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Abstract

The novel binary europium silicide Eu;Si4 was synthesized from the elements. Its crystal structure is a derivative of the Ta;B, type:
space group Immm, a = 4.6164(4)A, b=3.9583(3)A, ¢=18.229(1)A, Z =2. In the structure, the silicon atoms form one-
dimensional bands of condensed hexagons. Deviating from the prototype structure, a partial corrugation of the initially planar
bands may be concluded from the analysis of the experimental electron density in the vicinity of the Sil atoms. In the paramagnetic
region, Eu;Si, shows a 4f electronic configuration for the europium atoms. Two consecutive magnetic ordering transitions were
found at 117 and 40 K. The first one is attributed to a ferromagnetic ordering of the Eu2 atoms; the second one is caused by a
ferromagnetic ordering of the Eul atoms resulting in a ferrimagnetic ground state with a net magnetization of 7 ug at 1.8 K. The
temperature dependence of the electrical resistivity reflects the metallic character of the investigated compound. Furthermore, the
pronounced changes of the dp/dT slope confirm the magnetic transitions. From bonding analysis with the electron localization
function, Eu;Sis shows a Zintl-like character and its electronic count balance can be written as (Eu'®3*);5(Si1%%°7),(Si2!%7),, in
good agreement with its magnetic behavior in the paramagnetic region.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction refinement, the chemical bonding and the magnetic
properties of EusSiy.

A phase diagram for the binary system europium-—
silicon has not been established yet, but several binary
phases were structurally characterized: EusSi; (CrsB;
type, space group 14/mcm) [1,2], EuSi (CrB type, space
group Cmcm) [3-8], EuSi, (a-ThSi, type, space group
14,/amd) [5-14] and, more recently, Eu,Si (Co,Si or anti-
PbCl, type, space group Pnma) [15,16]. These silicides
contain divalent europium and the chemical bonding is
understood within the Zintl-Klemm concept. Loewen-
haupt [5] reported the existence of another new binary
silicide of the approximate composition EuySis with a
hitherto unknown structure. We have recently started to
investigate the ternary systems Eu-Si-B and Eu-Ge-B
[17]. Thereby, a new, presumably binary compound was
found. Hence we report on the synthesis, structure

2. Experimental

The samples with the nominal compositions EusgSig»,
Euy3Sis; and EuysSiss, each with a total mass of
approximately 1g, were prepared by melting the
appropriate amounts of the constituent elements
(Eu, distilled prior to use, and Si 99.9999%) in a
high-frequency furnace using a glassy carbon crucible.
In the case of EuysSis;, the reaction was performed
in a sealed Ta crucible. After high-frequency
melting, the reguli were wrapped in molybdenum
foil, sealed in evacuated quartz tubes and annealed at
500°C for 5 months. Finally, all samples were
quenched by submerging the quartz tubes into cold
water. Owing to the high instability of the alloys
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ensuring an atmosphere with oxygen and H,O levels
lower than 1 ppm.

Phase identification and precise lattice parameter
determination were performed with room temperature
X-ray powder data using a Guinier image plate camera
system Huber G670 (monochromatic CuKa; or CoKu,
radiation, 1= 1.54056 and 1.78896 A, respectively;
diffraction angle region 3° <20 < 100°, step size 0.005°
of 20) employing an internal standard of 99.9999%
pure Ge (a = 5.657906 A). During the X-ray examina-
tion the powders were encapsulated in sealed Linde-
mann-glass capillaries or sealed between two polyimide
foils.

Well-faced single crystals were separated by mechan-
ical fragmentation of the Eu;Si4 sample. The quality of
single crystals was checked by Laue photographs. A
suitable crystal for X-ray data collection was mounted
on a STOE IPDS. All crystallographic calculations were
done with the Windows version of the CSD program
package [18]. Details of the X-ray diffraction experi-
ments and data handling are presented in Table 1.

