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The ternary compounds (REgN)Sn with RE = La, Ce, Pr, Nd, Sm were prepared starting from
the elements. The compounds with RE = La, Ce, Pr were obtained as single phase materials ac-
cording to X-ray powder diffraction patterns, which also indicate the cubic inverse perovskite crystal
structure (space group Pm3m, La: a = 509.48(2) pm, Ce: a = 501.59(2) pm, Pr: a = 497.53(2) pm,
Nd: a=494.70(5) pm, Sm: a = 488.35(9) pm). Chemical analyses proof the correct composition and
particularly the absence of nonmetallic constituents next to nitrogen. All studied compounds show
metallic characteristics in the electrical resistivity. Magnetic susceptibility measurements indicate
(LagN)Sn to be a Pauli-paramagnet. Initially observed superconductivity was traced down to be due
to thin La films on the surface of the grains. The Ce and Pr containing compounds show the behavior
of 41 jons and 42 ions, and order antiferromagnetically at 6.8(2) K and 48(1) K, respectively.
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Introduction

For metal-rich systems of alkaline-earth metals, or
rare-earth metals RE with p group elements E, it has
been established that many intermetallic compounds
can accommodate nonmetallic elements in certain
voids within the crystal structure. Depending on the
system this can occur without significant changes of
the host crystal structure and physical properties, with
changes of physical properties and chemical and/or
thermal stability, or with formation of a new com-
pound or phase, of which the metal host structure is
unknown in the respective binary intermetallic system.
Interstitial elements are mostly Z = H, B, C, N, or O,
but a large variety of elements, even transition met-
als, might be incorporated [1]. Apart from solution
phases with only small amounts of a honmetal com-
ponent, with rare-earth metals only few different struc-
ture types dominate such systems. Most reports deal
with (REsZy)Es and (RE3Zy)E compositions, and of
these the majority of the detailed investigations were
carried out on carbides [2]. Phases of this general char-

acter with variable content of particularly Z=C, N, O
dissolved in a host compound with little apparent struc-
tural effect have been designated “Nowotny phases”
after the pioneering investigator of many examples in
a variety of crystal structures, most frequently of tran-
sition metal silicides [3, 4]. Particularly carbides were
intensively studied by Jeitschko for several decades,
who also recently gathered the literature for perovskite
carbides [5]. The lack of systematic and detailed stud-
ies on oxides and, in particular, nitrides is due to the
fact, that these typically appear as impurity phases in
the course of preparation experiments aimed at purely
intermetallic compounds and due to the difficulty to
specifically introduce the nonmetallic components N
and O compared with C or B. Carbon, for example,
can be added to an intermetallic melt bead simply in
form of solid graphite.

In the binary systems RE-Sn, phases RE3Sn were
previously reported only for RE = La, Ce, Pr (although
there was an unconfirmed claim of GdsSn with an
unknown crystal structure [6]). All three compounds
were described to crystallize in the CuzAu structure
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type [7,8]. LazSn is under discussion since it does
not appear in any phase diagram, but is reported to
show superconductivity below temperatures of T, =
6.2 K [9]. As frequent, the reports on LazSn may be
due to unnoticed impurities of C, N, or O, as might
be already indicated by the unit cell volumes. One
report assigns LasSn a high-pressure phase. The unit
cell parameter of a sample obtained at a pressure of
p = 7.5 GPa (a = 498(2) pm) is significantly smaller
than those given in all other studies [10]. Ce3Sn and
Pr3Sn were shown to decompose peritectically into
a liquid phase and CesSns (T = 1210 K) or PrsSns
(T = 1212 K), respectively. On the basis of X-ray
powder diffraction (no superstructure reflections indi-
cating the primitive unit cell) and M&Rbauer spectro-
scopic data (broad lines consistent with various sur-
roundings of Sn) it was derived, that both compounds
are substitutionally disordered, thus in a ccp arrange-
ment rather than crystallizing in the CuzAu structure
type [11]. However, different authors obtained CuzAu
type Ce3Sn (a = 492.7 pm) next to a cubic face-
centered phase with larger unit cell dimensions (a =
501 pm). The latter phase again was interpreted as sub-
stitutionally disordered Ce3Sn according to XRD and
metallographic studies [12, 13]. Remarkably, the unit
cell parameter of the disordered phase is nearly iden-
tical to the value obtained for (Ce3N)Sn in the line of
this work.

