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ARTICLE INFO ABSTRACT

Keywords: Rare-earth anti-perovskites with oxygen are an interesting magnetic materials family at the boundary between
Rare-earth alloys intermetallics and oxides, they however remain largely unexplored. Here, magnetic and heat capacity in-
Metamagnetism vestigations, as well as density functional theory (DFT) calculations, were carried out on SnOEusz. At low

Anti-perovskites
Magnetocaloric effect
Band topology
High-pressure

magnetic field (B < 0.5 T), a Néel temperature separates antiferromagnetic and paramagnetic phases at 31 K.
When applying higher magnetic field below the Néel temperature, successive transformations toward a ferro-
magnetic state via a number of intermediate canted magnetic structures are observed and are associated with
only modest latent heat and transition entropy. High-pressure magnetic measurements confirm the stable di-
valent state of Eu up to 1.05 GPa. A direct magnetocaloric effect progressively increases with applied magnetic
field above the Néel temperature, reaching —16 J kg™ K~! for AB = 7 T. On the other hand, the inverse
magnetocaloric effect of the field-induced transition below Ty saturates at ~+5 J kg~* K~*. DFT calculations
support magnetic instabilities observed experimentally in SnOEu; and reveal an unusual exchange mechanism

and band topology near the Fermi level.

1. Introduction

Although less studied than conventional ABO3 perovskites, where A
is typically a metal cation and B is a metal or metalloid in a six-fold
coordination of oxygen [1-3], anti-perovskites — BXA3; with X re-
presenting a non-metallic element such as B, C, N, or O - form an in-
teresting group of materials both from fundamental and applied points
of view. In the cubic anti-perovskite structure, the smallest X atoms
reside in the centers of octahedra (arranged into a three-dimensional
network) made of the larger A atoms, while the B element atoms occupy
inter-octahedral voids. MgCNiz, GaCMns, and related compounds are
among the best-known representatives of the anti-perovskite family,
owing to their intriguing physical properties: superconductivity, giant
magnetoresistance, giant magnetocaloric and/or barocaloric effects,
and large negative thermal expansion [4-9]. More recently, lithium-
containing anti-perovskites received enhanced attention for their po-
tential in electrochemical applications [10].

Rare earth elements (R) form BXR; anti-perovskite structures in
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combination with X = B, C, N, O, and most of the basic metals B = Al,
Ga, In, Sn, TL, Pb [11-18]. Interestingly, the specific magnetization is
particularly high in these compounds, up to ~200 Am? kg~ *, which
renders such materials potentially important for magnetism-related
applications such as magnetocaloric materials. While known borides,
carbides and nitrides have low magnetic ordering temperatures, the
BOEugs; series of compounds stands out. An earlier investigation of the
physical properties of SnOEu; and InOEuj indicates reasonably high
ordering temperatures with an antiferromagnetic order developing at
~30 K for SnOEug3, and a ferromagnetic ordering transition at ~210 K
for InOEu; [15]. Magnetization measurements and X-ray absorption
spectroscopy at the Eu L3 edges support a divalent oxidation state of
europium in these compounds [15]. Our study seeks to experimentally
and theoretically investigate the magnetism of SnOEus, with emphasis
on the metamagnetic behavior observed when intermediate magnetic
fields are applied below the Néel temperature, potentially leading to
giant magnetocaloric effect.
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2. Experimental details

Polycrystalline SnOEu; samples were synthesized by melting/sin-
tering SnO, (powder), Sn (bulk) and Eu in an induction furnace. The
high purity europium metal (at least 99.8 at.% pure with respect to all
other elements in the periodic table) was prepared by the Materials
Preparation Center of the Ames Laboratory. The starting materials
weighted in stoichiometric proportions were sealed in a Ta crucible
under ~300 mbar He. The sample was first melted at 1200 °C and held
at this temperature for 1 h, then cooled to 800 °C over 1/2 h, and an-
nealed at this temperature for 2 h. After this, the crucible was cooled to
room temperature by switching the power off. The resulting sample has
a shiny grey metallic appearance and is relatively brittle. Exposure to
air leads to darkening of the surface within a few hours, small bulk
pieces fully decompose within 3-4 days of air exposure. Handling of
both Eu metal and the product was performed in a glovebox with
purified Ar atmosphere.

