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We present the synthesis and experimental characterization of the binary intermetallic compound Pr7Rus.
The polycrystalline sample was prepared by arc melting pure Pr and Ru, followed by homogenization at
500 °C and 600 °C for 48 and 89 h, respectively. Powder x-ray diffraction confirms that Pr;Rus crystallizes in
an orthorhombic crystal structure (Pnma, space group no. 62) with the lattice parameters: a = 7.3606(7) A,
b =23.120(1) A and c = 6.5959(5) A. Magnetization, resistivity, and heat capacity measurements reveal a
ferromagnetic transition in Pr;Rus with the Curie temperature Tc ~ 24.5 K. The bulk transition is confirmed
by a large A-shape anomaly observed in the specific heat measurement. The magnetic susceptibility above
the transition obeys the modified Curie-Weiss law with a positive Curie-Weiss temperature ©¢yw = 30(1) K
and an effective magnetic moment of 3.39(1) pg/Pr. Resistivity data for Pr;Rus reveals metallic-like behavior
with a clear anomaly at the transition temperature which is smeared by an applied magnetic field. We also
synthesized high-quality nonmagnetic analog La;Rus for which superconducting transition is observed with
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T. = 1.95 K, in agreement with the literature.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Intermetallic binary compounds based on a combination of rare-
earth (RE) and transition metals (T) from groups 8, 9, and 10 exhibit
many interesting physical phenomena, including different types of
magnetic ordering [1-7] and superconductivity [8-15]. One of the
most well-known structures for such binaries are Laves phases
which are important in engineering applications, such as a hydrogen
storage system [16]. However, one family of compounds has not
drawn too much attention from the materials community - the
Th;Fes type. From the chemistry perspective, the rare-earth ele-
ments have larger electropositivity than the late transition metals,
which results in filling the d orbitals on the late transition metals
when they form intermetallic compounds. Similar electronic inter-
actions were observed in FeGas - a small gap Kondo-like system
[17,18]. Thus, it motivates us to study the binary phases forming
between rare-earth and transition metals and to examine the f - d
interactions in the materials.
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tomasz.klimczuk@pg.edu.pl (T. Klimczuk).
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Rare-earth-based binary ruthenides form in the chemical stoi-
chiometry that ranges from ruthenium-rich RERu, to rare-earth-rich
RE3Ru. RE;Ru; compounds with the Sr,Pts type crystal structure are
reported only for La, Pr, and Nd, while for Ce the structure is of the
Th,Fes type [19]. The crystal structure of Pr;Rus is relatively com-
plex, featuring 4 inequivalent Pr positions, each having different
coordination and connectivity and hence different local site sym-
metry. As a result, a complicated crystal field splitting of Pr*3 is
expected. The sublattice of Pr atoms forms a 3-dimensional network
with the nearest-neighbor Pr-Pr distance varying from 3.6 A to 4 A.
In the RE;Rus family, the physical properties depend on the type of
RE ion: La;Rus is reported to be a superconductor with T. = 1.93 K
[20], Ce;Rus is an antiferromagnet exhibiting non-Fermi liquid be-
havior [21], while for Nd;Rus; and Pr;Rus physical properties have
not been described.

The interplay between exchange interaction and crystalline field
in compounds containing light rare-earth atoms is, to this day, not
well understood, as not all of the reported compounds are fully
characterized. In this project, we report the magnetic, thermal and
electronic transport properties of Pr,Rus for the first time, with an
aim to broaden the understanding of magnetic interactions in rare-
earth transition metal intermetallic systems. We find a ferromag-
netic transition in Pr;Rus with the Curie temperature Tc = 24.5 K, as
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determined by specific heat measurement. Since ferromagnetism in
rare-earth-based metallic systems is less common than the occur-
rence of antiferromagnetism [22], Pr;Rus appears to be especially
interesting.

2. Experimental

The Pr;Rus sample was prepared by melting stoichiometric
amounts of pure Pr (Alfa Aesar, 99.9 %) and Ru (Alfa Aesar, 99.95 %)
pieces under an argon atmosphere in an arc-melting furnace (MAM-
1 Edmund Buhler GmbH), with zirconium used as a getter. The
sample button was melted four times to improve the reaction be-
tween the constituents. There was no significant weight loss after
the process. The sample was then wrapped in Ta foil, sealed in an
evacuated quartz tube, and annealed at 500 °C for 48 h and then
600 °C for 89 h.

Phase purity and structural data for the sample were checked by
powder x-ray diffraction at room temperature, using a Bruker D2
Phaser 2nd generation diffractometer with CuK, radiation
(» = 1.5404 A) and XE-T detectors. The unit cell parameters were
refined in Bruker Topas software employing the LeBail method.

