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Abstract. The isotypic nitridosilicates MYDb[Siz;N;] (M = Sr, Ba,
Eu) were obtained by the reaction of the respective metals with
Si(NH), in a radiofrequency furnace below 1600 °C. On the basis
of powder diffraction data of MYD[Si4N;] Rietveld refinements of
the lattice constants were performed; these confirmed the pre-
viously published single-crystal data. The compounds contain a
condensed network of corner-sharing [N(SiN3),] units. The central
nitrogen thus exhibits ammonium character. Magnetic suscepti-
bility measurements of MYb[SiyN,] (M = Sr, Ba, Eu) show para-
magnetic behavior with experimental magnetic moments of 3.03(2),
(Sr), 2.73(2) (Ba), and 9.17(2) (Eu) pp per formula unit. In EuYb-
SiyN; the europium and ytterbium atoms are in stable divalent and
trivalent states, respectively. According to the non-magnetic charac-

ter of the alkaline earth cations, ytterbium has to be in an inter-
mediate valence state Yb™™ in the strontium and barium com-
pound. Consequently, either a partial exchange N3~/O?~ resulting
in compositions MYb""[Si,N;_,0,] or an introduction of anion
defects according to MYb™*[SiyN;_,;[],3] has to be assumed.
The phase width 0 = x = 0.4 was estimated according to the mag-
netic measurements. ''Eu Madssbauer spectra of EuYb[Siy;N-] a
78 K show a single signal at an isomer shift of & =
—12.83(3) mm s~ subject to quadrupole splitting of AEq
5.7(8) mm s~ !, compatible with purely divalent europium.
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Magnetische Untersuchungen und '>!'Eu-Mossbauer-Spektroskopie an MYbSi,N-,

M = Sr, Ba, Eu

Inhaltsiibersicht. Die isotypen Nitridosilicate MYDb[SiyN,] (M = Sr,
Ba, Eu) wurden durch Reaktion der entsprechenden Metalle mit
Si(NH), in einem Hochfrequenzofen unterhalb von 1600 °C erhal-
ten. Mit dem Rietveld-Verfahren wurden die Gitterkonstanten der
Verbindungen MYDb[SizN] verfeinert, welche die zuvor publizier-
ten Einkristalldaten bestitigen. Die Verbindungen enthalten ein
kondensiertes Netzwerk eckenverkniipfter [N(SiNs)4]-Einheiten,
wobei dem zentralen N-Atom Ammoniumcharakter zukommt.
Magnetische Suszeptibilitdtsmessungen an MYDb[Siy;N;] (M = Sr,
Ba, Eu) zeigen paramagnetisches Verhalten mit experimentellen
magnetischen Momenten von 3,03(2) (Sr), 2,73(2) (Ba) und 9,17(2)
(Eu) pg pro Formeleinheit. In EuYbSiyN5 liegen die Eu- bzw. Yb-

Atome zwei- bzw. dreiwertig vor. Entsprechend dem nicht-magneti-
schen Charakter der Erdalkali-Ionen muss Ytterbium zwischenva-
lent als Yb!"'!"* in der Strontium- und Bariumverbindung vorliegen.
Folglich ergibt sich entweder ein partieller Austausch N37/0%" ge-
miB MYb"[SiyN,_,O,] oder das Auftreten von Anionendefekten
gemilB MYb"X[SiyN;_,,;s[0,5]. Die Phasenbreite wurde aufgrund
der magnetischen Messungen zu 0 = x = 0,4 abgeschitzt. Die an
EuYb[Si4N;] aufgenommenen !>'Eu-Mdssbauer-Spektren zeigen
bei 78 K ein einzelnes Signal bei der Isomerieverschiebung 6 =
—12,83(3)mms~! mit einer Quadrupolaufspaltung AE, =
5,7(8) mm s~!. Es liegt somit ausschlieBlich Eu?>* vor.

1 Introduction

Nitridosilicates derive from the classical oxosilicates (which
are made up of SiO, tetrahedra) by a formal exchange of
oxygen by nitrogen. Thus they contain SiN, tetrahedra.
This substitution results in a significant extension of the
structural possibilities [1, 2]. For example, tertiary atoms
N have been identified in the series Ln;[SigN ] (Ln = La,
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Ce, Pr, Nd, Sm) [3—5] and quaternary atoms N have been
identified in the herein described nitridosilicates MYDb[-
SiyN,] (M = Sr, Ba, Eu) and in oxonitridosilicates deriving
from Erg[Si;N5o]O [6, 7]. Analogous structural connectivit-
ies of oxygen are unknown in oxosilicate chemistry. Nitrido-
silicates exhibit a high chemical and thermal stability and
they are promising candidates for high performance appli-
cations. Our initial studies of the optical properties of the
europium doped phases Ba,_,Eu,[SisNg] revealed strong
fluorescence, long lasting luminescence, thermoluminesc-
ence, and two-photon-excitation [8].