Only few ternary nitrides with Sn as a constituent
are known. Previously reported were the inverse
cubic perovskites (CazN)Sn [14], (SrazNi_4)Sn,
(BazN1_x)Sn [15], (Nd3N)Sn [16], (CrsN)Sn [17],
(MngN)Sn [17], (Mn3N)Mn0,5Sn0,5 [18], and
(FesN)Feg4Snogs [19], the filled MnsSiz type
(Zr3N)ZroSns  [20] and the filled CrsBz type
(LagN)LaPbsz [21]. Recently, the first nitridostan-
nate(I1) Na[SnN] was reported [22]. In the following,
systematic investigations on phase formation, chemical
and physical properties of the perovskites (RE3N)Sn
are reported.

Experimental Section

Since the rare-earth metals used as starting materials and
the samples prepared are highly sensitive to air and moisture,
all manipulations were carried out in argon-filled glove boxes
(MBRAUN, p(H20, O7) < 1 ppm).

The preparation of ternary compounds (RE3N)Sn starts
from high purity or purified rare-earth metal pieces as was
described elsewhere [23] (Hunan Institute of Rare Earth Ma-
terials, 99.9% metal based). For production of nitride phases

Table 1. Lattice parameters and results of chemical analyses.

Compound a Chemical analysis w(N)  w(O)
[pm] [wt.%] [wt.%]
(LagN)Sn 509.48(2) (LasNo.e33(4)O0.041(3))SN 2.38(1)  0.12(1)

(Ce3N)Sn 50159(2) (C63N1A027(4))Sn 260(1) <0.10
(Pr3N)Sn 49753(2) (Pr3N0A899(4)00_049(7))Sn 227(1) 014(2)
(Nd3N)Sn  494.70(5) not pure

(Sm3N)Sn 488.35(9) not pure

typically the binary nitride REN was fused together with ap-
propriate amounts of the respective binary alloys RE;Sn in
an arc-furnace. The resulting bead was wrapped in molyb-
denum foil, sealed in an evacuated quartz ampoule and an-
nealed at elevated temperatures (typically T = 1170 K for
several days).

Chemical analyses on O, N and H were carried out on a
LECO TCH 600 hot gas extractor. C was analyzed via com-
bustion of the sample in oxygen on a LECO C 200. Detection
limits typically were well below w(H,N,0O) = 0.10%.

For X-ray diffraction the powdered samples were loaded
between two Kapton-foils for protection from moisture and
air. The X-ray experiments where carried out on an imaging
plate Guinier-Camera (Huber-Diffraction, G 670) equipped
with a quartz monochromator (Cu-Ky,;-radiation, 6° < 6 <
100°, 4 x 15 min).

Measurements of the magnetic susceptibilities were per-
formed on a SQUID magnetometer (MPMS-XL7, Quantum
Design) at fields between 2 mT and 7 T in the 1.8 K—-400 K
range, using about 100 mg of single phase products sealed in
a quartz tube under 400 mbar He.

Electrical resistivity measurements were performed on
suitable pieces of the single phase products by a conventional
dc four-point method between 3.5 K and 320 K. The contacts
were made from silver-filled epoxy. All manipulations were
carried out in an argon-filled glove box with an integrated
cryostat for the resistance measurement.

Results and Discussion
Formation and stability

Regularly, the samples were characterized with
XRD and chemical analyses. Table 1 gives unit cell pa-
rameters and results from chemical analyses. The unit
cell parameters have been obtained from least-squares
refinements of Guinier X-ray diffraction patterns.
Chemical analyses on hydrogen and occasional checks
for carbon indicated no such contaminations. The ni-
trides (LagN)Sn, (CezN)Sn, (PrsN)Sn, (NdsN)Sn, and
(Sm3N)Sn were successfully prepared, while no cubic
perovskite nitrides could be obtained with RE = Sc,
Gd, Lu. Together with the report on (Nd3N)Sn from lit-
erature [16], this leads to the assumption, that nitrides
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Fig. 1. Experimental XRD patterns of (LazN)Sn (top),
(Ce3N)Sn (second), and (PrzN)Sn (third), together with the
simulated pattern of (LazN)Sn with a cubic perovskite crys-
tal structure for comparison (bottom). The weak reflections at
about 18 and 40 degrees 2Theta indicate the perovskite crys-
tal structure in favor of a disordered cubic closed packed ar-
rangement of the metal species. Miller indices are indicated.

do only form with the larger trivalent rare-earth metals
with the border of formation located at Gd. Carbides,
for comparison, exist for all rare-earth metals R.

