[31] J. C. Lang and G. Srajer, Bragg Transmission Phase Plates for the Production of Circularly 

Polarized x Rays, Review of Scientific Instruments 66, 1540 (1995). 

[32] M. Suzuki, N. Kawamura, M. Mizumaki, A. Urata, H. Maruyama, S. Goto, and T. Ishikawa, 

Helicity-Modulation Technique Using Diffractive Phase Retarder for Measurements of X-

Ray Magnetic Circular Dichroism, Japanese Journal of Applied Physics 37, 1488 (1998). 

[33] See Supplemental Material at [URL] for synchrotron x-ray diffraction, SEM micrographs, 

and heat capacity data.   

[34] P. Manfrinetti, M. Pani, A. Palenzona, S. K. Dhar, and S. Singh, Single Crystal Study of the 

High-Curie-Temperature Ferromagnet Gd1.02Sc0.98Ge and of Gd2.38Sc2.62Ge3, Journal of 

Alloys and Compounds 334, 9 (2002). 

[35] T. Mahon, E. Gaudin, A. Villesuzanne, B. Chevalier, S. Tencé, Effect of Carbon Insertion 
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