Room temperature powder X-ray diffraction (PXRD) characteriza-
tion was performed on a PANalytical X’PertPro diffractometer em-
ploying Cu K,; radiation and using polyimide Kapton foil to protect the
powder from reacting with air. The PXRD patterns were refined by the
Rietveld method using FullProf [19]. Single crystal X-ray intensity
(SXRD) data (Table 1) were collected using a small (~60 um) single
crystal on a D8 Venture diffractometer (Bruker Inc., Madison, USA; Mo-
Ka radiation; A = 0.71073 A, Photon 100 CMOS detector) in «- and -
scan modes with exposures of 1 s per frame at room temperature
(~292 K). The raw frame data were integrated with SAINT [20] and
were corrected for absorption using (SADABS) [21]. Initial model of the
crystal structure was obtained with SHELXT-2014 [22] and refined
using SHELXL-2014 [23], Table 2.

Magnetic and calorimetric measurements were carried using a
physical property measurement system PPMS (Quantum Design)
equipped with vibrating sample magnetometer (VSM) and heat capa-
city options. For magnetization measurements, the sample was weighed
in an Ar-filled glovebox and sealed in VSM powder sample holder using
Teflon tape. The heat capacity measurements were performed on a
small bulk piece (~3 x 3 x 2 mm®) mounted using Apiezon N grease.
Outside the transition region, the measurements were performed with
the usual “2t analysis” using 2% temperature rise and 2t measurement
time. The temperature increment was 0.5 K in the temperature range
2.0-10 K, then 1 K increment between 11 and 70 K, finally 3 K incre-
ment above. Complementary experiments coupled to an external ana-
lysis were carried out near the magnetic transition by using large single

Table 1
Details of the single crystal X-ray measurements and data collection of SnOEus.
Empirical formula SnOEug
Formula unit, g mol ~* 586.19
Space group ngm
a, A 5.074(1)
Volume, A3 130.62(8)
Z 1
Density (calculated), g/cm® 7.452
u, mm™?! 39.731
F(000) 245
6 range, ° 4.016-37.921
Index ranges -5<h<5
-6<h=<6
3<k=<38
Reflections collected 639
Independent reflections 98

Refinement method Full-matrix least-squares on F>
Data/restraints/parameters 98/0/6

Goodness-of-fit on F> 1.09

Final R indices [I > 20(I)] R1 = 0.018, wR> = 0.043

R indices (all data) R1 = 0.031, wR? = 0.048
Rint 0.024

Largest diff. peak and hole, e /A3 0.96 and —1.01
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Table 2
Positions and anisotropic displacement parameters for SnOEus with Uy = Usp
and U, = U3 = Uy = 0.

Atom Sites x y b4 Anisotropic displacement parameters
Un Uss

Sn 1b 1/2 1/2 1/2 0.0069(2) 0.0069(2)

Eu 3d 0 0 1/2 0.0111(3) 0.0041(3)

(0] la 0 0 0 0.0058(16) 0.0058(16)

excitation/relaxation pulse [24]. Heat pulses corresponding to a tem-
perature rise of 4 K were targeted, which was found sufficient to fully
cover the transition range in zero magnetic field, but only partially
covers the transition widths at higher magnetic fields. Even though the
magnetic field dependence of heat capacity for “improved puck” is
usually considered negligible [25], addenda tables were measured in 2
and 7 T over the temperature range from 2 to 10 K for verification. The
magnetic measurements under pressure were carried out in a 7 T
magnetic property measurement system MPMS (Quantum Design)
magnetometer using a Cu-Be mechanical cell manufactured by HMD
(type CC-SPr-8.5D-MC4). The superconducting transition temperature
of lead was used as an internal manometer and Daphne oil as pressure
transmitting medium. In the investigated pressure range, the tempera-
ture expansion of the cell can be neglected in first approximation [26].
The accuracy of the pressure determination by lead has been claimed to
be potentially as good as = 0.015 GPa [26], but might be significantly
lower [27].

