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The discovery of giant magnetoresistance (GMR effect)!"! in
magnetic multilayers has led to a rapid technological advance
in spintronic research and device building, for example,
magnetoresistive random-access memory (MRAM). The
operating principle is based on the dependence of the
electrical resistivity on the spin alignment in the magnetic
domains of the material.?! All ferromagnetic metals exhibit
a finite but small change of the electronic conductivity after
application of an external magnetic field. The value of the
magnetoresistivity MR under applied magnetic field H is
defined as MR =[p(H)—p(0)]/p(0)] x100% (o = electrical
resistivity) and can be either positive or negative. If the
resistance drop is associated with critical ferromagnetic
fluctuations, this phenomenon is called colossal magneto-
resistance (CMR). This effect was observed for the first time
for the manganese perovskites RE,_,B.MnO; (RE =rare-
earth metal; B = divalent cation).m

The discovery of enhanced MR, often described as CMR
in the literature, for the ternary Zintl phase* Eu,,MnSb,, has
led to intensive investigations of this class of compounds.”
The MR effect occurs simultaneously with ferromagnetic
ordering due to the parallel alignment of the unpaired 4f
electrons of the rare-earth metals. In the case of Eu*" ions
they should contribute with a local magnetic moment of
7.94 pg,

We report herein on the synthesis of the new ternary Zintl
phase Eus, Mg, Si;; (x=2.2)¥ which displays an unusual
MR effect. The title compound does not show a maximum of
the resistivity at low temperatures and no saturation at fields
up to 6 T. Furthermore, an inversion of the sign of the MR as
a function of applied field and temperature can be observed.

The crystal structure of Eus, Mg Sij;; (x=22) is
depicted in Figurel. Tetrel compounds such as
M; Mgz T3 (M=Sr, Ba; Tt=Si, Ge), which crystallize in
their own structure type, have been known for some time.”!
The structure usually contains isolated Si*~ anions as well as
planar Si, clusters for which different valence electron
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Figure 1. Crystal structure of Eus, Mg5_,Siy; (x=2.2). The 3f site
displaying mixed europium/magnesium occupancy is marked by white
balls.

numbers have been found.”® Moreover, the tetrel center of
the Tt, cluster can be replaced by a metal such as Li or Mg
without causing a structural change in the geometrical
pattern. Recently, we reported on the synthesis of the phase
Eus, Mgs ,Ge;; (x=0.1), which is isostructural with
Srs3Mg;6,Si;; and isopunctual with EugMg;<Ge,,. In the new
compound the Tt, unit collapses into three isolated Tt*
anions by means of such substitution.”’ This indicates the
remarkable flexibility of that structure type, which we have
tested now by systematic changes of the composition and
investigated the related electronic effects.

The electronic structure of the title compound can be
interpreted according to the Zintl-Klemm concept as
(Bu*)s, (Mg?")5_(Si*)e(Si,'") with nine isolated silicon
anions and a planar [Si,] unit.**! The anisotropic displace-
ment ellipsoid of the central silicon atom exhibits significant
elongation in the [001] direction, that is, perpendicular to the
anion mean plane and pointing towards a deviation from
planarity. However, owing to the small displacement of the
[Si,]'"" anion from the plane, the geometry resembles the
carbonate anion rather than the isoelectronic pyramidal PCl.
The bond lengths of 2.56 A between the terminal and central
atom are within the range of elongated single bonds. Similar
to many tetrel Zintl phases the anions are ecliptically
stacked” so that their partially depopulated m* orbitals
interact in the [001] direction over a distance of approx-
imately 4.4 A. The trigonal-prismatic coordination of the
central silicon atom by europium neighbors follows the well-
known pattern of Zintl phases containing divalent rare-earth
and alkaline-earth metals.'""! The terminal atoms of the Si,
unit are coordinated by magnesium atoms with contact
distances of 2.67 A. The mixed occupancy of the 3f site by

Angew. Chem. Int. Ed. 2013, 52, 21222125


http://dx.doi.org/10.1002/anie.201209036

20 T T T

)

Cp (J/mol K)

% (cm® mol

0 10 20 30 40 |
T(K)

20 30 40 50 60
T(K)

Figure 2. Magnetic susceptibility y per mol Eu as a function of

temperature for H=10 Oe (open circles) and H=1000 Oe (filled

circles). Zero-field-cooled (ZFC) and field-cooled (FC) curves are in red

and blue, respectively. The inset shows the specific heat capacity as

a function of temperature.

two atoms very different in size demonstrates the flexibility of
the Srs3Mg,6,Sijs-type structure.

Figure 2 shows the specific heat capacity and the magnetic
susceptibility as a function of temperature at magnetic fields
of 10 and 1000 Oe. The deviation between the field-cooled
(FC) and zero-field-cooled (ZFC) susceptibility loops indi-
cates a frustrated magnetic system. This has been often
observed for RE-AE tetralides (AR = alkaline earth) which
exhibit metallic behavior and trigonal coordination of the
Zintl anions by cations.” ') The magnetic susceptibility can be
modeled by a Curie-Weiss and a Pauli function (CWP) =
[C/(T-O)] + yo- The parameter y,, a temperature-independ-
ent value, represents a combination of the Pauli paramagnet-
ism of the conduction electrons and the diamagnetic contri-
bution of paired electrons. The experimental magnetic
moment of 7.98(1) pyz per Eu*" cation is very close to the
theoretical value of 7.94 ;. The curvature of the susceptibility
exhibits a transition from paramagnetism to a frustrated
magnetic system at 11 K. This temperature corresponds
exactly to the value of @, which is a linear combination of
all coupling terms. This phase transition is also visible by the
kink in the specific heat curve (Figure 2, inset).