Recently, we have started a more systematic study of the
magnetic behavior of rare earth metal based nitridosilicates.
In Ba4Pr7[Si12N23O](BN3) [9], HOz[Si4N6C] and
Tb,[SizNgC] [10], the rare earth atoms are in a stable tri-


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fzaac.200300287&domain=pdf&date_stamp=2004-01-20

valent oxidation state. No magnetic ordering was observed
down to 2 K. In Ce;[SigNy;] [11] the experimental magnetic
moment of 2.10 py is slightly reduced as compared with the
free ion value of 2.54 pg for Ce3*. Deviations from Curie-
Weiss behavior below 100 K might be indicative for crystal
field splitting of the J = 5/2 ground state of the Ce*" ion.
Paramagnetic behavior of the divalent europium ions was
observed in Eu,SisNg [12, 13]. Interestingly, this nitridosilic-
ate shows ferromagnetic ordering at 13 K.

We have now focused on the magnetic properties of Eu-
Yb[Si;N,] whose crystal structure has been elucidated re-
cently [12]. The compound contains two different rare earth
cations, which are potential candidates for mixed valency
or valence changes, i. e. Eu'! [Xe]4f” vs. Eu''l [Xe]4f ¢ and
Yb' [Xeldf 14 vs. Yb'!! [Xe]df 3. According to the isotypic
nitridosilicates SrYb[Si4N-] and BaYb[Si4N,] [14, 15] we ex-
pect divalent Eu and trivalent Yb. Up to now only divalent
Eu has been found in nitridosilicates. We ascribe this to
slightly reducing conditions during the synthesis when the
pure metals react with the solid and polymeric “acid” sili-
con diimide Si(NH), under evolution of hydrogen. Herein
we report on magnetic susceptibility and '>'Eu Mdssbauer
spectroscopic measurements on MYDb[SiyN;] (M = Sr, Ba,
Eu) to shed light on this issue.

2 Experimental Section
2.1 Synthesis and X-ray powder data

The syntheses of MYD[Si4N,] (M = Sr, Ba, Eu) were performed in
a radiofrequency furnace (type IG 10/200 Hy, frequency: 200 kHz,
electrical output: 0-12 kW, Hiittinger, Freiburg) according to Eq.
(1).

M + Yb + 4 Si(NH), — MYb[Si,N;] + 4 H, + /> N, (1)

Under argon a mixture of 30.4 mg (0.523 mmol) silicon diimide
[16] and 17.4 mg (0.127 mmol) barium metal (ABCR, 99.9 %) and
23.0 mg (0.133 mmol) ytterbium metal (ABCR, 99.9 %) were trans-
ferred into a tungsten crucible. The latter was then heated under
nitrogen to 1000 °C within 5 min in the water-cooled quartz-reactor
of the radiofrequency furnace [17]. After 25 min the crucible was
heated to 1600 °C within 12 h and held at this temperature for an-
other 3 h. Then the mixture was cooled to 1000 °C within 3 h. Sub-
sequent quenching to room temperature within 30 min yielded sin-
gle phase BaYDb[SiyN;]. Excess barium or ytterbium metal evapo-
rated off the reaction mixture and condensed at the inner surface
of the water-cooled quartz-reactor. BaYb[Si;N;] was obtained as a
coarsely crystalline, yellowish powder. More details about the ex-
perimental setup are given in references [17] and [18]. The syntheses
of SrYb[SiyuN;] and EuYD[SiyN;] were performed analogously
using 11.1 mg (0.127 mmol) strontium metal (ABCR, 99.9 %),
20.9 mg (0.121 mmol) ytterbium metal and 130 mg (2.237 mmol)
silicon diimide at a maximum temperature of 1600 °C and 86.5 mg
(0.569 mmol) europium metal (ABCR, 99.9%), 98.3mg
(0.568 mmol) ytterbium metal and 28.9 mg (0.498 mmol) silicon di-
imide at a maximum temperature of 1500 °C, respectively.