First-principles electronic structure calculations were performed
using the experimental crystallographic parameters, within the local
spin density approximation, including Hubbard U [28] and spin-orbit
coupling (LSDA + U + SOC), implemented in the full potential linear
augmented plane wave (FP-LAPW) band structure methods [29]. Cal-
culations performed with varying U for Eu 4f show that magnetic mo-
ments on Eu 4f and the total energy of the compound, respectively,
increase by 0.07 pp and 0.98 eV/f.u. when U is increased from 1 to 4 eV;
both become nearly constant when U varies from 4 to 7 eV. The results
shown here are those for U = 6.7 eV and an onsite 4f-electron exchange
parameter J = 0.7 eV (i.e., the observed values for Gd [30]). In addition
to representing the region where the magnetic moments and total en-
ergy remain nearly constant, the used U and J parameters locate the
occupied Eu-4f states at ~—2 eV, which agrees well with what is ob-
served for the Eu-4f states in the X-ray photoemission spectrum of Eu,In
[31]. The calculated Eu 4f and 5d orbital moments were about ~0.02 pg
and those of other atoms are negligible. The k-space integrations have
been performed with 16 X 16 x 16 Brillouin zone mesh, which was
sufficient for the convergence of total energies and magnetic moments.

3. Results and discussion
3.1. Assessment of the crystal structure at room temperature

X-ray powder diffraction (PXRD) experiments carried out at room
temperature showed that all observed Bragg peaks could be indexed in
the cubic space group Pm3m (no. 221). Refinement of the PXRD profile
leads to lattice parameter of 5.0794(1) A and cell volume of
131.051(6) A3 in a reasonable agreement with the original PXRD in-
vestigation on SnOEuj [15].

Single crystal X-ray structure (SXRD) experiments were carried out
at room temperature, see Table 1, and their analysis confirmed the
cubic anti-perovskite structure for SnOEus with cell parameters of
a = 5.074(1) Aand v = 130.62(8) A3. The oxygen occupation is found
to be nearly perfectly stoichiometric, i.e., SnOEus. Anisotropic dis-
placement parameters, presented in Table 2, indicate Eu oblate ellip-
soids extended in the direction perpendicular to the Eu-O bond, similar
to that observed in InOEuz by SXRD [15]. Strongly anisotropic
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Fig. 1. Magnetic properties of SnOEu;. (a) Magnetization measured as a func-
tion of the temperature in B = 0.1 T upon cooling, plotted in the inset as the
inverse of the susceptibility together with the Curie-Weiss fit. (b) Magnetization
measured as a function of the temperature in various field upon cooling (open
symbols) and subsequent heating (full symbols).

displacements are frequently observed in conventional ABOs; per-
ovskites and are often associated with atomic size mismatch prior to
distortions. Observing strongly anisotropic displacements is not sur-
prising, since SnOEu; falls close to the boundary between cubic and
orthorhombic anti-perovskites according to a modified Goldschmidt
tolerance factor [17].

3.2. Low-field antiferromagnetic ordering and high-field metamagnetism

Fig. 1 illustrates the magnetic properties of SnOEu; measured over
broad ranges of temperature and magnetic fields. Magnetization versus
temperature recorded upon cooling at low magnetic field of 0.1 T ex-
hibits a peak typical of an antiferromagnetic ordering with a Néel
temperature Ty = 31 K (taken as the peak maximum). The inverse
magnetic susceptibility is linear in the range from 100 to 300 K (inset to
Fig. 1a) and a Curie-Weiss fit leads to an effective magnetic moment of
7.6 up/Eu, which is reasonably close to the expected 7.94 pp for non-
interacting Eu?* ions. The Weiss temperature 8y ~ 48 K is positive
despite the antiferromagnetic ordering, suggesting strong underlying
ferromagnetic interactions. Application of larger magnetic fields still
shows a magnetization maximum up to at least 5 T (Fig. 1b) but shifting
toward lower temperatures and broadening with the increase of the
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Fig. 2. Heat capacity of SnOEu; in zero magnetic field (squares), 1 T (circles),
2 T (triangles) and 5 T (diamonds), measurements were performed upon
warming after a zero-field cooling.

magnetic field. Above 31 K, high magnetization values — larger than
expected for a paramagnet — develop with the magnetic field, sug-
gesting that high-magnetic field in concert with underlying ferromag-
netic interactions lead to a stabilization of a ferromagnetic structure,
which is initially non-collinear. A high-field ferromagnetic phase agrees
with the shape of the M(T) curve in 7 T. Due to the broadening of
magnetic transitions in finite magnetic fields, only an indistinct in-
flection point is observed around ~40 K. When ferromagnetism is
further stabilized by external pressure (Section 3.4), this inflection
point becomes clearer and suggests a high-field ferromagnetic transi-
tion with a Curie temperature of ~50 K in 1.05 GPa.

