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1. Introduction

Polymeric non-metallic nitrides are of considerable inter-
est for the development of inorganic materials with potential
high-performance applications [1,2]. In contrast to the well
known oxosilicates, nitridosilicates contain SiN, tetrahedra
which can be linked via common vertices resulting in N,
Nm, and even N™ connections of two, three, or four silicon
atoms, respectively, [1,3]. Accordingly, the nitridosilicates
show a more versatile connectivity pattern as compared to
oxosilicates leading to a significant extension of conven-
tional silicate chemistry.

In recent years, several new alkaline earth and rare earth
metal-based nitridosilicates like LnSi;Ns (Ln=La, Ce,
Pr, Nd) [3-5], Ln;SigN;; (Ln=Ce, Pr) [6,7], BaEu
(Ba0.5Eu0,5)YbSi6N11 [8], MYbSl4N7 (M =Sr, Ba, EU) [9—
11]) or Eu,SisNg [11] have been synthesized. The structures
of these nitridosilicates are built up from highly condensed
Si—N networks with predominant covalent bonding leading
to outstanding chemical, thermal and mechanical stability.

Although the structures of these materials are well known,
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only little information is available on the physical properties.
Our recent studies of the optical properties of the europium
doped phases Ba,_Eu,SisNg [12] revealed long lasting lumi-
nescence, thermoluminescence and two-photon-excitation.
Very broad absorption and emission bands have been
observed which are typical for Eu®>" and which are broadened
due to the presence of two overlaying crystallographic Eu>*
sites. Additionally, these bands show an exceptional strong red
shift as compared with common Eu>" containing optical mate-
rials [13—15]. This behaviour has been ascribed to the differ-
ent nitrogen coordination of the Eu’®" ions [12].

We have now extended the physical property investiga-
tions with respect to the magnetic behaviour and ">'Eu
Maossbauer spectroscopy. Details about the magnetic hyper-
fine interactions of the europium atoms in Eu,SisNg are
reported herein.

2. Experimental
2.1. Synthesis and X-ray powder data
The synthesis of Eu,SisNg was performed in a radio-

frequency furnace (type IG 10/200 Hy, frequency: 200 kHz,
electrical output: 0—12 kW, Hiittinger, Freiburg) according
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Fig. 1. Perspective view of the Eu,SisNg structure approximately along the a axis. The europium atoms fill channels within the three-

dimensional network of corner-sharing SiN, tetrahedra.

to Eq. (1).
2Eu + 5Si(NH), — Eu,SisNg + 5H, + N, €))

Under argon a mixture of 129 mg (2.22 mmol) silicon diimide
[16] and 125 mg (0.823 mmol) europium metal (ABCR,
99.9%) was transferred into a tungsten crucible. The latter
was then heated under nitrogen to 1070 K within 5 min in
the water-cooled quartz-reactor of the radiofrequency furnace
[17]. After 25 min, the crucible was heated to 1820 K within
12 h and held at this temperature for another 6 h. Subsequent
quenching to room temperature within 30 min yielded single-
phase Eu,SisNg. The excess europium metal evaporated off the
reaction mixture and condensed at the inner surface of the
water-cooled quartz-reactor. Eu,SisNg was obtained as a coar-
sely crystalline, bright red powder. More details about the
experimental setup are given in Refs. [17,18].

The purity of our sample was checked by X-ray powder
diffraction (Stoe Stadi P) using Cu Ko, radiation. The
pattern could completely be indexed on the basis of a primi-
tive orthorhombic cell and the refined lattice parameters
(a = 570.85(7) pm, b = 681.42(8) pm, ¢ = 933.42(16) pm,
space group Pmn2,) were in excellent agreement with the
previously published data [11].

2.2. Physical property measurements

The magnetic susceptibilities of a polycrystalline,
powdered sample of Eu,SisNg were determined with a
MPMS XL SQUID magnetometer (Quantum Design) in the
temperature range 4.2—-300 K with magnetic flux densities up
to 5 T. A quantity of 8.534 mg was enclosed in a small silica
tube and fixed at the sample holder rod. The sample was then
cooled to 4.2 K in zero magnetic field and slowly heated to
room temperature in an applied external field.