The purity of our samples was checked by X-ray powder diffraction
(Stoe Stadi P) using Mo-Ka radiation. The Rietveld refinement of
the lattice parameters (space group P6smc, no. 186) using the pro-

Table 1 Data of the Rietveld refinements of the lattice constants
of the phases MYD[Si4N;] (M = Sr, Ba, Eu); the refinements were
performed using the program GSAS [19]

EuYb[Si,N;] SrYb[SiyN] BaYb[Si;N,]

P63mce (no. 186)

a = 599.73(2) pm

¢ = 978.14(3) pm

V = 304.68(2) - 10° pm?

a = 599.408(6) pm
¢ =977.18(2) pm
V = 304.053(7) - 10° pm?

a = 603.119(8) pm
¢ = 983.70(2) pm
V = 309.884(9) - 106 pm®

wRp = 0.065 wRp = 0.037 wRp = 0.062

Rp = 0.053 Rp = 0.029 Rp = 0.049

Rpzp = 0.043 Rp2 = 0.091 Rp2 = 0.049

Rp = 0.032 Rr = 0.068 Re = 0.031

72 = 0.60 =242 72 =078

14 profile parameters 17 profile parameters 14 profile parameters
201 refl. 201 refl. 129 refl.

(20max = 60.0°) (20max = 60.0°) (20max = 50.0%)

w
T

—_
T

intensity / 10° counts
N

o
T
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20/°

Fig. 1 Observed (crosses) and calculated (line) X-ray powder dif-
fraction pattern (Mo-K,, radiation) as well as the difference profile
of the Rietveld refinement of BaYb[Si4N,]. The row of vertical lines
indicates possible peak positions of BaYb[SizN].

gram GSAS [19] led to the values presented in Table 1. Excellent
agreement with the previously published data [12, 14, 15] was
found. The Rietveld fit of the X-Ray powder diffraction pattern of
BaYDb[SiyN-] is shown in Fig. 1.

2.2 Physical property measurements

The magnetic susceptibilities of polycrystalline, powdered samples
of MYD[SiyN] (M = Sr, Ba, Eu) were measured with an MPMS
XL SQUID magnetometer (Quantum Design) in the temperature
range 4.2 to 300 K with magnetic flux densities up to 5T. The
quantities of the MYDb[SiyN,] (M = Sr, Ba, Eu) samples ranged
between 2 and 25 mg. They were enclosed in small silica tubes 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 'S'Eu with an activity of 130 MBq
(2 % of the total activity of a 1>'Sm:EuF; source) was used for the
Maossbauer spectroscopic experiment on EuYb[Si;N;]. The meas-
urements were performed with a helium bath cryostat in the tem-
perature range 4.2 to 300 K. The temperature of the absorber was
varied while the source was kept at room temperature. The sample
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Fig. 2 Perspective view of the crystal structure of MYDb[Si;N;]
(M = Eu, Sr, Ba) along [100] (SiNy tetrahedra are shown as closed
polyhedra, M: light gray, Yb: dark gray).

was diluted with sugar and placed within a thin-walled PVC con-

tainer at a thickness corresponding to about 10 mg Eu cm™2.

3 Results and Discussion
3.1 Crystal chemistry

The compounds MYDb[SiyN,] (M = Sr, Ba, Eu) contain a
condensed network of corner-sharing [N(SiN3)4] units. The
central nitrogen represents the common vertex of four cor-
ner-sharing SiN, tetrahedra, and it thus exhibits am-
monium character. The [Si,N;]>~ network can be described
as a defect stacking variant of wurtzite type AIN. Thus by
systematic elimination of Si tetrahedral centers 6-ring chan-
nels along [100] are formed. The cations are situated in
these channels (Fig. 2).

3.2 Magnetic Properties and '°! Eu Mdssbauer
Spectroscopy

The temperature dependence of the inverse magnetic sus-
ceptibilities of MYDb[SiyN,] (M = Sr, Ba, Eu) is displayed
in Fig. 3. The three compounds obey the Curie-Weiss law
above 150 K, however, a slight convex curvature is ob-
served, indicating temperature independent contributions.
We have thus fitted the data of the whole temperature range
with a modified Curie-Weiss expression y, = o + C/(T—0),
accounting for the temperature independent contribution
%o- The experimentally obtained magnetic data are summa-
rized in Table 2.