Heat capacity measurements are shown in Fig. 2. In zero magnetic
field, a heat capacity peak clearly marks out the antiferromagnetic
transition around 31 K; its A-shape suggests of a second-order transition
in B = 0, in line with the absence of thermal hysteresis on low-field M
(T) curves. With the increase in magnetic field, the heat capacity
anomaly shifts to lower temperature and is progressively broadened out
until no clear signature of the magnetic transition can be distinguished
in B = 5 T. On the other hand, at low temperatures (T < 15 K), the
C(T) curves in B = 1 T and 2 T practically overlap with the heat ca-
pacity measured in B = 0, but the heat capacity measured in B = 5T is
significantly larger compared to heat capacity in B = 0. Apparently, the
entropy and, in particular, its magnetic contribution is strongly redis-
tributed with the application of finite magnetic fields.

To illustrate the importance of the application of the magnetic field
on the magnetic states observed below 31 K, Fig. 3 presents in parallel
measurements of the magnetization and heat capacity as a function of
the magnetic field at T = 3 K. It is worth noting that measurements of
the heat capacity as a function of magnetic field are not completely
isothermal as one has to apply small temperature rises (8T};se) to record
the heat capacity. Yet, by applying only a small 8T;s. of 0.02 K, i.e. less
than 1% of the absolute temperature, to the platform one can neglect
this matter in first approximation.

A striking correlation is observed between the field dependence of
the magnetization M(B) and heat capacity C(B). The application of in-
creasing magnetic fields at T = 3 K leads to a linear increase in mag-
netization up to ~1 T, then the development of two successive mag-
netization jumps: one step-like at ~1.25 T and the second separated
from the first by a small plateau, broader, centered at 2.6 T; a third
anomaly corresponding to a rather smooth increase is centered around
5.5 T, before to reach a final saturation plateau. At 7 T, the magneti-
zation saturates around 20.5 pg/f.u., close to the 3gJ(Eu2+) = 21 pp/
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Fig. 3. Field dependence of the magnetization at T = 3 K and the heat capacity
at T = 2.3 K in SnOEu; (both after zero field cooling) measured upon mag-
netizing and demagnetizing.

f.u. expected for Eu>* (where g is the Landé factor and J is the total
angular momentum). Upon demagnetizing, the M(B) curve shows the
same overall shape but is slightly shifted toward lower magnetic fields
with a hysteresis of ~0.4 T at the step-like magnetization transitions.
Below 0.6 T the demagnetization and magnetization data overlap, in-
dicating that the material fully returns into its zero-field anti-
ferromagnetic state. The combination of discontinuous magnetization
jumps and magnetic hysteresis highlights the first-order character of the
metamagnetic transition(s). Both low-field antiferromagnetism and
high-field metamagnetism are in line with the original report on
SnOEu; [15].

Away from magnetic phase transitions, the application of a mag-
netic field usually decreases the heat capacity due to the quenching of
the magnetic contribution. In contrast, SnOEu; shows an unexpected
increase in heat capacity with the magnetic field, until approaching
magnetic saturation around B = 6 T. Upon magnetizing, the range of
constant magnetic susceptibility at B < 1.1 T corresponding to the
antiferromagnetic ground state is not associated with any significant
thermal response. Once the magnetic field exceeds 1.1 T, two con-
secutive metamagnetic jumps occur, and, correspondently, the heat
capacity also increases mimicking the behavior of magnetization. Not
only the critical magnetic fields where the metamagnetic jumps are
observed are similar for magnetization and heat capacity data (a
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slightly higher critical field on the C(B) curve is likely observed due to a
larger demagnetization factor of the flat heat capacity sample), but also
the magnetic hysteresis and the overall succession of two sharp jumps
and a broad increase are identical. While metamagnetic transitions are
generally observed in collinear antiferromagnets with significant uni-
axial magnetic anisotropy, the combination of low field metamagnetic
jump and a progressive saturation at higher field is more typical of
materials with limited magnetic anisotropy energy [32], as expected for
cubic SnOFEu; containing s-state Eu?*. Though uncommon, observing
discontinuities in the field dependence of the heat capacity at low
temperatures (significantly below the magnetic transition) is not unique
to SnOEu; and has also been reported for other materials experiencing
first-order “metamagnetic” transitions, for instance: i) in Pr;_,Ca,MnO;
combining a competition between different magnetic orders, orbital
ordering, and phase separation phenomena [33]; ii) in Laves phases like
Er; Y, Co, presenting a succession of spin reorientation and ferri-
magnetic transitions [34]; or iii) in the prototypical GdsGe, magneto-
caloric material experiencing a particularly strong first-order transition
[35]. In all these examples the application of a magnetic field induces a
transition from an antiferromagnetic toward a ferro- or ferrimagnetic
state, which results in a discontinuous decrease in heat capacity, while
in contrast, the heat capacity increases in SnOEus3. Once the fully col-
linear ferromagnetic phase is induced above ~6 T at T = 3 K, the heat
capacity decreases as a result of the suppression of the ferromagnetic
spin-waves contribution.