The 21.53 keV transition of "“'Eu with an activity of

130 MBq (2% of the total activity of a 151Sm:EuF; source)
was used for the Mdssbauer spectroscopic experiments. The
measurements were performed with a commercial helium
bath cryostat. The temperature of the absorber could be
varied from 4.2 to 300 K and was measured with a metallic
resistance thermometer with a precision better than *£0.5 K.
The source was kept at room temperature. The material for
the Mdssbauer spectroscopic investigation was the same as
for the susceptibility measurements. The sample was diluted
with sugar and placed within a thin-walled PVC container at
a thickness corresponding to about 10 mg Eu/cm’.

3. Results and discussion
3.1. Crystal chemistry

Eu,SisNg crystallizes with the previously described
Ba,SisNg type structure [18] with the non-centrosymmetric
space group Pmn2,. The crystallographically determined
absence of an inversion centre has been proven by observa-
tion of two-photon absorption [12]. As outlined in Fig. 1, the
crystal structure is based on a network of corner sharing
SiN, tetrahedra. In this network, half of the nitrogen
atoms connect two (Nm), and the other ones three silicon
atoms (N™). The Eu*" cations occupy two different sites
within the channels running along the a axis. These channels
are formed by SigNg rings (Fig. 1). The nitrogen coordina-
tion of the Eul (CN 10) and Eu2 (CN 8 + 2) atoms is
presented in Fig. 2. For a more detailed discussion of the
crystal chemistry, we refer to the previous work [11,17].
Chemical bonding in isostructural Sr,SisNg was investigated
recently by first-principles electronic band structure calcu-
lations [19]. These investigations revealed a large band gap
(>4 ¢eV) as expected for these transparent compounds.
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Fig. 2. Nitrogen coordination of the two crystallographically different europium atoms in Eu,SisNg. The site symmetries are indicated. The

displacement ellipsoids of the nitrogen atoms represent 90% probability.

3.2. Magnetic properties

In Fig. 3 we present the temperature dependence of the
inverse magnetic susceptibility of Eu,SisNg measured at
magnetic flux densities of 0.1 and 3 T. Above 50 K we
observe Curie—Weiss behaviour, y = C/(T — ©) with an
experimental magnetic moment of 7.67(5)ug/Eu, close to
the free ion value of 7.94up for Eu?*. Thus the formula
Eu,SisNg is consistent with formal oxidation states Eu®*,
Si**, and N*". The paramagnetic Curie temperature
(Weiss constant) of @ = 18(1) K was determined by linear
extrapolation of the 1/y vs T data to 1/y=20. In the 3T
measurement we observe no bump around 70 K where
EuO orders ferromagnetically [20-22], indicating pure
Eu,SisNg. Small EuO impurities are sometimes observed
for europium intermetallics [23,24].

At low temperature ferromagnetic ordering of the euro-
pium magnetic moments is detected (Fig. 4). The Curie
temperature of Tc = 13.0(5) K was determined from the
derivative dy/dT of a kink-point measurement (insert of
Fig. 4) at a magnetic flux density of 0.002 T. The observed
difference between the susceptibility curves taken upon cool-
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Fig. 3. Temperature dependence of the inverse magnetic suscept-
ibility of Eu,SisNg measured at 3 T. The low-temperature behaviour
at 0.1 T is shown in the insert.

ing in zero (ZFC, zero field cooling) and non-zero (FC, field
cooling) magnetic field may be attributed to domain effects.
The field cooling measurement yields considerably higher
values of the magnetization in the ordered region, because
it corresponds to probing of the response to the magnetic field
of a nearly single domain sample.