First we will discuss the data of SrYb[Si4N,] and BaYb-
[Si;N;]. In a formal ionic description we can write
Sr2*Yb3*[SizN,]°~. Consequently only the Yb** ions with
the electronic configuration [Xel4f'? carry a paramagnetic
moment. The free ion value of Yb*" according to per =
g[(JJ+1)]Y? pg is 4.54 pg [20]. The experimentally obtained
magnetic moments per formula unit (f. u.) are significantly
smaller than the free ion value, i. e. 3.03(2) ug for SrYb-
[SizN;] and 2.73(2) ug for BaYDb[SizN-]. Thus, some of the
ytterbium atoms are apparently divalent and diamagnetic,
i. e. they have an electron configuration [Xe]4/!'4. This how-
ever, may be achieved, if a small part of the nitride anions
(N37) are replaced by oxide anions (O?7) or anion defects
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Fig. 3 Temperature dependence of the inverse magnetic suscepti-

bilities of SrYb[Si4N5], EuYb[SizN;] and BaYDb[Si;N,] measured at

a flux density of 3 T. The low-temperature behavior at 0.1 T is pre-
sented in the inserts.

Table 2 Magnetic data of MYb[SiuN7] (M = Sr, Ba, Eu): peyp:
experimental magnetic moment per formula unit; yo: temperature
independent part of the susceptibility; 0: paramagnetic Curie tem-
perature (Weiss constant); [lymexp): €Xperimentally obtained satura-
tion magnetization per formula unit

Compound ey, / g fu.™! %0 / m¥/mol 0/K  Pungexp / Mg fu™!
SIYb[Si,N,] 3.03(2) B(1)-10° —21(1) 1.532)
BaYb[Si,N-] 2.73(2) 50(1)- 1070 —2.7(1) 1.11(2)

EuYb[SiyN,] 9.17(2) —132(1) - 1070 —4.9Q2) 7.59(2)

in order to maintain charge balance. As a further possibility
cation defects on the Yb position were taken in account
though according to the Rietveld refinements this seems not
to be very likely. Consequently, in the case of partial re-
placement of nitride anions by oxide anions a formula
SrYb"™[Si,N;_,O,], and in the case of anion defects a for-
mula MYbM¥[SiyN,_,,300,,5] with M = Sr, Ba has to be
assumed. There are three crystallographically independent



nitrogen atoms in the crystal structure of MYD[SizN-] [12,
14, 15]. One (N3) is the quaternary ammonium like posi-
tion, the other two (N1 and N2) are connected to two sili-
con atoms each. Accordingly, the introduced oxygen atoms
or anion defects are most likely positioned on the sites N1
and N2. This assignment was chosen because normally in
oxonitridosilicates nitrogen, in comparison to oxygen, pre-
fers the higher coordination number [18] towards silicon ac-
cording to Pauling’s rules [21].

Further possibilities to compensate the lack of positive
charge are a partial introduction of defects on N positions
or at those of Yb positions avoiding an intermediate val-
ence state of Yb. The latter can be excluded by the Rietveld
refinements, which was not indicative for a partial occu-
pation of the cation positions. However Density Functional
Theory (DFT) calculations confirm both intermediate val-
ency of Yb and the partial substitution of N3~ by O~ on
sites N1 and N2 [22]. The phase width x was estimated by
comparing the theoretically expected magnetic moments of
the respective compounds with the experimental magnetic
moments and hence amounts to x = 0.333(3) for
SrYb"M[SiyN;_, O, )/SrYb"*[SiyN;_,s003] and to x =
0.399(3) for BaYb"™[Si;N;_,O,)/BaYb"¥[Si,N;_, s3],
respectively.

The magnetization behavior of SrYDb[SizN,] and BaYb-
[Si4N5] is shown in Fig. 4. At 50 K the magnetization iso-
therms are linear and the magnetizations at 5 T are around
0.2 pup per formula unit, as expected for a paramagnetic ma-
terial. Although the susceptibility measurements gave no in-
dication for magnetic ordering down to 2 K, we observe a
stronger increase of the magnetization isotherms at 2 K. At
5T the magnetizations are 1.53(2) ug / f. u. (SrYbSizN,)
and 1.11(2) ug / f. u. (BaYDb[SiuN/]), significantly smaller
than the theoretical saturation moment pgpcaicy = 4 Hp/Yb
according to the relation pymcaicy = 2'J W [20]. Thus, in the
presence of an applied external magnetic field, some spins
show a parallel alignment, resulting in the increased mo-
ment.