Investigations of the band structure by means of density
functional calculations carried out on the theoretical model
EugMg,sSiy; reveal, consistent with the band structure of the
isostructural BasMg,sSi;3,"! a density of states (DOS) at the
Fermi level (Figure 3). This arises mainly from the p states of
the [Siy] unit. The resulting metallic behavior is a typical
property of Zintl phases with ecliptically stacked planar
anions.! It is therefore most likely that the magnetic coupling
between the local moments of the europium cations is
determined by the exchange interaction through the con-
duction electrons according to Rudermann, Kittel, Kasuya,
and Yosida (RKKY).'?

The Fermi surface in Figure 3 indicates anisotropy in the
electrical conductivity. Consequently, anisotropic magneto-
resistivity can be assumed for the Eus, Mg;s Sij; (x =2.2).
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Figure 3. Electron localization function ELF (top; the color coding
follows the usual scheme; light colors indicate areas of high local-
ization), density of states, and Fermi surface (bottom) of EugMg;sSiy;
assuming a full occupancy of the 3f site. Europium atoms were
replaced by strontium atoms in the calculations."! f.u. =formula unit.

For clarity, the electron localization function (ELF) is
illustrated in Figure 3. The Si—Si bonds between the central
and terminal atoms are clearly visible.

The electrical resistivity as a function of temperature at
different fields is depicted in Figure 4. At higher temperatures
and without external field, Eus, Mgs_,Sij; (x =2.2) displays
metallic behavior similar to that of the isostructural phase
Srs. Mgz Si;;. However, the curve shows a deviation from
linearity in the low-temperature regime leading to a resistivity

Resistivity p (10° Q m)
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Figure 4. Electrical resistivity of Eus,,Mg;s_,Si;; (x=2.2) as a function

of temperature from 0 to 100 K and different magnetic fields from 0 to
9T.
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maximum at 9 K. The rise in resistivity is consistent with the
phase transition at 11 K (Figure2). When an external
magnetic field is applied, the resistivity maximum decreases,
just as it does for normal MR materials, and the MR value
reaches —40% at 9T and 9 K. In contrast to commonly
known CMR materials, the resistivity values of
Eus, Mg ,Sij; (x=2.2) do not converge under applied and
zero-field. After the MR value has reached a new maximum
of —48% at 27 K and 9 T, an inversion of the sign appears at
31K and 9T. The MR increases subsequently and reaches
a value of 92%. at 100 K and 9 T.

Suzuki et al.'! also observed a field-dependent inversion
of the magnetoresistivity in their studies of the anisotropic
resistivity of single crystals of Ca,RuQO, which were, however,
conducted under high pressure (1.9 GPa). They suggested
that the origin of this behavior is the tunnel magnetoresist-
ance through the metallic domains.

A possible explanation for the MR behavior of
Eus, Mg ,Sij; (x =2.2) can be found in the physical inves-
tigation on the binary Zintl phase EuB4 described by Ott
etal.. The compound is a highly-doped n-type semicon-
ductor with B4 und Eu vacancies as the corresponding donors
and acceptors. The defects are the source of the charge
carriers in the conduction band whose Fermi energy depends
on the temperature and the applied magnetic field. This may
also be the case for the title compound, because the lability of
the [E,]'"" anion (E=Si, Ge) can lead to metallic or
semiconducting behavior.”)

We have synthesized the new compound Eus, Mgs_ Sij;
(x=2.2) and observed an unusual magnetoresistive behavior.
Contrary to already known MR materials, the magneto-
resistivity exhibits a maximum at low temperatures. The MR
value shows temperature- and field-dependency which also
affects its sign. One can speak in this case of an inversion of
the magnetoresistive effect. The influence of the europium
concentration on the magnetoresistivity will be a topic of
future investigations.

Experimental Section

Eus, Mg ,Sij; (x =2.2) was synthesized from pure elements (mag-
nesium 99.9 wt% Aldrich; europium 99.9 wt% Smart Elements;
silicon lumps 99.9999 wt % Aldrich) in niobium crucibles under inert
atmosphere. Prior to the reaction, magnesium and europium were
redistilled twice under high-vacuum conditions. The starting materials
were mixed in the stoichiometric ratio and prereacted in a high-
frequency furnace at 1020°C for 5 min. In order to achieve better
homogeneity, the sample was subsequently ground, pressed into
a pellet, and further annealed at 800 K for 5 days. The product is
silver-metallic and decomposes upon contact with water. Powder X-
ray diffraction experiments showed that the product is stable on air
for several months. High-quality single crystals were selected under
the optical microscope and sealed in double-walled capillaries for
single-crystal X-ray diffraction experiments.

Magnetic measurements were performed on 30 mg of the sample
by means of a superconducting quantum interference device
(SQUID) by Quantum Design. Each temperature point of a scan
was measured ten times and the magnetic moment was averaged for
three scans.

Specific heat measurements under zero-field were conducted on
a pressed pellet of the sample with the aid of a Physical Properties
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Measurement System QD-PPMS 9 by Quantum Design. The
standard configuration of this system has a resolution of 10 nJK™!
at 2K and can be operated within the temperature range of 1.9-
400 K.

Electrical resistivity measurements were also conducted on
a pressed pellet. That pellet was additionally annealed at 923 K for
5 days under inert conditions in order to prevent an overestimation of
grain-boundary effects. The measurements were recorded every
0.5 K with the standard four-point-van-der-Pauw method within the
temperature range of 2-300 K for magnetic fields from 0 to 9 T.

The chemical analysis for possible niobium impurities by means
of LA-ICP-MS showed concentrations below 0.005 %.!"®!
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