Similar to the previous observations for the respec-
tive phases (RE3N)In with indium as constituent [23],
the binary compounds Ce3Sn and Pr3Sn show high
macroscopic hardness paired with some ductility,
while introduction of nitrogen leads to brittle com-
pounds.

Crystal structure considerations

Fig. 1 shows the X-ray powder diffraction pat-
terns of powdered samples (LazN)Sn, (Ce3N)Sn, and
(PrgN)Sn in comparison to a simulated pattern for
(LagN)Sn with inverse cubic perovskite crystal struc-
ture. As in the case of compounds (RE3N)In [23] only
small differences in intensities as well as very weak
superstructure reflections are produced by symmetry
reduction from a hypothetical disordered sodium chlo-
ride type RE3Sn and the proposed ordered occupation
of octahedral holes leading to the final cubic perovskite
type crystal structure.

Fig. 2 presents a plot of the cubic root of the cu-
bic unit cell parameter a for the compounds (RE3Z)Sn
with Z = O, C, N, O as a function of the ionic
radii of the rare-earth metal ions in the oxidation
state +3 (CN = 6) [24]. To ensure values from bi-
nary phases as pure as possible the smallest reported
unit cells were chosen for the binary phases [7, 9, 25],
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Fig. 2. Cubic unit cell parameter a for compounds (RE3Z)Sn
withZ=10J, C, N, O as a function of the radii of the rare-earth
metal ions r(RE3*) (CN = 6) [24], full symbols: this study,
open symbols: literature data. Literature values were selected
as discussed in the main text body [5, 7, 8, 16, 25— 29].

while for the ternary phases the largest reported unit
cells were selected, which are likely to contain the
largest amounts of Z in the respective octahedral
voids [5,7,8,16,25-29]. The unit cell parameter of
CesSn significantly deviates from those of LazSn and
Pr3Sn to a smaller value, while the observed magnetic
moment of et /Ce-atom = 2.2 ug in Ce3Sn is consis-
tent with a 4f 1 state (expected for Ce3* free ion value:
Uetf/Ce-atom ~ 2.5 ug) [30]. This deviation of the unit
cell dimension to smaller values than expected from
those of the other compounds RE3Sn was discussed
to arise from substitutional disorder [11]. The carbides
(RE3C)Sn are known for all rare-earth metals RE = Sc,
La—Lu, except for RE = Eu (and Pm) [5, 7,8, 25, 29].
As can be taken from Fig. 2 the unit cell dimensions of
the carbides with R = La, Pr are only slightly larger
than those reported for the binary compounds. The
value for (Yb3C)Sn clearly deviates from the mono-
tonic behavior to a larger value, which might be in-
terpreted as indication for a Yb2* (4 14) contribution.
This view is supported by data on (Yb30)Sn [27],
where the cubic unit cell parameter indicates the pres-
ence of primarily the Yb?* (4 14) state. Unfortunately,
no information on physical properties of these Yb con-
taining compounds was given. The cubic unit cell of
the only previously known nitride (Nd3N)Sn is even
larger than that derived for (Nd3C)Sn [16]. Except for
(Yb3O)Sn the only previously reported inverse per-
ovskite oxide is (EuzO)Sn [26, 31].

The obtained values for the cubic unit cell param-
eters of the nitrides (Fig. 2) are well in correspon-
dence with each other, while the previously reported
data for (Nd3N)Sn [16] strongly deviates towards a
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larger value. This observation, together with the fact
that the volume of the nitride is even larger than that of
the corresponding carbide, may fuel speculations on a
homogeneity range towards higher Sn contents. Strik-
ing are the smaller unit cell parameters of (LagN)Sn
and (Pr3N)Sn compared with those of the respective
binary compounds from literature, similar to what was
observed for (SczN)In compared to SczlIn [23]. For the
Sn containing phases this fact can not be related to dif-
ferent structure motifs of the metal constituents, as was
discussed for the respective In systems. Apparently, the
effect of attractive interactions between nitrogen and
the metal constituents compensates the volume effect
of the additional particle per formula unit.