All the measurements were performed using an Evercool II
Quantum Design Physical Property Measurement System (PPMS).
Resistivity was determined using a four-terminal technique, with
50 pm-diameter platinum wire leads spark-welded to the sample
surface. The specific heat was measured in the applied field ranging
from 0 to 1 T, using the two-t relaxation method. For magnetic
measurements, the vibrating sample magnetometer (VSM) function
was employed. Field-dependent magnetization at 2 K and tem-
perature-dependent magnetic susceptibility were measured, in-
cluding dependencies of zero-field cooled and field cooled
magnetizations in various fields. Throughout the text, the magnetic
susceptibility was approximated as y = M/H.

3. Results and discussion

The Pr;Ruz sample was first characterized by room temperature
powder X-ray diffraction (pXRD). The pXRD pattern together with
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Fig. 2. Temperature dependence of magnetic susceptibility of Pr;Rus sample. Points
represent experimental data and the solid red line is a modified Curie-Weiss fit. In the
inset, the inverse susceptibility versus temperature is shown, with a linear fit (solid
red line) used to determine the Curie constant and temperature, as well as the ef-
fective magnetic moment. The dashed line is a guide to the eye.

LeBail refinement is shown in Fig. 1, represented by open circles and
solid red line, respectively. The Bragg positions (vertical bars) and
the difference plot between experimental and fitted data (blue line)
are also shown. The compound was found to be a single phase with
no extra peaks that might correspond to possible impurities. All
reflections are indexed in the orthorhombic Sr;Pts-type structure
(Pnma, s.g. no. 62) with lattice parameters a = 7.3606(7) A b
= 23.120(1) A and ¢ = 6.5959(5) A. These values are in very good
agreement with the crystallographic data published previously [19].
The detailed discussion of the Sr;Pts-type structure can be found
in [23].

The temperature-dependent and field-dependent magnetization
and magnetic susceptibility of Pr,Rus were analyzed in detail. Fig. 2
presents the temperature dependence of magnetic susceptibility
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Fig. 1. Powder x-ray diffraction pattern of Pr;Rus. Points represent experimental data and solid red line is the LeBail fit. Difference line is shown below (blue), as well as expected
peak positions corresponding to hkl planes (black vertical bars). The LeBail refinement confirms the previously reported values of lattice constants as well as the sample space

group.
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x(T), measured in an applied field of 0.1 T. The vertical axis is pre-
sented on a logarithmic scale. There is a significant rise in suscept-
ibility in the low-temperature region, which is a hint of possible
ferromagnetism [24-30]. The inverse susceptibility, 1/(x- xo), tem-
perature dependence is shown in the inset of Fig. 2. The x(T) ex-
perimental data points were fitted with a modified Curie-Weiss
(CW) law, by using the formula: ¥(T) =yo *+ C/(T- ©¢w) in the tem-
perature range 125 - 325 K. A fit shown in the main panel of Fig. 2 by
a red solid line yielded the independent susceptibility term yq
=7.2(4) x 10 mol-Pr™!, Curie constant C =1.44(1) emu K Pr-mol™
and Curie-Weiss temperature ©cw =30(1) K. A positive value of ©¢w
indicates the presence of the ferromagnetic interactions at high
temperatures. With the obtained Curie constant and with the as-
sumption, that the magnetic moment comes solely from trivalent
praseodymium ions Pr3*, the effective magnetic moment per Pr was

calculated from the expression: pz = \/ 32’;5 where kg is the
HB=INA

Boltzmann constant, pp is the Bohr magneton and N, is Avogadro’s
constant. The estimated effective magnetic moment is pegr. =3.39(1)
pg/Pr, which is close to the expected value for Pr>* ion of 3.58 pg [24]
and suggests that the sole origin of magnetism is the rare-earth
metal.

In order to analyze how the applied magnetic field interacts with
the sample, we measured zero-field cooled (ZFC) and field cooled
(FC) magnetic susceptibility in applied fields of 1 mT, 10 mT, 100 mT,
and 1T, as shown in Fig. 3. In each case, below 30K, a significant rise
of the %(T) is observed, which is a sign of ferromagnetic behavior. The
transition is sharp for the lowest applied field and smears as the field
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Fig. 3. Zero field cooled and field cooled susceptibility curves versus temperature,
shown between 0 and 45K for fields of 1,10, 100 mTand 1T.
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Fig. 4. Field-dependent magnetization of the sample, measured in isothermal con-
ditions and the field range of -9 T to 9 T. The left inset shows a more detailed look at
the hysteresis loop, while the right shows the magnetic moment above Curie tem-
perature with visible paramagnetic behavior.

increases. A rough estimation of the transition from the minimum of
dy/dT, for the lowest used field poH =1 mT, gives Tc = 24.6 K. For the
fields lower than 1T, the ZFC and FC curves are visibly separated,
which is likely a result of domain wall pinning, due to the presence
of magnetocrystalline anisotropy, which is a common feature in the
rare-earth compounds [24,31,32]. The observed overlap of ZFC and
FC curves at 1T is due to the fact that the magnetization is essen-
tially fully saturated at this field, i.e., all moments/domains are
aligned.