The magnetization behaviour at 100 and 4.5 K is shown
in Fig. 5. At 100K we observe a linear increase of
the magnetization as expected for a paramagnetic material.
A steep increase occurs at 4.5 K. Already around 2T
the magnetization tends towards saturation, reaching a
saturation magnetic moment of 7.0(1)wp/Eu at 5 T. This
value is consistent with the maximal possible value of
7wp/Eu according to g XS [25], indicating full parallel
spin alignment at low temperatures. According to the
very small hysteresis and the almost negligible coercivity
and remanence Eu,SisNg might be classified as a soft
ferromagnet.

Based on the magnetic data, one cannot distinguish two
different europium sites. Below the Curie temperature of
13 K we observe a cooperative parallel alignment of all
europium magnetic moments.
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Fig. 4. Low-temperature susceptibility of Eu,SisNg measured at an
external field strength at 0.002 T in the zero-field-cooling (ZFC) and
field-cooling (FC) modus. The insert shows the derivative dx/dT
which has a sharp peak at 7c = 13.0(5) K.
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Fig. 5. Magnetization vs external field strength of Eu,SisNg
measured at 4.5 and 100 K.

3.3. P'Eu Mossbauer spectroscopy

Temperature dependent '>'Eu Mdssbauer spectra of
Eu,SisNg are presented in Fig. 6. Transmission integral fits
were obtained using the Levenberg—Marquard algorithm,
resulting in the parameters isomer shift, nuclear electric
quadrupolar splitting, asymmetry parameter, line width,

and internal magnetic flux density at the europium nuclei.
The refined parameters are listed in Table 1. Although the
crystal structure has two crystallographically different euro-
pium sites in a 1:1 ratio, these sites are not resolvable in the
spectrum. Rather, a single set of parameters was found to
provide a satisfactory fit to the experimental data. Above the
Curie temperature, the spectrum is dominated by a large
quadrupolar splitting, which reflects the low site symmetry
(m...) of both europium positions. The magnitude of the
splitting is comparable to that observed for several inter-
metallic europium transition metal (T) indides and stannides
EuTIn and EuTSn [26,27], where the europium atoms have
the same site symmetry.

The close similarity of both europium sites was rational-
ized with electric field gradient (EFG) calculations, assum-
ing that the electron density distribution arising from the
five direct Eu—N bonds in the first coordination sphere
produces the dominant term in the local EFG experienced
by the "*'Eu nuclei. Table 2 summarizes all of the Eu—N
internuclear distances within a 400 pm sphere around the
two central europium sites. The corresponding charges on
nitrogen as calculated by the Brown/Shannon method are
also included. A sizeable valence contribution to the >'Eu
EFG is expected only from the nitrogen atoms N1, N2, and
N3, which are engaged in only two Si—N bonds. For each
europium site, the valence term was estimated on the basis
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Fig. 6. Experimental and simulated '>'Eu Mdssbauer spectra of Eu,SisNg at different temperatures.
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'5'Eu Méssbauer fitting parameters for Eu,SisNg as a function of temperature. The numbers in parentheses give the statistical errors in the last
digit. Values without parentheses were kept fixed by the fitting program (for details see text). &, isomer shift with respect to EuFs; I,
experimental line width; AE, electric quadrupole interaction; B, static magnetic flux density

T (K) S (mm/s) I' (mm/s) AEq, (mm/s) Asymmetry B (T)
298 —11.82(5) 2.3(1) 16.3(2) 0.67(7) 0

18.7 —11.88(5) 2.5(1) 16.6(2) 0.73(9) 0
12.8 —11.9(1) 3.4(3) 16.83(2) 0.83(2) 0

11.1 —11.8(1) 3.4(3) —3.10(6) 0 16.4(3)
9.6 —11.78(7) 2.9(2) —3.104) 0 20.1(2)
4.2 —11.80(7) 2.5(1) —3.36(3) 0 24.9(2)

of a point charge model calculation, using the atomic posi-
tions, Eu—N distances and local charges listed for those
nitrogen atoms (marked by asterisks in Table 2). Nitrogen
atoms engaged in three Si—N bonds were excluded from
the EFG calculation, even if the corresponding Eu—N
distances appear to be similar. Any contributions arising
from point charges generated by other non-Eu-bonded
atoms in the structure were also assumed negligible
compared to the valence contribution. Using a Sternheimer
antishielding parameter of 70 (estimated from Lucken’s
data on related rare earth nuclei) [28] the calculated EFG
principal values and asymmetry parameters are: Eul :

Table 2

V,, = 118 x 10?2 V/m?; 7 =095, Eu2:V,, =127X
10%? V/mz; n = 0.47. We find these values to be in quite
good agreement with the experimental value of 1.05 X
102 V/m?, 7= 0.7 as determined from the single site
Mossbauer lineshape fit.

