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Superconductivity and magnetism in R4Be33Pt16 (R = Y, La–Nd, Sm–Lu):
A family of crystallographically complex noncentrosymmetric compounds
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Crystallographically complex compounds often possess peculiar physical properties, the evolution of which
can be tracked by changing one of the constituent elements at a time. We report the discovery and synthesis
of isotypic R4Be33Pt16 (R = Y, La–Nd, Sm–Lu) compounds, which crystallize with the noncentrosymmetric
cubic space group I43d . The lattice parameters vary from a = 13.6682(4) Å for R = La to a = 13.4366(3) Å
for R = Lu. R4Be33Pt16 phases exhibit a wide range of ground states. R = Y, La, and Lu analogs display
superconductivity. Their calculated electronic structures show nonzero density of states at the Fermi level, with
the value of the Sommerfeld coefficient consistent with those obtained experimentally. The rest of the R4Be33Pt16

compounds exhibit magnetic ground states with ordering temperatures ranging from Tmag = 0.4 K (R = Yb) to
Tmag = 40 K (R = Pr). The diversity of physical properties of R4Be33Pt16 compounds can likely be attributed to
the nature of the individual rare-earth elements, structural noncentrosymmetry, the large number of atoms per
unit cell (212), as well as the complex multicenter interactions within the Be-Pt framework.

DOI: 10.1103/PhysRevMaterials.5.074801

I. INTRODUCTION

Complex crystal structures often yield fascinating physical
properties [1–12], which makes the search for new materials
of acute interest to the condensed matter physics and solid-
state chemistry communities. In particular, the variation of
one constituent element in a series of isostructural compounds
can be used to pinpoint the trends that govern the relation
between the crystal structure and the resultant physical prop-
erties, pushing us one step closer to being able to create the
much-needed materials by design. Among rare-earth-based
intermetallic compounds, the diverse span of properties is
mostly driven by the interplay of the 4 f orbitals with the
conduction s, p, or d electrons, which, in turn, can be tuned
by the spatial separation and concentration of the rare-earth
ions. With this in mind, several families of rare-earth-based
materials have been previously studied [13–24].

The initial interest in rare-earth- and platinum-based mate-
rials was spiked by the discovery of the noncentrosymmetric
superconductor CePt3Si (Tc = 0.75 K) [25]. Further studies
reported a series of borocarbides RPt2B2C (R = rare-earth
element), which from the point of view of their crystal
structure can be related to the 122-type high-temperature su-
perconductors. It was established that some of these materials
also superconduct, but at much lower critical temperatures
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(T max
c ≈ 11 K for YPt2B2C [26]). Another member of the

family, NdPt2B2C, exhibits coexistence of superconductiv-
ity and magnetism [27]. On the other hand, the number
of known rare-earth and beryllium-based compounds is
somewhat limited, with the only reported series being the
RCu4Be family [28]. None of the RCu4Be compounds show
superconductivity.

In this exploratory work, we present physical properties
of 15 isostructural compounds R4Be33Pt16 (R = Y, La–Nd,
Sm–Lu). They are representatives of a new structure type,
possessing a cagelike crystal structure, similar to clathrates.
The crystal structure was established and described in de-
tail for Y4Be33Pt16 in our previous publication [29] and
for La4Be33Pt16 in the current work (see Sec. SI of the
Supplemental Material [30]). In contrast to the mostly two-
center bonding in the framework of clathrate compounds, the
new R4Be33Pt16 materials reveal the multicenter interactions
within the framework, caused by the demand of the valence
electrons in the system [29].

The physical properties of the R4Be33Pt16 phases are quite
diverse. For R = Y, La, and Lu, superconductivity was ob-
served below Tc = 0.9, 2.5, and 0.7 K, respectively. Their
electronic structure was investigated by means of density
functional theory calculations. The rest of the R4Be33Pt16

compounds exhibit magnetic ground states. All of R4Be33Pt16

compounds display modest values of the electronic specific
coefficient γn.

II. EXPERIMENTAL METHODS

The sample preparation was performed in a specialized
laboratory, equipped with an argon-filled glove box sys-
tem (MBraun, p(H2O/O2) < 0.1 ppm) [31]. Polycrystalline
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FIG. 1. The cubic lattice parameter a for the R4Be33Pt16 (R =
Y, La–Nd, Sm–Lu) series. Inset: The crystal structure of R4Be33Pt16

projected along [111] and represented as an arrangement of interpen-
etrating coordination polyhedrons around R and Pt1 atoms.

samples of R4Be33Pt16 (R = Y, La–Nd, Sm–Lu) were
synthesized by arc melting of R (pieces, Ames Labora-
tory, >99.9%), Be (sheet, Heraeus, >99.9%), and Pt (foil,
Chempur, >99.9%) in the 10:60:30 ratio. In order to ensure
homogeneity, all samples were arc melted several times, with
final mass losses of at most 2%. Small inclusions of secondary
phases were identified by several experimental methods (see
below), while temperature treatment, as well as changing the
initial composition, did not result in completely single-phase
samples. Since the amount of Be is hard to quantify analyti-
cally (see below), and given that the evaporation losses of Be
are unavoidable, the only way to keep control of the sample
composition is to follow a careful weighing protocol. None of
the samples exhibited any marked air or moisture sensitivity.