An important measurement in the case of a compound that is
tested for possible ferromagnetism or spin glass behavior is the
field-dependent magnetization M(H) below the Curie temperature.
The main panel and the left inset of Fig. 4 present M(H) data points
for PryRus collected at T=2 K. The ferromagnetic character is clearly
visible, with a closer look at the hysteresis loop shown in Fig. 4(a).
The estimated coercivity field for Pr;Rus is poHc =0.08 T and the
remnant magnetization pg = 0.6 pg/mol-Pr, which is roughly 40 % of
the magnetization in the maximum applied field of 9 T. The mag-
netization curve M(H) tends to saturate, however, the powder-
averaged M, ~ 1.4 pgp is far lower than expected for a 9-fold de-
generate manifold of Pr*® (3.2 pg). The M(H) slope calculated be-
tween 2 Tand 9T is M/H =6.5(6) x 10~ emu mol-Pr. A lower than-
expected value of saturated moment (2.57 pg) was also found in the
Laves PrAl, [33]. This is likely caused by the single-ion anisotropy
effects and we return to this point in a discussion of magnetic en-
tropy. In the light rare-earth-based intermetallics, the crystalline
electric field (CEF) may play a significant role [24,34,35], as well as
the random distribution of easy and hard magnetization axes due to
the sample’s polycrystalline structure [36]. In the case of Pr;Rus,
with four inequivalent Pr sites, CEF effects are particularly complex.
All of the above may cause a lower-than-expected saturation value.
The M(H) measured at 50K is presented in Fig. 4(b). As expected,
above the Curie temperature, ferromagnetic behavior is no longer
visible and M(H) becomes a straight line with only small curvature
above 6 T, which is typical for paramagnetic compounds.

To further analyze the magnetic properties of Pr;Rus, specific
heat measurements were conducted. The main panel of Fig. 5(a)
presents the temperature dependence of the specific heat C,/T for
Pr;Rus (red line) and La;Rus (blue line) in the whole temperature
range. The data were collected in a zero applied field. The inset of
Fig. 5(a) shows Cp/T vs. T in the low-temperature region surrounding
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Fig. 5. (a) Temperature dependence of the specific heat C,/T for both Pr;Ru; and
La;Rus. Detailed studies of the specific heat in the vicinity of superconducting tran-
sition for La;Rus is provided in SI. (b) Magnetic entropy Smag of Pr7Rus. The vertical
arrow indicates the Curie temperature T¢ =24.5K.

the transition. Near 25 K a distinct lambda-shape anomaly for Pr;Rus
is seen, which is associated with a second order phase transition and
confirms bulk nature of the transition. A second order phase tran-
sition is also suggested by the lack of thermal hysteresis in the re-
sistivity data (not shown). The low-temperature upturn seen below
3.5K is likely a nuclear Schottky effect (Cy). This conclusion comes
from the observation and detailed discussion of a high Cy anomaly at
the same temperature range for PrAl, [37].

The magnetic contribution (Cpag) to the specific heat can be
estimated using a comparative analysis with a non-magnetic iso-
structural compound. Here, La;Ru; was chosen as the analog mate-
rial, as it forms in the same crystal structure, has similar lattice
parameters to Pr;Ru; and, what is equally important, the molar mass
of Lais only 1.4 % less than that of Pr. Detailed analysis of the C;, for a
non-magnetic La;Rus; compound in the vicinity of the super-
conducting transition is presented in the SI. The Cpae(T) was ob-
tained by subtracting the experimental C,(T) for La;Rus. Next, the
magnetic entropy Smag(T) was calculated from the obtained mag-
netic specific heat by numerical integration of Cn,g/T, and the result
is shown in Fig. 5(b). The contribution of the nuclear Schottky
anomaly to the specific heat (seen below 3.5 K) was neglected which
slightly overestimates Sp,ag [38,39]. There is a clear change of the
Smag(T) behavior near T¢ and the entropy released up to 24.5K is
Smag =5] Pr-mol™" K'. This value is much lower than RIn9 but
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Fig. 6. (a) Specific heat map, showing its temperature dependence near transition
temperature in the applied field range of 0-1T. The white points indicate the minima
of the first derivative of magnetic susceptibility with respect to the temperature,
corresponding to the phase transition temperature. (b) Heat capacity (Cp/T) vs. tem-
perature measured in zero field (open black circles) and under various magnetic
fields.

reasonably matches with RIn2 and hence the suggested ground state
for PryRus, due to the 4f 2 configuration of Pr*3, is a non-Kramers
magnetic doublet. A similar scenario was proposed by Lyu et al. for a
ferromagnetic semimetal PrAlSi [40].