The calculations confirm the close similarity in the local
bonding environments of Eul and Eu2. Because of the large
natural linewidth of the '*'Eu Méssbauer transition, the 10%
difference in the nuclear electric quadrupolar coupling
constants predicted in the calculation cannot be resolved
in the spectra.

At temperatures below 13 K characteristic line broadening

Eu-—N distances (in pm) and nitrogen atomic charges of all nitrogen atoms within a 400 pm sphere of Eul or Eu2. All those distances included in
the field gradient calculations are marked by asterisks. The closest distances around the N atoms are listed on the right side of the table. Note that
N1, N2, and N3 possess only two Si—N bonds. Thus, Eu—N bonding involving these nitrogen atoms is expected to produce a valence

contribution to the europium electric field gradient

Eu site Distance N site N charge N site Distance Cation site
Eul 252.9 N1 —1.53 N6 175.9 Si4
272.4" N3 —1.62 175.9 Si4
272.4" N3 —1.62 176.8 Sil
289.3" N2 —1.56 NS5 173.5 Si3
289.3" N2 —1.56 175.2 Si4
297.5 N4 —1.69 175.2 Si4
297.5 N4 —1.69 N4 176.5 Si3
315.8 N3 —1.62 176.9 Sil
315.8 N3 —1.62 178.3 Si4
324.6 N6 —1.63 N3 168.2 Si4
380.9 N6 —1.63 171.9 Si2
258.9 Eu2
Eu2 255.4" N2 —1.56 272.4 Eul
258.9" N3 —1.62 N2 166.8 Si3
258.9" N3 —1.62 171.8 Si2
289.0" N1 -1.53 255.4 Eu2
289.0 N1 —1.53 289.3 Eul
290.2 N5 —1.53 289.3 Eul
3235 N4 —1.69 N1 167.2 Sil
3235 N4 —1.69 171.0 Si2
341.7 N3 —1.62 252.9 Eul
341.7 N3 —1.62 289.0 Eu2
394.3 N6 -1.63 289.0 Eu2
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and the development of a magnetic hyperfine splitting indi-
cates the onset of magnetic ordering, in agreement with the
magnetic susceptibility data discussed earlier. This effect is
associated with a dramatic reduction in the magnitude of
the EFG parameter used to optimise the least squares fit
to the data, suggesting that the angle defining the orientation
of the EFG principal axis with respect to the magnetic
hyperfine field direction is close to the magic angle. A
similar situation has been previously observed in EuPdIn
[26].

At 11.1 K, slightly below the Curie temperature, a large
magnetic hyperfine field of 16.4(3) T is detected at the
nuclei. Since we cannot distinguish between the two Eu
sites, this value must be considered as an average over
both positions. Down to 4.2 K the flux density at the euro-
pium nuclei increases to 24.9(2) T, as is typically observed
for magnetically ordered Eu(Il) compounds [23,29].

4. Conclusions

In the present study, we investigated the magnetic hyper-
fine interactions in the nitridosilicate Eu,SisNg. Magnetic
susceptibility and "'Eu Mossbauer spectroscopic experi-
ments revealed purely divalent europium in Eu,SisNg,
however, it was not possible to distinguish the two crystallo-
graphically independent europium sites by the latter tech-
niques. We observe a superposition of both europium sites.
Ferromagnetic ordering of the europium magnetic moments
is observed at Tc = 13 K. At 4.2 K the saturation magneti-
zation is 7.0(1)up/Eu and the hyperfine field at the europium
nuclei is 24.9(2) T.
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