Powder x-ray diffraction was performed on a Huber
G670 Image plate Guinier camera with a Ge monochroma-
tor (Cu Kα1, λ = 1.54056 Å). Phase identification was done
using the WinXPow software [32]. The lattice parameters were
determined by a least-squares refinement using the peak po-
sitions, extracted by profile fitting (WinCSD software [33]).
Results are provided in Fig. 1 and Table III. Neighboring
phase(s) were found to be present in all samples as impurities
(see Table S1 and Figs. S1 and S2 of the Supplemental Mate-
rial [30]), with the amounts ranging from <0.41 ± 0.12 wt %
(R = Gd) to 8.45 ± 0.65 wt % (R = La). Given significantly
different properties of the impurity phases, it was possible to
determine intrinsic properties of the R4Be33Pt16 compounds.

Chemical composition was studied on polished sam-
ples using energy-dispersive x-ray spectroscopy with a Jeol
JSM 6610 scanning electron microscope equipped with an
UltraDry EDS detector (ThermoFisher NSS7). The semiquan-
titative analysis was performed with 25 keV acceleration
voltage and ≈3 nA beam current. Small inclusions of sec-
ondary phases are also visible from backscatter scanning
electron micrographs, presented in Figs. S3 and S4 of the Sup-
plemental Material [30]. A quantitative analysis is provided in
Table S1 of the Supplemental Material [30]. However, it has to
be emphasized that the Be content cannot be reliably analyzed
by this method.

(a)

(b)

FIG. 2. (a) X-ray and (b) neutron powder diffraction patterns for
La4Be33Pt16. Experimental patterns are shown as black solid lines.
The blue bars below the patterns correspond to calculated positions
of the reflections. The difference curve (beige) indicates a good
agreement between theoretical and experimental patterns.

Neutron powder diffraction of La4Be33Pt16 was performed
on the ECHIDNA high-resolution diffractometer at the OPAL
reactor (ANSTO, Lucas Heights, Australia). The powdered
sample was placed in a cylindrical vanadium holder and
diffraction data were collected in transmission geometry (λ =
1.6215(1) Å). These data, as well as corresponding x-ray
diffraction pattern, were used for joint refinement of the crys-
tal structure by the Rietveld method (see Fig. 2 and Tables I
and II) [34].

Field-dependent magnetization and temperature-dependent
dc-susceptibility measurements were carried out in a Quan-
tum Design (QD) Magnetic Property Measurement System
for temperatures between 1.8 and 300 K, and for applied
magnetic fields up to μ0H = 7 T. The inverse magnetic
susceptibility data were fit to the Curie-Weiss law in the tem-
perature region between T = 150 K and T = 300 K, after a
temperature-independent contribution M0 has been subtracted
(see Table III for M0 values). For R = Nd, Ho, Er, and Tm, the
magnitude of the Weiss temperature θW is rather small, with
the sign being highly dependent upon the region of fitting (see
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TABLE I. Crystallographic data for La4Be33Pt16 (Y4Be33Pt16

structure type).

Crystal system Cubic
Space group I 4̄3d (No. 220)
Pearson symbol cI212
Formula units per cell Z = 4
Molar mass 3974.36 g mol−1

Unit cell parameter, a 13.6682(4) Åa

Unit cell volume, V 2553.5(2) Å3

Calculated density 10.33 g cm−3

Parameters refined 52
Neutron diffraction

Radiation type, λ Neutron, 1.6215(1) Å
Diffractometer ECHIDNA at ANSTO (Australia)
Geometry Transmission
2θmin, 2θmax, 2θ -step 10.0◦, 153.4◦, 0.05◦

RB, Rp, Rwp 0.049, 0.062, 0.083
X-ray diffraction

Radiation type, λ Cu Kα1, 1.54056 Å
Diffractometer Image Plate Guinier camera Huber 670
Geometry Transmission
2θmin, 2θmax, 2θ step 12.0◦, 100.3◦, 0.005◦

RB, Rp, Rwp 0.059, 0.122, 0.143

aObtained from powder x-ray diffraction data.