To reveal additional details about the metamagnetic transitions, the
isothermal magnetization was systematically examined between 3 and
70 K (Fig. 4(a) below Ty and (b) above Ty). As anticipated for a me-
tamagnetic transition from an antiferromagnetic state toward a higher
magnetization state [32], increasing the temperature leads to a shift of
the magnetization jumps to lower magnetic field. The jumps widen over
larger field ranges, until the Néel temperature around 31 K is reached,
where the metamagnetism disappears. Above this temperature, mag-
netization curves remain non-linear, non-linearity vanishing with the
increase in temperature (Fig. 4(b)). Taking the derivatives of the M(B)
curves revealed clear maxima for each magnetization jumps, and an
additional change in slope at higher magnetic fields where a broad
magnetization anomaly is observed (highest field). The temperature-
magnetic field dependence of these features is shown in Fig. 4(c) in
addition to the transition points determined from M(T) and C(T) curves.
While at low magnetic field B < 0.5 T, only the antiferro-paramagnetic
transition is observed, applying higher fields at T < 31 K reveals ad-
ditional transition lines with two intermediate phases, which we as-
sume are non-collinear (canted) ferromagnetic magnetic structures.
These intermediate phases are notably different from the low field an-
tiferromagnetic order, as they correspond to finite magnetization va-
lues. With increasing temperature, the critical field corresponding to
the second jump (higher field) and broad anomaly (highest field)
broadens and becomes indistinguishable above 21 K. Nevertheless, the
two first magnetization jumps present similar evolutions of their critical
fields as a function of temperature dB./dT = —0.035 T/K and
—0.045 T/K, for the first and second jump, respectively. Due to the re-
lative broadness of the magnetization anomalies with the increase in
temperature, it is difficult to establish criteria to accurately determine
their amplitude. Considering the M(B) curve at 15 K (mid-way tem-
perature between 3 and 30 K), considering a total magnetization in-
crease (AM) resulting from both first and second magnetization jumps
at this temperature (~15.0 pp/f.u.), and an average field dependence
(0B/0T) of —0.04 T/K, the Clausius-Clapeyron equation could allow us
to estimate an overall entropy change associated with the metamag-
netic behavior involving the two first discontinuous magnetization
jumps (this remains an approximation as usually this formalism is
employed on a single transition line):
AScc = —AM. (8B/dT) =~ 5.6Jkg ' K~!. Compared with other materials
(transition entropy changes of the order of 30 J kg™ K™! are common
among giant magnetocaloric materials [31,36]), or in comparison with
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Fig. 4. Magnetic properties of SnOEus. (a) and (b) Isothermal magnetization
recorded upon increasing field between 3 and 30 K using 3 K increment, and
between 30 and 70 K, respectively. (c) Temperature-magnetic field dependence
of the magnetization jumps observed in panel (a) upon magnetizing (filled
symbols) and demagnetizing (open symbols) representing an effective magnetic
phase diagram. The circles mark the first jump, the up-triangles the second, and
the down-triangles the broad transition. The open squares indicate the maxima
on M(T) measurements, the diamond the maximum on C(T), and the dash the
inflection points resembling a T¢ on high-field M(T) curves.

the total magnetic entropy accessible to the system Sy; = 3RIn
2J+ 1) =519Jmol ' K 'or87.9J kg‘1 K~ !, this transition
appears relatively weak.