The dc magnetization was measured in the tempera-
ture range 1.8-400K and in applied magnetic fields up
to 70 kOe using a superconducting quantum interference
device (SQUID) magnetometer MPMS XL7 (Quantum
Design). A dc Faraday pendulum magnetometer SUS-10
(A. Paar, Graz, Austria) in external fields up to 13kOe
has been applied for measurements at elevated tempera-
tures (300-900 K).

Table 1
Crystallographic information and data handling for EusSi,
Composition Eu;Siy
Space group Immm
Pearson symbol oll4
Formula units per unit cell (Z) 2
Unit-cell dimensions (powder
data)
a (A) 4.6164(4)
b (A) 3.9583(3)
cA) 18.229(1)
V(A% 333.10(7)
Density (calculated) (gem™?) 5.665(1)
Diffraction system STOE IPDS

Radiation; wavelength 4 (/DX) AgKua, 0.56087

Scan 225 images, Ap=0.8°
26 range <45°
Range of hkl —6<h<6
—5<k<S
-24<1<24
Measured reflections 1483
Independent reflections 276
Rine 0.076
Refl. with F(hkl)>4 o F(hkl) 251

Absorption correction
Refinement mode

No. of refined parameters
Weighting scheme
Residuals R(F) and wR(F?)

Numerical, using crystal shape
Full-matrix LS on F(hkl)

18

Unit

0.032; 0.076

Electrical resistivity was measured by a standard dc
four-probe technique (4-320K) on an approximately
rectangular polycrystalline piece of sample (estimated
geometry factor error +40%). For the measurements
and handling the sample was kept all the time under
argon/helium atmosphere or in vacuum.

3. Calculation procedure

The TB-LMTO-ASA program package [19] with
exchange correlation potential (LDA) according to
Barth and Hedin [20] was used for quantum chemical
calculations. The radial scalar-relativistic Dirac equa-
tion was solved to get the partial waves. Although the
calculation within the atomic sphere approximation
(ASA) includes corrections for the neglect of interstitial
regions and partial waves of higher order [21], an
addition of empty spheres in case of EusSiy was not
necessary. The following radii of atomic spheres
were applied for calculations: r(Eul)=2.040 A,
HEu2)=2.019A, rSil)=1.516A, rSi2)=1.577A. A
basis set containing Eu(6s, 5d, 4f) and Si(3s, 3p) orbitals
was employed for the self-consistent calculations with
the Eu(6p) and Si(3d) functions being downfolded.

Two spin-polarized calculations were performed to
explore the possible magnetic properties. In the first
calculation the spins for both europium positions were
parallel; in the second one the spins were considered as
anti-parallel.

The electron localization function (ELF, 5) was
evaluated according to [22] with an ELF module already
implemented within the TB-LMTO-ASA program
package [19]. To gain a deeper insight into the chemical
bonding, the topology of ELF was analyzed with the
program Basin [23]. The electron density was integrated
in basins, which are bounded by zero flux surfaces in
ELF gradient. This method, analogous to the procedure
proposed by Bader for the electron density [24], resulted
for each basin in the electron counts, which reveal basic
information for the description of the bonding situation.

4. Results and discussion
4.1. Structure chemistry

A phase analysis of the prepared samples revealed the
following phase equilibria in the binary system Eu-Si.
The sample EusgSig, contained EusSiy phase together
with small amounts of europium disilicide, and EuysSiss
showed EusSiy in equilibrium with europium mono-
silicide. Only the alloy with the nominal composition
Euy3Sis; was found to be a single-phase one. The lattice
parameters of the Eu;Siy phase were determined for all
three samples prepared and vary in the following ranges
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with increasing silicon content: «a = 4.6242(6)—
4.6121(6) A, b =3.9518(5)—3.9575(6)A, and c¢=
18.241(3)—18.236(2) A. Thereby the a value varies
monotonically with concentration, the b parameter
achieves a maximal value and the ¢ parameter exhibits
a minimum at the composition Eu;Siy (cf. Table 1). The
results above prove the existence of a narrow homo-
geneity range around the composition 3:4. The structur-
al reasons for the formation of a homogeneity range can
be a partial multiple substitution of europium atoms by
silicon similarly to Eu,_,Gas;,, [25] or Eus_,Gag 3,
[26]. The extremely small concentration range does not
allow a specification of the mechanism in detail.