Table II for an estimate of error bars). Therefore, a definitive
assessment of coupling mechanisms in these systems is left
to a future study. The magnetic hysteresis measurements were
taken at the lowest accessible temperature, T = 1.8 K. For
clarity, the virgin curve has been removed and only the upper
quadrant is shown [see, for example, inset of Fig. 8(a) and
inset of Fig. 9(a)]. Heat capacity was measured from T = 0.4
to 10 K, in magnetic fields up to μ0H = 9 T using a QD
Physical Property Measurement System. Similar to the other
Be-containing material Be5Pt [35], the electrical resistivity of
R4Be33Pt16 (R = Y, La–Nd, Sm–Lu) samples is dominated by
that of the secondary phase(s). Therefore, it was not possible
to conclusively establish transport properties of R4Be33Pt16 (R
= Y, La–Nd, Sm–Lu) compounds. Given nonzero density of
states at the Fermi level for R = La, Lu, and Sc systems (see
Fig. 5), all compounds of the series are likely metals.

Electronic structure calculations were performed by using
the all-electron, full-potential local orbital (FPLO) method
[36]. All main results were obtained within the local

TABLE II. Atomic coordinates, Wyckoff sites, and isotropic
displacement parameters (Å2) for La4Be33Pt16, obtained by joined
x-ray-neutron refinement.

Atom Site x/a y/b z/c Uiso

La1 16c 0.8087(3) x x 0.43(9)
Pt1 16c 0.9347(2) x x 0.42(7)
Pt2 48e 0.4912(2) 0.8974(3) 0.7763(2) 0.42(5)
Be1 12a 5/8 0 3/4 0.45(12)
Be2 24d 0.9117(4) 0 3/4 0.68(9)
Be3 48e 0.0578(3) 0.9906(3) 0.6663(3) 0.72(6)
Be4 48e 0.6219(3) 0.9165(3) 0.8957(3) 0.73(7)

density approximation (LDA) to the density functional the-
ory (DFT) through the Perdew-Wang parametrization for the
exchange-correlation effects [37]. Application of the gener-
alized gradient approximation (GGA) did not reveal essential
differences in the electronic structure below and in the vicinity
of the Fermi level.

III. CRYSTAL STRUCTURE

The cubic lattice parameter a of the R4Be33Pt16 compounds
follows the trend of the ionic radii for R3+ ions, i.e., lan-
thanide contraction, as depicted in Fig. 1. The clear exception
is Ce4Be33Pt16, with significant volume contraction with re-
spect to the isotypic compounds of trivalent R. This indicates
that the electronic configuration of Ce in Ce4Be33Pt16 likely
deviates from the 4 f 1 value [38]. The lattice parameter of
Yb4Be33Pt16 differs only slightly from the monotonic trend
(Fig. 1), probably pointing towards possible complexity in
its electronic state. Also noticeable is the fact that the unit
cell parameter of the Eu4Be33Pt16 compound fits well into
the trend for trivalent rare-earth metals, likely indicative of
its convoluted ground-state properties [39–51].

The crystal structure was first established for Y4Be33Pt16

by means of x-ray single-crystal data, which is reported in
a separate paper [29]. Here we represent the structure of
La4Be33Pt16 as a result of the combined refinement using
x-ray and neutron powder diffraction data. The latter were
necessary to ensure the reliable coordinates of the beryllium
atoms (Tables SI and SII, and Fig. S2 [30]). The structure of
La4Be33Pt16 is described with one La, four Be, and two Pt
crystallographic positions in the noncentrosymmetric space
group I43d . The coordination environment of the La atom in-
cludes 12 Be and 8 Pt species, located at 3.079(2)–3.195(4) Å
and 2.912(2)–3.123(2) Å, respectively. Adjacent polyhedra
around La atoms are interpenetrating via the Pt1 position and
form rodlike arrangements along [111] directions (the trigonal
axes of the cubic unit cell, Fig. 1 inset). The voids around
(3/8 0 1/4) (Wyckoff site 12a) and at (7/8 0 1/4) (Wyckoff
site 12b) have a shape of a bidisphenoid and arise where
four polyhedra from different rods meet. While the former are
occupied by Be1 atoms, the latter remain empty. The homonu-
clear Pt-Pt contacts of 2.908(2) Å and 2.937(2) Å are slightly
longer than interatomic distances of 2.774 Å, observed in
elemental platinum [52]. The interatomic distances Be-Be and
Be-Pt cover rather larger intervals of 2.210(4)–2.514(4) Å
and 2.335(1)–2.698(2) Å, respectively, indicating a complex
bonding scenario in La4Be33Pt16. More detailed analysis of
the chemical bonding was performed for aristotype structure
of Y4Be33Pt16, revealing a multicenter interaction within the
Be-Pt framework [29].