Journal of Magnetism and Magnetic Materials 501 (2020) 166405

0 10 20 30 40 50 60 70 80

T
16 4 Inverse MCE P

O calo.
< {—=—mag.
X Normal MCE 0O
‘70312 1 O calo. b
~ —e— mag.
=
p—
—= ]
©
1S
(7))
<
— 4] 1
O
5 (b)
0 T T T T T T
0 1 2 3 4 B 6 i

B(T)

Fig. 5. Magnetocaloric effect of SnOEus. (a) Isothermal entropy changes (AS)
derived from magnetic (closed symbols) and calorimetric (open symbols)
methods. (b) Field dependence of inverse (squares) and normal (circles) MCE
maxima derived from magnetization (full symbols) and calorimetry (open
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3.3. Magnetocaloric effect as probe for the metamagnetic transition

The isothermal entropy changes (AS) of SnOEu; shown in Fig. 5
were determined using indirect magnetic and calorimetric methods
based on the Maxwell equation and the isothermal difference between S
(T) functions obtained by integration of the heat capacity data mea-
sured in different magnetic fields, respectively. Results from both
methods are in agreement. Upon heating, an inverse magnetocaloric
effectat T < 30 K (positive AS values for a positive AB) is followed by
a conventional MCE above Ty. At low temperatures, the increase in
magnetic field from 2 to 7 T leads to a displacement of the inverse MCE
peak towards low temperatures, but its maximum value remains nearly
constant (Fig. 5b). The shape of the AS(T) curve at low temperatures
however partially departs from the standard crenel shape expected for a
first-order magnetic transition, and the crossing between the inverse
and conventional MCE (the temperature at which AS = 0) progressively
shifts to lower temperatures from 30 Kin 1 T to 18 K in 7 T. In addition,
the maximum of the inverse AS shows a limited decrease at high field
(B > 6 T). This suggests a competition between the inverse MCE from
the first-order metamagnetic behavior, with the conventional MCE
originating from the high-field ferromagnetic phase. For the conven-
tional MCE, increasing the magnetic field increases the AS maximum,
see Fig. 5b. This dependence is in line with that expected from a
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paramagnet (at T > Ty in low field) or a ferromagnet near its T¢ (in
high-field). The adiabatic temperature changes (not shown) also pre-
sent a succession of the inverse and normal MCE. In B = 2 T, the
maximum of the inverse MCE, AT,y = —1.1 Kat T = 28 K, equals that
of the normal MCE, AT,q = +1.1 Kat T = 34 K. In contrast, in the
magnetic field of 5 T, the MCE associated with the metamagnetic
transition, AT,q = —2.3 Kat T = 9K, is significantly weaker than the
conventional MCE, AT,y = +3.7 K at T = 34 K, even though the
former occurs at lower temperature.

In SnOEus;, the magnetic entropy change of the inverse MCE quickly
reaches saturation, with AS = +4.9and +5.2Jkg 'K 'in2and 5T,
respectively. The normal MCE requires larger field to develop a sig-
nificant MCE spread over a large temperature range with AS peaking at
—3.7, =12 and —15.7 J kg K™ ' in 2, 5 and 7 T, respectively.
Compared to that of transition-metal based anti-perovskites, in parti-
cular with the prototypical GaCMnj giant-MCE material [6], the inverse
MCE in SnOEu; is much more limited even though it is occurring at
lower temperatures. On the other hand, thanks to its high magnetiza-
tion, close to 200 Am? kg~ ! in SnOEus, the normal MCE in SnOEus
reaches significant values at high field (—15.7 J kg~ K~ ! in 7 T) even
in absence of first-order transition. However, in the same temperature
range of 30-40 K, the potential magnetic refrigeration materials with
strong first-order transitions such as ErCos (AT,q = 3.0 Kand 7.4 Kin 2
and 5 T, respectively) present significantly larger magnetocaloric ef-
fects [36].