A detailed analysis of the single-crystal diffraction
data (see Fig. 1) showed two diffracting domains, which
were integrated practically without overlapping. There-
by we received two data sets, which were of equal
quality. Each data set (Laue class mmm) revealed
systematic extinctions corresponding to the extinction
symbol I---. From the possible space groups Immm,
Imm?2 and 1222, the centre-symmetric Immm was chosen
for further structure solution and refinement. The
structure was solved by direct methods and refined with
an anisotropic approximation of atomic displacement
for all atoms. At this stage, the Sil atoms exhibited a
strong anisotropy: Bj;> By~ B33 suggesting a local
symmetry breaking caused by slight displacement of the
Sil atoms out of the mirror plane. In the final
refinement, a split position was applied for the descrip-
tion of the electron density in this region. Final atomic
coordinates together with anisotropic displacement

* ‘g.

- LR

Fig. 1. Two diffracting domains of the EusSiy4 crystal: total projection
of the diffraction space along the ¢* direction of the domain I.

parameters are presented in Table 2, the according
interatomic distances are listed in Table 3.

The crystal structure of EusSiy is a new binary
representative of the structure type TaszB4 [27] or its
ternary ordering variant CazAl,Ge, [28]. In the ideal
structure, the silicon atoms form planar one-dimen-
sional bands built of condensed Sis hexagons. The
hexagons are formed by three-bonded Sil(3b) and two-
bonded Si2(2b) atoms. The europium atoms are
sandwiched between the bands, either in front of the
hexagons or on their periphery. The neighboring
‘sandwiches’ are shifted by (}0) relative to each other
causing the body-centred translation symmetry (Fig. 2,
upper part). The shift of the Sil atoms out of the mirror
plane can be interpreted as deformation of the flat
silicon hexagons either toward a chair-like conformation
(Fig. 2, lower part, right or left) or toward a boat-like
one (Fig. 2, lower part, middle). This local conformation
change might be caused, e.g., by the possible triple
replacement of europium by silicon atoms. Similar
gallium/europium replacement in Eu,_.Gaszi,. [25]
leads to a displacement of the gallium atoms adjacent
to the implemented Gaj triangle from the ideal positions
in the plane hexagon net. Another possibility for this
kind of corrugation may be an instability of the planar
hexagon nets for electronic reasons, similar to the

Table 2
Atomic coordinates and anisotropic displacement parameters (Az) for
the crystal structure of EusSiy

Atom Site x/a yIb zlc Bi*  Byn By By

Eul 24 0 0 0 0.50(6) 0.52(5) 0.51(6) 0.51(3)
Ew2 4 12 0 0.31500(6) 0.55(4) 0.52(4) 0.55(4) 0.54(2)
SIS 8m 0.022(3) 0 0.4360(4) 0.9(3) 0.62) 0.3(2) 0.6(1)
Si2 4 12 0 0.13773) 1.02) 0.52) 0.6(2) 0.7(1)