EuYDb[Si4N;] contains two different magnetic atoms. In
view of the isotypism with the strontium and barium com-
pound, we expect divalent Eu. We have first investigated
EuYDb[Si4N] by '"'Eu Méssbauer spectroscopy. The spec-
tra at 296 and 78 K are presented in Figure 5 together with
transmission integral fits. Both spectra could perfectly be
fit with a single europium site at isomer shifts of
—12.973) mm s~ ! at 296 and —12.83(3) mm s~ ! at 78 K.
The experimental line widths are 2.8(2) mm s~ ' (296 K) and
2.6(1) mm s~ !. The line widths are slightly larger than usu-
ally observed in divalent europium compounds (around
2.3mm s ). This is most likely due to an overlap of two
very similar '>'Eu signals of the two crystallographically
different europium positions. Due to the non-cubic site
symmetry both signals are subject to quadrupole splitting
of AEq = 54(10)mms~' (296K) and 5.7(8) mms~!
(78 K). No signal occurs around an isomer shift of
0 mm s~ !, indicating pure divalent europium in our sample.
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Fig. 4 Magnetization isotherms of SrYb[Si;N-], EuYb[Si;N,] and
BaYDb[SiyN-] at different temperatures.

The temperature dependent susceptibility data of EuYb-
[Si4N;] show nearly perfect Curie-Weiss behavior (Fig. 3)
with the experimental values listed in Table 2. In the 3T
measurement we observe no bump around 70 K where EuO
orders ferromagnetically [23—25]. Thus no EuO impurity is
present in the sample of EuYb[SiyN;]. Assuming divalent
Eu and trivalent Yb with free ion values of 7.94 pg/Eu’"
and 4.54 ug/Yb** one would expect a paramagnetic mo-
ment of 9.15 pg per formula unit EuYb[Si;N] according to
UeEayb = (WPEa + W2yb)"2. The experimentally determined
value of 9.17 pp/f.u. is in good agreement with the theoreti-
cal value. Thus, in contrast to the strontium and the barium
compound purely trivalent ytterbium occurs in EuYb-
[Si4N5]. There seems to be no oxygen content in the eu-
ropium compound.

The magnetization behavior of EuYD[Si4;N,] at 2 and
50 K is shown in Fig. 4. At 50 K we observe a linear in-
crease similar to SrYb[Si4N;] and BaYb[Si4N;]. A steeper
increase occurs at 2 K with a magnetization of 7.59(2) pug /
f. u., slightly higher than the maximal possible value of
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Fig. 5 Experimental and simulated ''Eu Mdssbauer spectra of
EuYDb[SiyN,] at different temperatures.

7 pp/Eu according to g - S [20]. The excess magnetic mo-
ment results from the ytterbium atoms. Most likely both
the saturation moments of europium and ytterbium show a
small reduction, probably due to crystal field effects.

The low temperature susceptibility data gave no hint for
magnetic ordering of the three compounds down to 2 K.
Also the measurement of the europium compound at
0.002 T in the temperature range 2 — 20 K in zero-field and
field-cooling mode gave no indication for magnetic or-
dering. The fitting parameters listed in Table 2 revealed
slightly negative values for the Weiss constants. This might
be indicative for antiferromagnetic interactions at tempera-
tures below 2 K. The magnetization isotherms at 2 K, how-
ever, show an increase with increasing field strength. All
the data give no hint for long-range magnetic ordering. We
suppose that at 2 K the external field forces some of the
magnetic moments from the paramagnetic state to a paral-
lel spin alignment.

4 Conclusions

The 'Eu Médssbauer spectroscopy revealed that Eu is di-
valent. Magnetic susceptibility measurements of MYDb-
[SizN;] (M = Sr, Ba, Eu) show paramagnetic behavior with
experimental magnetic moments of 3.03(2), (Sr), 2.73(2)
(Ba), and 9.17(2) (Eu) pg per formula unit. According to
the non-magnetic character of the alkaline earth cations,
Yb therefore has to be in an intermediate valence state
Yb'"*_ Consequently, a partial exchange N3~/O?~ resulting
in compositions MYb"X[Si,N,_,O,] with M = Sr, Ba
or an introduction of anion defects according to
MYb"[Siy,N;_, s3] with M = Sr, Ba have to be as-
sumed, which presumably has been caused by a slight oxy-
gen contamination of the alkaline earth metals used as
starting materials. As the magnetic measurements gave no
indication for intermediate valence Yb™™ or mixed valent
Yb"/Yb!" in the europium compound the probable oxygen
contamination might be ascribed to the alkaline earth met-
als. Even if very carefully purified these often contain sig-
nificant amounts of oxygen. DFT calculations confirm
both intermediate valency of Yb and the partial substi-
tution of N3~ by O~ on sites N1 and N2 [22]. The phase
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width x was estimated by comparing the theoretically ex-
pected magnetic moments of the respective compounds
with the experimental magnetic moments and hence
amounts to 0 = x = 0.4. The maximum possible phase
width is reached when all Yb atoms are divalent according
to x = 1. In contrast to strontium and barium, in the eu-
ropium compound the ytterbium atoms are in a stable tri-
valent state.
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