In SnOEug, observing a smaller inverse MCE than the normal one is
unusual, as first-order metamagnetic transitions are often believed to be
the best pathway to reach large giant magnetocaloric effects. The field
dependence of the maxima of inverse and normal MCE in SnOEuj
shows that while the normal MCE continuously increases with the field,
the inverse MCE marks a very clear saturation at
ASsqeuration = 5.2 J kg7! K™! at B = 2 T. This magnetocaloric iso-
thermal entropy change associated with the metamagnetic transition
actually allows us to confirm the estimate made in the previous section,
AStr = ASC(I = ASsaturation = 5.2-5.6J kg_l K_l'

3.4. Magnetism under pressure

To check whether a significant structural component is involved in
the metamagnetic transition, and whether a ferromagnetic state can be
brought to the edge of stability by external pressure, magnetic mea-
surements were carried out at selected constant pressures up to
1.05 GPa, see Fig. 6. In low magnetic field B = 0.1 T, Fig. 6(a), the Néel
temperature shifts to lower temperatures with pressure, in addition the
incipient ferromagnetism benefits from pressure application, which
results in an increase in the magnetization at M(T) peak maximum. The
average pressure dependence of the Néel temperature, taken as the
pressure dependence of the maximum of the M(T) curves, is
0Ty/0P ~ —6.7K/GPa. At first glance, such a shift of the Néel tem-
perature under pressure does not appear unusual but the reports on the
properties of rare-earth anti-perovskites under pressure are scarce.
Transition-metal based anti-perovskite, like Mn;GaC or Mn3zGaN were
investigated under pressure [8,37], but due to the fact that the origin of
the exchange interactions is sensibly different, they cannot be used for
comparison purposes.

At low temperatures and high magnetic fields, Fig. 6(b), one can
observe an overall decrease of the critical field of the metamagnetic
transition(s) due to pressure. The critical field for the first magnetic
jump By = 1.25 T in P = 0 decreases at an average rate of
0Bc1/0P ~ —0.6 T/GPa, the second jump at B., = 2.6 Tin P = 0 does
not show a significant pressure dependence, and the broad magneti-
zation increase around 5.6 T in P = O shifts to lower magnetic field by
about 1 T for AP = 1.05 GPa. Using the Clausius-Clapeyron equation,
AV = AS,/(dP/dT,), we roughly estimate AV/V in the range of
—0.03% to —0.06%. The saturation magnetization is not affected by
hydrostatic pressure. At the highest pressure and in high magnetic field,
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Fig. 6. Magnetism of SnOEu; under high pressure. (a) Temperature dependence
of the magnetization in B = 0.1 T, in the inset pressure dependence of the Néel
Temperature. (b) Field dependence of the magnetization in different pressures
at T = 5 K upon magnetizing (open symbols) and demagnetizing (close sym-
bols). (c) Temperature dependence of the magnetization in B = 7 T at
P = 1.05 GPa.
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Fig. 7. Spin polarized atom projected FM density of states (DOS) of SnOEus.
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Fig. 6(c), the temperature dependence of the magnetization shows a
broad inflection point around 50 K, which indicates a ferromagnetic
order at high field.

Overall, hydrostatic pressure is found to affect the magnetic prop-
erties of SnOEu; promoting ferromagnetism and shifting of the tran-
sition temperature. Though visible, the effect of the pressure on the
metamagnetic transition remains limited suggesting that the meta-
magnetism is not associated with major crystallographic changes such
as significant cell volume discontinuities. At the same time, it is clear
that the divalent state of the Eu is stable up to 1.05 GPa. The hydrostatic
pressure accessible by Cu-Be cell for magnetic measurements turned out
to be insufficient to fully break the antiferromagnetic order, but our
data indicate that further attempts at higher pressures could be con-
sidered.

3.5. Theoretical investigation

Fig. 7 shows the spin-polarized atom projected density of states
(DOS) for ferromagnetic SnOEus. In the majority spin channel, the
bottom of the conduction band is formed mainly by the fully hybridized
Eu 5d and Sn 5p states. The upper valence band is dominated by Eu 4f
states peaking around — 1.8 eV, hybridized with Eu 5d, O 2p, and Sn 5p
states. The lower valence band from —4 to —5.5 eV is dominated by O
2p states hybridized with Eu 5d states. The spin minority channel shows
a similar structure of the valence band, except for the Eu 4f states. In
rare-earth compounds, localized 4f electrons make direct 4f-4f ex-
change negligible, so that the magnetic coupling usually occurs through
indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange. The situa-
tion in SnOEu; is, however, more complicated. Considering unusual for
intermetallics low DOS at and near the Fermi level, and hybridization of
Eu 4f, 5d and O 2p, as well as Eu 4f and 5d states in the valence band,
suggest that a mechanism reminiscent of super-exchange plays a role in
the magnetism of title compound in addition to the conventional and
dominant RKKY exchange.