Fig. 6(a) presents a map of the specific heat, showing its tem-
perature and magnetic field dependence. There is a distinct
boundary between the ferromagnetic state and the paramagnetic
state. The additional white star-shaped points were calculated as the
minima of dy/dT curves for each of the applied magnetic fields. All
those points closely follow the boundary established by the heat
capacity measurements and validate both approaches. The influence
of magnetic field is also presented in Fig. 6(b), where the anomaly is
shown to decrease and shift toward slightly higher temperature as
the applied magnetic field is increased.

The temperature dependence of the resistivity of Pr;Rus, mea-
sured in zero applied field, is plotted in the main panel of Fig. 7. The
metallic behavior of PryRus is clearly visible, as the derivative dp/dT
is positive in the temperature range of 1.8-300 K. The slightly cur-
vilinear behavior of resistivity above 50 K is likely due to a change in
scattering as the population of one or more excited CEF levels
changes. There is a sharp drop in resistivity near the transition
temperature, corresponding to the ferromagnetic ordering of the Pr
spins. Moreover, this drop tends to flatten with the increasing
magnitude of the applied field, which is a sign of the magnetic origin
of the transition. As shown in the inset, this drop is fully eliminated
in the applied field of 5T.
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Fig. 7. Pr;Ru; resistivity temperature dependence in zero applied field, with visible
metallic behavior and ferromagnetic ordering transition near 25K. The inset shows
resistivity data in magnetic fields of 0-5T.

4. Summary

Polycrystalline Pr;Rus was synthesized and its magnetic, trans-
port, and thermal properties were measured. Structure data, ob-
tained by the LeBail refinement of room temperature powder XRD
data, gives values of the lattice constants: a =7.3606(7) A, b
=23.120(1) A, and ¢ =6.5959(5) A and is in agreement with the one
reported in the literature [ 19]. Detailed analysis of the magnetic data
for Pr;Rus indicates the occurrence of a ferromagnetic transition
with the Curie temperature T¢ =24.5K, determined from the heat
capacity measurement. Above Tc the %(T) data follow a modified
Curie-Weiss law with a Curie-Weiss temperature ©¢cyw =30(1) K and
effective magnetic moment 3.39(1) pg/Pr, which is close to the the-
oretical 3.58 pg/Pr value. Possible CEF level splittings at high tem-
perature, as well as the finite 4 f spin-orbit coupling, might influence
the fit and cause a small discrepancy.

Ferromagnetic behavior in Pr;Rus is seen via the hysteresis in the
M(H) loop at low temperatures with the remnant magnetization pg
=0.6 pg mol-Pr™! and the estimated coercivity field 0.08 T. Hence,
Pr;Rus can be classified as a soft ferromagnet. Our heat capacity data
confirm a bulk transition at about 24.5 K with a clear A-like anomaly.
The magnetic entropy Smag released up to Tc is close to RIn2 and
hence we suggest that the ground state for Pr;Rus is a non-Kramers
magnetic doublet, as it was also reported for a ferromagnetic
semimetal PrAlSi [40]. It is worth noting that the full magnetic en-
tropy Smag, Of the ninefold multiplets (RIn9) for Pr;Rus is released
near room temperature.

Physical properties of the Pr-based intermetallic compounds in
most cases reveal interesting, though complex behavior and Pr;Rus
is not an exception. A neutron diffraction study would prove valu-
able to elucidate the magnetic structure of Pr;Rus. The existence of
four inequivalent Pr positions in the unit cell, each having different
coordination (different local site symmetry) will cause a complicated
crystal field splitting of Pr*>. In order to shed light on the overall
splitting energies, inelastic neutron scattering measurements are
required.

Pr,Rus is the first ferromagnetic compound in the RE;Rus family
and what is also important does not contain 3d metal. Observed
ferromagnetism, with a relatively high Tc = 24.5K, develops in a CEF
ground state doublet. If one makes hypothetical RE;Os3 compounds,
which are likely to be magnetic, then the interplay of spin-orbit
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coupling and magnetism can be studied in detail in this complex, yet
interesting system.
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