Crystallographic data for La4Be33Pt16 are summarized in
Tables I and II. The x-ray powder diffraction and neutron
powder diffraction data are shown in Fig. 2.

The powder x-ray diffraction patterns for R4Be33Pt16 (R =
La–Nd, Sm–Lu) compounds are shown in Figs. S1 and S2
[30]. On the diffraction patterns, the reflections of the minority
phases are marked in yellow. The amount of impurity phases
is rather small (see Table S1 [30]); it is therefore easier to
identify the impurity phases from the energy-dispersive x-ray
spectroscopy measurements, shown in Figs. S3 and S4 [30].
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TABLE III. Characteristic parameters for the R4Be33Pt16 (R = Y, La–Nd, Sm–Lu) compounds.

a T ∗a M0 (10−4) θW μeff μ
theory
eff

b M(1.8 K, 7 T) μ
theory
sat

b

R (Å) (K) (emu mol−1
R ) (K) (μBR−1) (μBR−1) (μBR−1) (μBR−1)

Y 13.4849(3) 0.9 ± 0.1
La 13.6682(4) 2.5 ± 0.2
Ce 13.5566(6) 13 ± 1 2.54 0.23 2.14
Pr 13.5986(4) 40 ± 3 1.35 −11 ± 5 4.24 ± 0.05 3.58 1.86 3.20
Nd 13.5762(3) 2.0 ± 0.5 1.35 2 ± 5 3.45 ± 0.05 3.62 1.97 3.27
Sm 13.5452(4) 4.5 ± 0.5 1.35 0.85 0.32 0.71
Eu 13.5394(4) 30 ± 2 1.35 −110 ± 5 4.07 ± 0.05 0.29
Gd 13.5258(3) 14 ± 1 1.35 20 ± 5 8.26 ± 0.05 7.94 7.21 7.00
Tb 13.5048(4) 10 ± 1 1.34 12 ± 5 9.74 ± 0.05 9.72 6.54 9.00
Dy 13.4930(3) 10 ± 1 1.34 13 ± 5 10.51 ± 0.05 10.65 5.57 10.00
Ho 13.4800(4) 2.9 ± 0.1 1.34 4 ± 5 10.46 ± 0.05 10.61 7.23 10.00
Er 13.4672(3) 3.6 ± 0.1 1.33 1 ± 5 9.30 ± 0.05 9.58 7.09 9.00
Tm 13.4514(3) 3.6 ± 0.1 1.33 −1 ± 5 7.97 ± 0.05 7.56 5.07 7.00
Yb 13.4504(6) 0.4 ± 0.01 1.33 −10 ± 5 3.58 ± 0.05 4.54 1.28 4.00
Lu 13.4366(3) 0.7 ± 0.05

aT ∗ is Tc for superconductors and Tmag is for magnets.
bCalculated for an R3+ ion.

The majority of impurities found in the R4Be33Pt16 (R =
La–Nd, Sm–Lu) compounds have been previously character-
ized (see Table S1 [30]). It is therefore possible to separate
the physical properties of R4Be33Pt16 (R = La–Nd, Sm–Lu)
compounds from those of the impurity phases. For a detailed
description, see Sec. SIII of the Supplemental Material [30].

IV. PHYSICAL PROPERTIES

A. Superconducting compounds

Three compounds from the R4Be33Pt16 series ex-
hibit superconductivity: Y4Be33Pt16 [29], La4Be33Pt16, and

Lu4Be33Pt16. The first indication of superconductivity in
La4Be33Pt16 is given by a sharp diamagnetic transition at Tc =
2.5 K, as presented in Fig. 3(a). The temperature-dependent
magnetic susceptibility was corrected for demagnetization
effects according to 4πχeff = 4πχ/(1 − Ndχ ) with the de-
magnetizing factor for a spherical or cubic sample geometry
Nd = 1/3 [53,54]. For the μ0H = 0.5 mT curve, the Meissner
fraction value is close to 100%, indicating bulk superconduc-
tivity. For μ0H > 0.5 mT, the low-temperature plateau is not
visible, due to it being below the minimum accessible tem-
perature of 1.8 K. Generally, the values of the lower critical

TABLE IV. Characteristic parameters for the R4Be33Pt16 (R = Y, La–Nd, Sm–Lu) series of compounds.