Table 3 shows orbital-specific magnetic moments of SnOEu; calcu-
lated from a difference between the spin up and spin down integrated
DOS up to the Fermi level assuming ferromagnetic order. The 4f mag-
netic moments are slightly lower than the expected 7 g of Eu** ion.
The small but non-negligible Eu 5d moments are due to the overlap of
Eu 4f and Eu 5d states, which is common in lanthanide intermetallic
compounds. Sn develops induced moments on its p states, which cancel
out by those on its d states. The induced moments on O 2p are anti-
parallel to Eu 4f and Eu 5d which, together with the super-exchange-
like magnetic coupling noted above, support the antiferromagnetic
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Table 3
Orbital-specific calculated magnetic moments of ferromagnetic SnOEusz (up/
atom).

SnOEus (FM) s p d f
Eu 0.02 0.01 0.08 6.91
Sn -0.01 —-0.08 0.08

o 0.00 -0.09

E - Eg (eV)

r M X r R

Fig. 8. Spin polarized band structure of SnOEus. The spin up (spin down) bands
are represented by red (blue) color. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

(AFM) ground state in SnOEus. As the exact type of AFM ordering is not
known for this class of rare-earth anti-perovskites and considering that
the low-field magnetization is particularly low at T = 3 K (Fig. 1), a
simple antiparallel alignment of Eu magnetic moments was used to
model the AFM state with three Eu moments spin up and three Eu
moments spin down out of the six Eu atoms present in the 2 X 1 X 1
supercell. The total energy calculations using the 2 X 1 X 1 supercell
show a difference of 52 meV/f.u. between AFM (lower energy) and FM
states of SnOEus. This small energy difference between the AFM and FM
ground states correlates with the instability manifested as low-field
metamagnetism observed experimentally.

Fig. 8 shows spin-polarized band structure of SnOEus. As expected
from the low density of electronic states near the Fermi level (Eg), only
a few bands cross Eg, which indicates that SnOEus is a semi-metal.
These theoretical findings are in line with the relatively high electrical
resistivity reported for SnOEu; [15]. Most band crossings are found
close to the high symmetry point I'. At the I' point, a band inversion
occurs just above the Fermi level in the spin-up channel and a semi-
band inversion is observed just below the Fermi level in the spin-down
channel. Unconventional band topologies near the I' point and topo-
logical insulator behaviors have been predicted in other anti-per-
ovskites [38,39], but in contrast to BiNCas, SnOCas or PbOSr3, SnOEus;
does not have a band gap.

4. Conclusions

Stoichiometric polycrystalline SnOEu; samples were successfully
prepared by melting/sintering Eu, Sn and SnO, reactants in tantalum
using induction furnace. In line with an earlier report, an anti-
ferromagnetic transition is observed at Ty = 31 K in low magnetic field
(B = 0.1 T) and the application of larger magnetic fields at low tem-
peratures reveals a metamagnetic transition toward a high



F. Guillou, et al.

magnetization state. Discontinuous magnetization jumps are found over
a broad range of temperatures between 3 and 30 K. However, the re-
latively slow evolution of their critical metamagnetic fields with tem-
perature indicates a small associated latent heat, as further confirmed
by heat capacity measurements as well as using the magnetocaloric
effect as an indirect probe. The saturation magnetization (~20.5 pp/
f.u.) is close to that expected for three Eu?* ions and is insensitive to
the external pressure up to 1.05 GPa, indicating that the Eu divalent
state is quite stable in SnOEus. The critical field of the metamagnetic
transition decreases with the pressure. Ab-initio calculations show small
energy difference between ferromagnetic and antiferromagnetic
grounds states, in line with the observed metamagnetism, indicate ra-
ther complex magnetic exchange mechanism, and reveal an unusual
band topology at the high symmetry point (I') in the Brillouin zone.
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