Electronic properties

The magnetic properties of the (RE3N)Sn com-
pounds are dominated by the magnetic moment of the
trivalent rare-earth ions RE.

The sample of (LagN)Sn is weakly paramagnetic
with a small field- and temperature-dependence of
the susceptibility x(T) = M(T)/H below ca. 300 K.
The anomalous contribution probably originates from
a minor ferromagnetic impurity ordering around this
temperature. The size AM of this contribution corre-
sponds to a Fe metal content of 25 ppm on mass. Us-
ing high-field data and correcting for this contribu-
tion it is found that (LasgN)Sn is a Pauli-paramagnet
with a nearly temperature-independent susceptibility
%0 = +140(20) x 10~% emumol~—1. With the estimated
sum of diamagnetic core contributions () core &~ —89 x
10-5 emumol~1) this yields yp = o — Xcore ~ 230 x
10~% emumol—1, corresponding to an electronic den-
sity of states of ~ 7 states eV ! at the Fermi level.

Susceptibility measurements x(T) at low fields
(Hext = 20 and 100 Oe) recorded on microcrystalline
pieces of (LazN)Sn (Fig. 3) suggest superconductivity
with T;(0) = 5.8(1) K. A shielding of 120% of the sam-
ple volume was measured on heating after zero-field
cooling (zfc), but a very small Meissner effect (< 1%
volume fraction) in field-cooling (fc) was found. Re-
markably, the value of T, almost coincides with the re-
ported transition temperature of LazSn (CusAu type
structure) of T, = 6.2 K [9]. The electrical resistiv-
ity versus temperature p(T) of a piece of microcrys-
talline (LazN)Sn (Fig. 4) is typical for a metal with
p(300 K) =67 uQcm and po =5 pQcm. With a
current density j =3 mAmm~2 at low temperatures
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Fig. 3. (LagN)Sn: Electrical resistance (black circles) and
magnetic susceptibility of an as prepared sample (triangles).
The observed superconductivity is most likely due to a thin
La film (see text main body). Solid lines refer to fc (up-
per line) and zfc (lower line) susceptibility data of a ground
powder.
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Fig. 4. Electrical resistivity of (LazN)Sn and (Pr3N)Sn as
function of the temperature.

no superconductivity was detected above 3.8 K, only
with j = 0.75 mAmm~2 a transition was observed at
T. = 5.2 K-5.4 K. These observations give rise to two
possible interpretations: i) (LazN)Sn is a bulk super-
conductor with pinning (large difference of y s and
xsc) but a very small critical current density (two obvi-
ously contradicting properties), or ii) the grains of the
main phase (LazN)Sn in the sample are covered with
a thin layer of a superconducting secondary phase not
visible in XRD (e.g., elemental 3-La, T, = 5.9 K [32]).
Susceptibility data y(T) on identical sample material
after grinding to a fine powder revealed only rudi-
mentary remains of the diamagnetic shielding signal
(e (T) = x2£c(T)); & strong support for the second in-
terpretation.
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Fig. 6. Isothermal magnetization versus magnetic field for
(CesN)Sn at T = 1.8 K. The arrows indicate increasing and
decreasing field direction.

(CesN)Sn is a Curie-Weiss paramagnet displaying
a susceptibility y(T) (Fig. 5) in agreement with the
properties of the 2F5/2 crystal field ground multiplet
of the 4f1 cerium ion (exclusive presence of Ce3*
ions). A linear fit of 1/x(T) in the temperature inter-
val 100 K-400 K leads to pes/Ce = 2.46 ug, in good
agreement with the free ion value (2.54 ug) [33], and
O = —26 K (afm). Thus, there is no indication for the
presence of 4f % jons in (CezN)Sn. The 4f 1 magnetic
moments order antiferromagnetically at Ty = 6.8(2) K.
This Néel temperature is of the same order as for
(CesN)In (Ty = 9.0 K) [23].