γn γtheory
a γres

b βc θD

R
(
mJ mol−1

R K−2
) (

mJ mol−1
R K−2

) (
mJ mol−1

R K−2
) (

mJ mol−1
R K−3

)
(K) λe-p

d

Y 18 ± 2 15.7 12.7 4.5 ± 0.5 283 ± 5 0.38–0.47
La 21 ± 2 19.0 2.95 2.3 ± 0.5 355 ± 5 0.37–0.45
Ce 100 ± 2 1.0 ± 0.5 468 ± 5
Pr 49 ± 2 1.4 ± 0.5 419 ± 5
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb 40 ± 2 1.1 ± 0.5 454 ± 10
Lu 21 ± 2 11.7 26.3 2.8 ± 0.5 333 ± 10 0.32–0.40

aCalculated based on the density of states at the Fermi level.
bγres was determined as Ce/T at the lowest temperature T = 0.35 K and in H = 0. Note that given low superconducting temperature of the
R = Y and R = Lu compounds, the values of γres are likely overestimated.
cIt is possible that the difference found in the values of β for isostructural R4Be33Pt16 compounds arises due to the presence of impurities that
affect the fit of the specific heat data.
dCalculated using Eq. (1).
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(a)

(b)

FIG. 3. (a) Zero-field-cooled temperature-dependent magnetic
susceptibility data for La4Be33Pt16, scaled by 4π and corrected for
the demagnetization effects, in 0.0005 � μ0H � 0.12 T. (b) Specific
heat data, scaled by temperature T , as a function of T 2 in 0 � μ0H �
9 T. The dashed line represents a fit from which the value of γn was
extracted.

field Hc1 are defined as the field at which the M(H ) curves
deviate from the line with the initial slope of the M(H ) curve.
However, in this case, the lowest experimentally accessible
temperature was not sufficient to allow for such an analysis.

The specific heat data of La4Be33Pt16, shown in Fig. 3(b),
also confirm bulk superconductivity. A linear fit to Cp/T vs T 2

(dashed line) gives the value of the Sommerfeld coefficient
γn = 21 mJ mol−1

R K−2. From the Debye temperature, the
strength of the electron-phonon coupling is estimated using
the McMillan equation [55]:

λe-p = 1.04 + μ∗ln
(

θD
1.45Tc

)

(1 − 0.62μ∗)ln
(

θD
1.45Tc

) − 1.04
. (1)

The value of 0.37 � λe-p � 0.45 is indicative of
weak-coupling superconductivity. The value for the jump
in the electronic specific heat 	Ce/γnTc ≈ 1.95 is slightly
larger than the Bardeen-Cooper-Schrieffer (BCS) value
(	Ce/γnTc = 1.43). The residual electronic specific heat
coefficient γres = 2.95 mJ mol−1

R K−2 was estimated as

FIG. 4. The H -T phase diagram for La4Be33Pt16 (squares),
Y4Be33Pt16 (circles), and Lu4Be33Pt16 (triangles) with the values of
Hc2(T ) taken from the specific heat data. Dashed lines are Ginzburg-
Landau [Eq. (2)] fits to the data, and the shaded region represents
temperatures, inaccessible in the current work.

γres = Ce/T at the lowest temperature T = 0.35 K and in
H = 0. In a conventional superconductor, like in our case, γres

is due to metallic impurity phases. Thus the superconductivity
of La4Be33Pt16 is a bulk effect, consistent with the full
Meissner fraction, observed in magnetization data [Fig. 3(a)].

The Y4Be33Pt16 and Lu4Be33Pt16 compounds enter the
superconducting state below Tc = 0.9 K and Tc = 0.7 K, re-
spectively. Their modest values of γn (see Table IV) indicate a
nearly negligible effective mass enhancement. From the equal
entropy construct (not shown), the ratios 	Ce/γnTc ≈ 1.80
(R = Y) and 	Ce/γnTc ≈ 1.64 (R = Lu) are somewhat higher
than the BCS value. The Debye temperatures θD, as well as the
value of the electron-phonon coupling λe-p, are comparable to

FIG. 5. Total electronic density of states for R4Be33Pt16 [R = La
(black), Y (red), and Lu (green)]. The large peaks at around 3 and
−4.5 eV originate from unoccupied La 4 f and fully occupied Lu
4 f states, respectively. The inset shows an enlarged view around the
Fermi level EF.
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(a)

(b)

FIG. 6. (a) Total density of states (blue) together with the con-
tributions due to La (green), Be (blue), and Pt (red) atoms in
La4Be33Pt16. The contributions for the two different Pt sites are
rather similar and are therefore combined. The same applies for the
four different Be sites. The large peak at around 3 eV is due to the
unoccupied La 4 f states. (b) Orbital-resolved atomic density of states
for the main contributions to the valence band. As in the upper panel,
the similar contributions for the crystallographically different Pt and
Be sites are combined. Note that for better presentation the scales are
different.

those of La4Be33Pt16 (see Table IV). As expected for type-II
superconductors, the application of magnetic field results in a
gradual suppression of the critical temperature Tc. The evolu-
tion of the upper critical field Hc2 as a function of temperature
is fit using the Ginzburg-Landau relation [56]:

Hc2(T ) = Hc2(0)
1 − (

T
Tc

)2

1 + (
T
Tc

)2 . (2)

In Fig. 4, the Ginzburg-Landau fit is represented by a dashed
line for La4Be33Pt16 (squares), Y4Be33Pt16 (circles), and
Lu4Be33Pt16 (triangles).