4 B1»=B13=By3;=0 for all positions.
® Beq is defined as [Bjja* a® + --- + 2Byb*c*be cos 0] /3.
€Occupancy: 0.5 Si.

Table 3
Interatomic distances (<3.968) in the structure of EusSi,
Atoms Distance Atoms Distance
Eul—8Sil 3.19(1)* Sil—1Sil 2.335(11)*
3.33(1)* 2.344(11)*
Eul—4Si2 3.410(5) Sil—2Si2 2.394(6)
Eul—4Eu2 3.910(1) Sil—1Eu2 3.12(1)
Eul—-2Eul 3.9583(3) Sil—2Eul 3.19(1)
Eu2-2Sil 3.12(1)* Sil—1Eu2 3.27(1)
3.27(1)* Sil—2Eul 3.33(1)
Eu2—4Si2 3.160(2) Si2—4Sil 2.394(6)
Eu2—1Si2 3.232(6) Si2—4Eu2 3.160(2)
Eu2—4Eu2 3.855(1) Si2—1Eu2 3.232(6)
Eu2—2Eul 3.910(1) Si2—2Eul 3.410(5)
Eu2—2Eu2 3.9583(3)

# Alternating distances.
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Fig. 2. Crystal structure of EusSiy: (upper part) view along [100] with
one-dimensional bands of condensed Sig hexagons; (lower part)
projection along [010] with possible conformations of the hexagons
caused by displacement of the Sil atoms in the real structure.
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ytterbium digallide (corrugated nets) in comparison with
digallides of the light rare-earth metals (planar nets)
[29].

4.2. Magnetism and electrical resistivity

The results of the magnetization measurements are
presented in Figs. 3-5. In the paramagnetic regime, the
reciprocal susceptibility H/M depends almost linearly
from temperature as shown in Fig. 3 and hence the
experimental data were fitted within the temperature
range 200 K < 7<900 K according to a Curie-Weiss law
7= C(T —0)"", where C is the Curie constant and 0 is
the paramagnetic Curie temperature. From the non-
linear least-squares calculation an effective paramag-
netic moment p.r = 7.93(3) ug per Eu atom, which is a
clear indication for a ground state 8S7/2 (L=0) of
europium in 4/’ electronic configuration (Eu?"), was
derived together with a positive value of 6 = 102(1) K.

The temperature dependence of the magnetization for
various applied fields (H = 100 Oe, 1 kOe and 10kOe) is
revealed in Fig. 4. All three curves show a strong
increase at the Curie temperature of T¢ =117K
(determined from the steep rise in the 100 Oe data) due
to a ferromagnetic order of the Eu sublattice. In both
moderate fields the magnetization curves tend to
saturate below ~ 100K (plateau), start to rise again
and pass maxima around 25 K. On the other hand, the
magnetization in H = 10kOe passes a broader max-
imum at ~ 50K, shows a weak shoulder at ~25K and
reaches a value of magnetization M = 7pug/fu. at
T = 1.8K. The curves of isothermal magnetization vs.
applied field at two temperatures, 1.8 and 75K (Fig. 5),
show the typical features of a simple isotropic “‘ferro-
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Fig. 3. Reciprocal magnetic susceptibility vs. temperature for Eu;Siy.
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Fig. 4. Magnetization vs. temperature in three different applied
magnetic fields for EusSiy.
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Fig. 5. Isothermal magnetization vs. applied field at 1.8 and 75K for
EusSiy. Different symbols for 7 = 1.8 K show results of two different
measurements.
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magnet”. However, it has to be emphasized that the
higher value of the saturation magnetization (M =~ 10 ug/
f.u.) is achieved at the higher temperature. We interpret
these observations in the following way: EusSis under-
goes two consecutive ferromagnetic phase transitions.
At Tc = 117K the two Eu2 atoms per formula unit
residing at the crystallographic position (% 0 0.315) order
spontancously, whereas the remaining one Eul atom per
fu. forms an ordered sublattice below 40K. Upon
lowering the temperature (7' <50K), these two sub-
lattices gradually align anti-parallel giving rise to a
ferrimagnetic ground state (two spins up and one down
per formula unit) at 0 K. This assumption is corrobo-
rated by the saturation moment of ug = 7 ug/fu.=gJ
found at 1.8K. The expected sublattice moment of
14 pg/f.u. stemming from the ferromagnetic Eu2 atoms
can be estimated from an extrapolation of the M(T)
curve in a magnetic field of 10 kOe down to 0 K. Hence,
the higher net saturation magnetization found at 75K is
plausible. The pronounced upturn of the magnetization
plot at T = 1.8K in fields above H > 50kOe has to be
attributed to a break-up of the ferrimagnetic spin
alignment. This rather simple interpretation is also
supported by the theoretical calculation below, which
energetically favor the ferrimagnetic ground state.