Isothermal magnetization curves were recorded
at 1.8 K, 3.0 K, 5.0 K, and 7.0 K up to fields Hext =
70 kOe (Fig. 6). For the lowest measured tempera-
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Fig. 7. Magnetic susceptibility versus temperature of
(Pr3N)Sn in a magnetic field of H = 1 kOe (open squares)
and 70 kOe (full squares). The inset shows low-temperature
data for H = 100 Oe.

ture a metamagnetic transition starting above a field
Hext = 32 kOe is observed. Here, the antiferromag-
netic spin arrangement (M = 0.2 ug/f.u. at 32 kOe)
changes reversibly to a spin state with higher magneti-
zation. Above Hey: = 38 kOe the magnetization keeps
on increasing and seems to saturate at ~ 2.8 ug/f.u. at
our maximum magnetic field of 70 kOe. This value is
below the expected saturation magnetization of 3gJ ~
3.7 ug for 3 ions in the I'7 ground doublet of the
2F5/2 state. With increasing temperature the jump in
the magnetization is smeared out and moves to lower
field values (Hext =~ 24—-33 kOe for T =5 K).

The magnetic susceptibility x(T) of polycrystalline
(PrsN)Sn (Fig. 7) is fully compatible with the ex-
clusive presence of the Pr3+ species (4f2 ions with
crystal field ground state multiplet 3Hy, free-ion mo-
ment 3.58 ug). A linear fit of a Curie-Weiss law to
the (slightly negatively curved) data of 1/x(T) leads
to et /Pr = 3.65 ug and ® = —50 K. A clear cusp
in x(T) from an antiferromagnetic ordering of the Pr
moments is visible at Ty = 49(1) K. This Néel tem-
perature is much higher than that of (Pr3N)In (Ty =
10.8 K) [23]), compatible with the smaller Pr-Pr dis-
tances due to the smaller unit cell of the Sn compound
(a = 497.53(2) pm) compared to the In compound
(a =500.95(4) pm). Isothermal magnetization curves
M(H) at 2.0 K, 6.0 K and 14 K (Fig. 8) display all a
small increase of M(H) for the ordered spin structure
(only 0.11-0.12 ug/f.u. at 70 kOe) and for T = 2.0 K
a weak metamagnetic transition between 8 kOe and
1.2 kOe.
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Fig. 8. Isothermal magnetization curves versus magnetic
field of (Pr3N)Sn at T = 2.0 K (triangles, the orientation of
the symbols indicate the field sweep directions), T = 6.0 K
(circles), T = 14.0 K (diamonds), T = 40.0 K (squares).

The electrical resistivity p(T) of a piece of micro-
crystalline (PrsN)Sn (Fig. 4) is linear at high temper-
atures (p (300 K) =19 uQcm, pg = 88 uQ cm) and
typical for a metallic state. The antiferromagnetic or-
dering of the 4f 2 moments is signalled by a sharp kink
in p(T) at 48(1) K. The relatively strong rounded peak
in p(T) below Ty is uncommon. Usually, p(T) de-
creases strongly below Ty due to the drastically weaker
scattering of the conduction electrons on the ordered
magnetic moments. A relative increase of p(T) around
Tn might be due to critical effects which, however,

should show up as a (positive) cusp in p(T) exactly
at Ty.

Conclusions

In combination with rare-earth elements Sn forms
cubic perovskite nitrides with metallic properties, sim-
ilar to other main group elements from the p-block
of the periodic table like, e.g., Al or In, and simi-
lar to the respective carbides. However, with Gd and
heavier rare-earth elements no such ternary nitrides
could be obtained. Electronic properties as, €.g., the
magnetic behavior connects to the known compounds
with trivalent rare-earth metal constituents: The La
compound shows temperature independent paramag-
netism. A transition to a superconducting state was
traced down to thin La impurity layers on the sur-
face of the initial grains. The Ce and Pr compounds
order antiferromagnetically and the transition temper-
ature scales with the magnetic moment and the dis-
tance RE-RE, which can be influenced by the nature of
the nonmetallic element — in the presented work set to
nitrogen.
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