FIG. 7. Temperature-dependent inverse magnetic susceptibility
χ = (M − M0)/H for R4Be33Pt16 (R = Pr, Nd, Eu–Yb). The solid
lines represent fits to the Curie-Weiss law (see Secs. II and IV B for
details, as well as Table III for the summary of μeff and θW values.

The electronic structure of R4Be33Pt16 (R = Y, La, and
Lu) compounds was examined by means of DFT calculations.
The choice of the exchange correlation potential—LDA vs
GGA—did not yield a significant difference in the electronic
structure (see Fig. S7 [30]). In order to evaluate the sensitivity
of the calculations to atomic coordinates, they were optimized
with respect to the total energy for all three compounds us-
ing the experimental atomic positions of the La compound
as starting values. The optimized atomic positions for R =
La are within error bars of the experimental ones, listed in
Table SII [30]. The optimized atomic positions for R = Y and
R = Lu are provided in Tables S2 and S3 [30]. Nonetheless,
changes of the atomic positions within the experimental error
bars have a negligible influence on the resulting electronic
structure.

On a larger energy scale, the valence band of the three
systems looks very similar, as evident from Fig. 5. As one
may expect, the band width scales inversely with the lattice
parameter. Due to the increasing overlap with decreasing
inter-atomic distance, the R = Lu compound has a slightly
larger band width than the R = Y compound, whereas the
R = La system has the smallest valence band width. Al-
though the total valence bands are similar, the region near
the Fermi level EF shows pronounced differences, as can be
seen in the inset of Fig. 5. Comparing the calculated N (EF)
with that extracted from the Sommerfeld coefficient, a rather
small mass renormalization is obtained: ∼1.1 for the R = La
(γtheory = 19.0 mJ mol−1

R K−2) and R = Y (γtheory = 15.7 mJ
mol−1

R K−2), and ∼1.8 for the R = Lu system (γtheory = 11.7
mJ mol−1

R K−2). The reason for this pronounced difference
in mass renormalization for these ostensibly similar materials
remains unclear.

The partial contributions of the atomic states are very
similar for all three compounds, as shown in Fig. 6 for
La4Be33Pt16. The low-lying states (below about −8 eV) orig-
inate predominantly from Be 2s states. Between about −6.5
and −2.5 eV, an essentially fully filled Pt 3d state is found.
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(a)

(b)

FIG. 8. (a) Temperature-dependent magnetic susceptibility for
Ce4Be33Pt16 in an applied magnetic field μ0H = 0.1 T. Inset: An
upper quadrant of the T = 1.8 K hysteresis loop (with the virgin
curve removed), together with magnetic isotherms, measured at
T = 10 and 30 K. (b) Specific heat as a function of temperature in
0 � μ0H � 9 T. Inset: Cp/T vs T 2 in H = 0, along with a linear fit
(dashed line).

Around the Fermi level, the dominating states originate from
La 5d and Pt 5d electrons and from Be 2p states. Taking into
account the number of atoms per formula unit, the contribu-
tion of the different individual atoms (per site) is of the same
order. The inclusion of spin-orbit coupling (see Fig. S8 [30])
has no significant influence on the valence states, resulting in
a small decrease of N (EF) for all three compounds.

It is rather likely that Y4Be33Pt16, La4Be33Pt16, and
Lu4Be33Pt16 superconductors are conventional, given modest
values of the electron-phonon and spin-orbit coupling. Fur-
ther analysis of superconducting properties of La4Be33Pt16,
Y4Be33Pt16, and Lu4Be33Pt16 compounds by means of muon
spin rotation, relaxation, and resonance (μSR) would be of
interest [57–61]. The μSR experiments will allow to es-
tablish whether La4Be33Pt16, Y4Be33Pt16, and Lu4Be33Pt16

are definitively type-II or type-I superconductors [62–65],
as well as help pinpoint their superconducting pairing
mechanism.