The temperature dependence of the electrical resistiv-
ity p(T) and its derivative dp/dT are given in Fig. 6.
Above 130K p(T) is linear dependent on T (metal-like
behavior, cf. the results of the band structure calcula-
tions, Chapter 4.3) and reaches 5.3 mQ cm at 300 K. This
value is unusually large, even for silicides, however, the
major part (3.4 mQ cm; derived from a linear extrapola-
tion to T = 0 from above 130 K) is due to the magnetic
disorder scattering. A large magnetic skew scattering is
expected for Eus3Siy due to the maximum deGennes
factor of Eu®" among the rare earth ions and its large
Eu content. The derivative dp/dT, which often shows

0 20 40 60 80 100 120 140 16(;0
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o o o o
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Fig. 6. Electrical resistivity p(7) and derivative dp/dT for EusSis. The
“zigzag” anomaly in dp/dT at around 60K is an artifact due a
strongly varying heating rate (dwindling helium flow).

the features of the magnetic contribution to the heat
capacity, provides further information. The ferromag-
netic ordering gives a typical large A-shaped (due to
critical effects) anomaly in dp/dT with a sharp peak at
115(1) K. Besides this transition, the peak at ~30K in
the magnetization curve at He = 1 kOe (see Fig. 4) is
mirrored by an anomaly of complex shape in dp/dT
with a maximum at 35(1) K.

4.3. Chemical bonding and electronic density of states

The iso-stoichiometric compounds R3Siy and R;Gey
were found for R=Ca, Sr and Ba. All of them reveal
polyanions formed from two- and three-bonded atoms
in the 1:1 ratio and, therefore, can be easily formulated
in sense of the Zintl-Klemm concept. Unlike the title
europium silicide with two-dimensional silicon bands,
CasSiy shows a three-dimensional network of three- and
two-bonded silicon atoms with calcium atoms em-
bedded. The electronic count for this compound is
formulated as (Ca’")o(Si' ")s(Si*7)s [30]. On the other
hand, the crystal structure of Bas;Siy is formed by
isolated four-atomic butterfly V-like silicon clusters with
three- and two-bonded atoms, and can also be written as
(Ba”®*)e(Si' )x(Si*7), [31]. The homologous germanide
Ba;Ge, forms a crystal structure containing both,
isolated four-atomic groups (3b- and 2b-germanium
atoms) and one-dimensional polyanions built of 3b- and
2b-atoms:  (Ba®")g[(Ge' )a(Ge? )]k [(Ge' )a(Ge® )]
[32]. Among the R;Siy and R3;Ge4 compounds, only
the strontium germanide Sr;Gey4 forms the structure of
the same type as EusSiy [33].

Following the Zintl-Klemm concept and taking into
account the presence of three- and two-bonded silicon
atoms in the structure, EusSiy may be written in sense of
formal oxidation state as (Eu®")5(Sil' )x(Si2*7),. More
detailed insight into the chemical bonding was achieved
with the electron localization function. The topology of
the total ELF (calculated for the anti-parallel spin
configuration for the two crystallographically indepen-
dent europium positions and for the non-displaced Si2
position with the Sil position as from the structure
determination) reveals some features in the valence
region in vicinity of the silicon atoms. Inherent ELF
attractors can be ascribed to the bonds Si1-Sil and Sil—
Si2 in the silicon hexagon bands. Integration of the total
electron density in the basins of these attractors gives
electron counts of 2.1 and 1.7 for Sil-Sil and Sil-Si2,
respectively. Two additional attractors with the electron
count of 1.1 each can be found above and below the Sil
atoms suggesting a ‘lone-pair’-like behavior with geo-
metrical p character for the three-bonded atoms in a
planar configuration (Fig. 7, upper part). The two-
bonded Si2 atoms also have two attractors above and
below the hexagon band plane, which can be attributed
to ‘lone-pairs’ (electron count of 2.0 for each, Fig. 7,
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n=1