(a)

(b)

FIG. 9. (a) Temperature-dependent magnetic susceptibility for
Pr4Be33Pt16 in μ0H = 0.1 T. Inset: An upper quadrant of the T =
1.8 K hysteresis loop with the virgin curve removed, together with
the field-dependent magnetization data, taken at various tempera-
tures. (b) Specific heat in μ0H = 0 (blue) and μ0H = 9 T (beige).
Inset: Cp/T vs T 2 in μ0H = 0, along with a linear fit (dashed line).

B. Magnetic compounds

Due to synthesis complications brought on by specificity
of Be (see Sec. II), the majority of the specimens of the
nonsuperconducting R4Be33Pt16 compounds suffer from sig-
nificant inclusions of the secondary phases, some of which
are ferro- or antiferromagnetic. For a quantitative description
of observed impurity phases see Table S1 [30]. While several
synthesis attempts did not result in an appreciable sample
quality improvement, the physical properties of R4Be33Pt16

compounds have been decoupled from those of the respective
impurity phases. Nonetheless, the current work is a prelim-
inary report on a new family of materials that are certainly
worthy of consequent in-depth investigations.

The majority of the R4Be33Pt16 compounds order mag-
netically. The inverse magnetic susceptibility, after the
temperature-independent contribution M0 (see Table III) has
been subtracted, is shown in Fig. 7. Most of the compounds
follow a Curie-Weiss law, as evident from the linear fits (solid
lines). The values of the effective magnetic moment μeff and

074801-7



E. SVANIDZE et al. PHYSICAL REVIEW MATERIALS 5, 074801 (2021)

the Weiss temperature θW extracted from the fits are summa-
rized in Table III. These values are similar to those expected
for a R3+ ion μ

theory
eff , except for R = Eu, which is probably

indicative of a complex electronic state of this compound. The
Weiss temperature θW for R = Gd, Tb, and Dy has positive
values and is comparable to the magnitude of the ordering
temperature Tmag, which is likely indicative of predominantly
ferromagnetic coupling in these systems. The negative values
of the Weiss temperature θW for R = Pr, Eu, and Yb are likely
indicative of antiferromagnetic coupling in these materials.
A significant difference between the ordering and the Weiss
temperatures for R = Pr, Eu, and Yb, coupled with bifurcation
of zero-field-cooled and field-cooled magnetic susceptibility
data (Figs. 9(a) and S11 [30]) signal possible crystallographic
frustration. A possible scenario of crystallographic frustration
is depicted in Fig. S5 [30]. For R = Nd, Ho, Er, and Tm, the
magnitude of the Weiss temperature θW is rather small, with
the sign being dependent upon the region of fitting. Therefore,
in order to fully understand the magnetism of R4Be33Pt16 (R =
Ce–Nd, Sm–Yb) materials, more in-depth studies are needed.

Below, a brief description of magnetic properties of the
Ce4Be33Pt16, Pr4Be33Pt16, and Yb4Be33Pt16 compounds is
presented, with the remaining compounds shown in Section
SIII of the Supplemental Material [30].

The Ce4Be33Pt16 sample displays two magnetic transitions,
one at T = 6 K and another at T = 13 K. Features, associated
with these transitions, can be seen in temperature-dependent
magnetization [Fig. 8(a)] and specific heat [Fig. 8(b)]. The
origin of the T = 6 K can be ascribed to the CePt impurity,
which orders ferromagnetically at TC = 5.8 K [66]. While the
amount of the CePt impurity is rather small (∼0.4 wt %; see
Table S1 [30]), its presence can be clearly identified in Figs.
S1(b) and S3(b) [30]. It was not yet possible to eliminate the
CePt impurity (see Sec. II).

The Ce4Be33Pt16 compound orders magnetically below
T = 13 K. Upon application of a magnetic field, the size of
the feature is gradually diminished, while its position moves
up in temperature [see Fig. 8(b)]. This suggests ferromagnetic
character of the T = 13 K transition. Predominantly ferro-
magnetic coupling is also indicated by the shape of magnetic
isotherms, as well as the bifurcation of the zero-field-cooled
(solid symbols) and field-cooled (open symbols) data, shown
in Fig. 8(a). The magnitude of M(1.8 K, 7 T) is considerably
smaller than the theoretical one (see Table III), which can
perhaps be explained by the valence of Ce being somewhere
between 3+ and 4+. This is also consistent with the signif-
icant volume contraction of Ce4Be33Pt16, compared to the
trivalent isotypic compounds (see Sec. III and Fig. 1). The
value of the Sommerfeld coefficient γn = 100 mJ mol−1

R K−2

[inset of Fig. 8(b)] is moderate.
The Pr4Be33Pt16 sample shows two consecutive magnetic

transitions, one at T = 40 K and another at T = 14 K, as
can be seen from Fig. 9(a). The lower transition is associated
with the PrPt phase, which orders ferromagnetically below
TC = 15 K [67]. The amount of the PrPt impurity is rather
small (∼1.1 wt %, see Table S1 [30]); however, its presence
can be seen in x-ray powder patterns and backscatter electron
micrographs, Figs. S1(c) and S3(c) [30]. Similarly to the case

(a)

(b)

FIG. 10. (a) Temperature-dependent magnetic susceptibility for
Yb4Be33Pt16 in μ0H = 0.1 T. Inset: An upper quadrant of the T =
1.8 K hysteresis loop, with the virgin curve removed for clarity.
(b) Specific heat of Yb4Be33Pt16, scaled by temperature T , Cp/T as
a function of T 2 in μ0H = 0. The dashed line represents a fit from
which the value of γn was extracted.

of Ce4Be33Pt16, it was not possible to eliminate this impurity
from our samples by preparation.

The Pr4Be33Pt16 compound orders magnetically below
T = 40 K. Upon application of magnetic field, the feature cor-
responding to the magnetic transition disappears [Fig. 9(b)].
This, together with negative value of the Weiss temperature
θW (Table III), overlapping zero-field-cooled (solid symbols)
and field-cooled (open symbols) magnetic susceptibility data
[Fig. 9(a)], as well as the shape of the magnetic isotherms
[inset of Fig. 9(a)], are likely indicative of mostly antifer-
romagnetic coupling in Pr4Be33Pt16. However, the definitive
coupling mechanism can possibly be established via neutron-
scattering experiments, which are currently under way. The
value of the effective magnetic moment μeff = 4.24 μB/Pr is
larger than the expected one (μtheory

eff = 3.58 μB/Pr). The low-
temperature specific heat of Pr4Be33Pt16 displays an upturn,
which can likely arise from a Schottky anomaly. Nonetheless,
at higher temperatures, linear Cp/T vs T 2 behavior is recov-
ered, yielding γn = 50 mJ mol−1

R K−2.
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(a)

(b)

(c)

(d)

FIG. 11. Magnetic parameters for the R4Be33Pt16 series vs R:
(a) the effective magnetic moment μeff (points) along with its ex-
pected value (crosses), (b) M(1.8 K, 7 T) (points) along with its
expected value (crosses), (c) the Weiss temperature θW, and (d) the
characteristic ordering temperature T ∗—magnetic ordering temper-
ature Tmag (solid symbols) or superconducting transition temperature
Tc (open symbols).

The magnetic and specific heat data for Yb4Be33Pt16 are
shown in Fig. 10. A transition, observed at T = 0.4 K, is
likely of antiferromagnetic character, given the negative value

of the Weiss temperature θW (see Table III). At higher temper-
atures, a linear fit to the Cp/T vs T 2 data [dashed line, inset
of Fig. 10(b)] yields γn = 22 mJ mol−1

R K−2. Similar to the
other members of the R4Be33Pt16 series, the effective mass
enhancement in Yb4Be33Pt16 is nearly negligible.

V. CONCLUSIONS

In this work, we present an initial theoretical and exper-
imental study of a series of 15 rare-earth-based R4Be33Pt16

compounds with R = Y, La–Nd, Sm–Lu, crystallizing in the
noncentrosymmetric space group I43d .

Three compounds (R = Y, La, and Lu) exhibit bulk su-
perconductivity below Tc = 0.9, 2.5, and 0.7 K, respectively.
All three systems are likely type-II, weakly coupled BCS-like
superconductors, extending the family of very few known
Pt-based superconducting materials [68]. It appears, that both
electron-phonon and spin-orbit coupling strengths are rather
weak, which could be indicative of a conventional super-
conducting pairing mechanism. The values of the density of
states at the Fermi level are proportional to the values of the
superconducting temperature Tc.

The rest of the R4Be33Pt16 compounds show magnetic or-
dering, with ordering temperatures ranging from Tmag = 0.4
K (R = Yb) to Tmag = 40 K (R = Pr). Several members of the
series (R = Pr, Eu, and Yb) exhibit signs of glassy behavior.
The R = Eu and R = Ce compounds most likely display
quite complex electronic state. Overall, the ground states of
the R4Be33Pt16 (R = Y, La–Nd, Sm–Lu) compounds vary
strongly, as summarized in Fig. 11.

The newly discovered R4Be33Pt16 (R = Y, La–Nd, Sm–Lu)
materials expand the understanding of crystal chemistry of
solid-state materials, while simultaneously giving an insight
on which parameters impact the physical properties of a given
system.
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