Fig. 7. Electron localization function in the Eu;Siy structure: (upper
part) isosurface with = 0.780 showing the bonding attractors for Sil—
Sil and Sil-Si2 bonds and the ‘lone-pair’ p-like attractors for Sil
atoms; (lower part) isosurface with # = 0.857 (rose) showing ‘lone-
pair’ attractors in the vicinity of Si2 atoms together with the bonding
attractors in the silicon bands represented by isosurface with n = 0.8
(orange). The black labels give the electron counts for each basin.

lower part). Assuming homolytic cleavage of the
electron counts in the silicon bonds, and attributing
the ‘lone-pair’ counts to the according atoms, the silicon
atoms achieve the formal oxidation states of —0.95 for
Sil and —1.8 for Si2. The total electronic count balance
for the anionic part of the Eu;Siy structure is, conse-
quently, (Si1°?°7)5(Si2"#7), which requires the formal
count of 1.83+ for the europium atoms. The last fact
correlates well with the f” electronic configuration found
from the magnetic properties. The donating behavior of
the europium atoms is confirmed by the following
features in the topology of ELF. The inner shell is non-
structured, which suggests that the inner-shell electrons
do not participate in the interaction in the valence

region [34]. The basins in the valence shell interconnect
at the high value of # = 0.68 to one polyanion shell
basin; the basin of the europium inner shell intercon-
nects with the polyanion basin only at very low value of
n<0.1.

The electronic density of states for EusSiy confirms
the bonding analysis with ELF. The DOS in the valence
region (E<—2¢V) is governed by the s and p states of
silicon together with the s states of europium. The f
states of europium dominate in the vicinity of the Fermi
level, and result in a significant density of states at Eg
(Fig. 8, top), which explains the metal-like temperature
dependence of the electrical resistivity (cf. Fig. 0).
According to the ferromagnetic ground state, the most

25

2 T

51

10

DOS (states eV cell ™)

DOS (states eVt cell™t)

-10 -5 0 5 10
Energy (eV)
Fig. 8. Electronic density of states for Eu;Siy with the partial

contributions of selected silicon and europium states (top) and spin-
resolved DOS with partial contributions of europium f'states (bottom).
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differences in the spin-resolved DOS are caused by f

states of europium (Fig. 8, bottom).

A comparative calculation of the ferro- and ferrimag-
netic ordering of the Eul and Eu2 positions shows that
the latter state has a slightly lower total energy at 0 K
(AE =2mRy) which correlates with the magnetic
observations (cf. Figs. 4 and 5).

After submitting the paper for publication we received
information about an independent investigation on
EusSiy [35]. The structure determination performed on
a single crystal selected from the barium-containing
ternary sample revealed a strong anisotropy for the Sil
position. Temperature dependence of the magnetization
showed two special features similar to our results.

5. Summary

The novel binary silicide EusSi4 possesses a structure
derived from the Ta3;B4 type. Deviating from the
prototype with planar boron substructure, the
silicon atoms form partially corrugated one-dimensional
bands of condensed hexagons. Bonding analysis
with electron localization function shows a Zintl-like
behavior with the electronic count balance
(Eu"*1),(Si1%%°7),(Si2"*7), in good accord with the
magnetization measurements revealing the 4/ electronic
configuration in the paramagnetic state. Below two
ferromagnetic ordering transitions, EusSiy has a ferri-
magnetic spin structure at low temperatures. Measure-
ment of the electrical resistivity proofs the metallic
character of EusSis in good accordance with the band
structure calculation.
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