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ABSTRACT: We report the synthesis, structure, and magnetic properties of a Euy ZngsnyAs,,

new Zintl phase and structure type, Eu,;Zn,Sn,As;,. The structure and L

composition of this phase have been established by single-crystal X-ray N T Gensme e O
diffraction and electron microprobe analysis. Eu;;Zn,Sn,As;, crystallizes in .'.\f’;.. fﬁ; ;\r‘. ) (§
monoclinic space group C2/c (No. 15) with the following lattice parameters: a AT T T B =0
=7.5679(4) A, b =13.0883(6) A, c = 31.305(2) A, and ff = 94.8444(7)° [R, = bedinddinpdedhindtONN "

0.0398; wR, = 0.0633 (all data)]. The anisotropic structural features staggered 9000 % o

ethane-like [Sn,Ass]"*” units and infinite 2,[Zn,As;]>~ sheets extended in the ‘

a—b plane. Eu cations fill the space between these anionic motifs.
Temperature-dependent magnetic properties and magnetoresistance of this
Zintl phase have been studied, and the electronic structure and chemical
bonding were elucidated using first-principles quantum chemical calculations
(TB-LMTO-ASA). Quantum chemical calculations show that the ethane-like
units can be considered as consisting of covalent single bonds; however, the 2,[Zn,As;]°” sheets are best described with
delocalized bonding and there is evidence of Eu—As interactions. Temperature-dependent magnetization and transport
properties between 2 and 300 K show a ferromagnetic transition at 15 K, a band gap of 0.04 eV, and negative colossal
magnetoresistance.

H INTRODUCTION magnetic element, and therefore spin state, can be controlled.

Control of composition through doping and/or defects*>*" is

of interest for use in technology applications such as

1,

Compounds with layered crystal structures,"” especially those
containing arsenic and transition metals, have garnered

considerable interest since the discovery of high-temperature spintronics. Eu-containing Zintl phases that are magnetic
superconductivity in REO,_,F FeAs (RE = rare earth metals) semiconductors exhibit a large variety of magnetic properties,
in which SmO,_,F,FeAs holds the highest T of 58 K.** including colossal magnetoresistance (CMR). For example,
Thereafter, numerous ternary and quaternary arsenide compounds such as Eu;,MnSb,,*> demonstrate multiple
structures’ that show potential as superconductors under magnetic phase transitions, while Eu,,Cd,Sb,s, Eu,;Zn,Sbs,
doping were synthesized; for example, Ba,_,K Fe,As, shows a and Eu,Sn,As, exhibit only one magnetic transition.”>”* Eu-
Tc of 38K Besides their diverse crystal and electronic containing layered structures can be even more magnetically
structures, pnictide-based Zintl phases are of interest because diverse. Related layered structures, EuMgSn and EuZnSn,

of various physical properties’ such as superconductivity,’®
thermoelectricity,()_14 magnetism,15 and colossal magneto-
resistance'®'” that they exhibit.

Zintl compounds are a subset of intermetallics made of
elements with different electronegativities. Zintl phase electron
balance is realized by assuming the more electropositive
elements donate electrons to the more electronegative
elements to satisfy valence. Depending on the extent of the
electron deficiencies of the electronegative elements and size
effects, enormously diverse anionic networks are formed.'*"”

exhibit vastly different magnetic properties. EuMgSn has only
one magnetic transition and exhibits magnetoresistance, and
EuZnSn demonstrates metamagnetism.m’27

As-containing layered structures, RECuZnAs, (RE = Ce—
Nd, Sm, and Gd—Tm), typically exist as simple paramagnets.”®
Eu/As-containing layered structures continue to become more
diverse. These layered phases can demonstrate anisotropic
magnetic properties, such as Euln,As, and EuGa,As,.' %
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CMR materials exhibit a change in their electrical resistivity
with the introduction of a magnetic field, coincident with a
magnetic ordering temperature. While CMR has been reported

in some Eu- and Eu/As-containing Zintl phases,'®**>%***" it is
also not resent in other Eu- and Eu/As-containing Zintl
phases.”*~>>?73132 CMR is difficult to predict because the

structural and electronic features for CMR have not been
elucidated and may not be reported simply because MR was
not measured.’”

In this paper, a new transition metal arsenide-based layered
Zintl compound, Eu;Zn,Sn,As,,, serendipitously synthesized
via the Sn-flux route is reported. Eu;,Zn,Sn,As;, is a
ferromagnetic semiconductor exhibiting CMR. The synthesis,
structure, band structure calculations, and magnetic and
transport properties are presented.

B EXPERIMENTAL SECTION

Synthesis. In an attempt to make Eu;;Zn¢As;, (with the
Sr,,CdgSby, structure type) using Sn-flux synthesis following the
literature procedure,”* the new phase of Eu;,Zn,Sn,As;, was
produced. Reaction conditions were optimized to yield
Eu,,Zn,Sn,As, single crystals. All manipulations were carried out
in argon- or nitrogen-filled gloveboxes or under vacuum to minimize
oxidation. All starting elements were loaded in a S mL Canfield
alumina crucible set® in the respective 11:6:12:95 Eu:Zn:As:Sn molar
ratio to a total weight of S g (Eu element, Ames Laboratory, 99.999%;
Zn powder, Alfa, 99.98%; As chips, Johnson Matthey Chemicals,
99.9999%; and Sn shot, Alpha Aesar, 99.99%). The crucible set was
placed into fused silica tubes and sealed under <100 mTorr of
vacuum. The sealed tube was placed upright in a box furnace and
heated at a rate of 200 °C/h to 650 °C, held for 1 h, and then heated
at a rate of 200 °C/h to 875 °C. The reaction vessel was immediately
cooled to 800 °C and held for 1 h. The reaction vessel was slowly
cooled at a rate of 2 °C/h to 500 °C. Once at 500 °C, the sample was
heated at a rate of 200 °C/h to 650 °C, at which point molten tin was
removed by centrifugation. Finally, silver-colored, reflective block-like
crystals of Eu;;Zn,Sn,As;, were observed as the product by opening
the reaction vessel in a N,-filled glovebox equipped with an optical
microscope and at moisture levels of <1 ppm. The optimized
synthesis results in crystals of Eu;,Zn,Sn,As;;, EuZn,As,, and
EusSn,Ass. The presence of these three phases was confirmed via
unit cell determination of single crystals. The crystals were separated
by morphology. The large crystals were Eu,;Zn,Sn,As),, and the
remaining small crystals were a mixture of EuZn,As, and EusSn,Asq.

Single-Crystal X-ray Diffraction. Single-crystal X-ray diffraction
(XRD) data were collected from the silver reflective needle-like crystal
with a size of 0.0875 mm X 0.0375 mm X 0.025 mm at 89 K using an
APEX II X-ray diffractometer (Bruker AXS) with a CCD detector, Mo
Ko radiation, and a graphite monochromator. More than 10 other
single crystals were selected for unit cell determination and exhibited
the same unit cell metric. The initial unit cell determinations were
performed by using 1802 reflections from 200 frames with I/o = 2.
The only highest-symmetry Bravais lattice suggested for the refined
unit cell parameters was a C-monoclinic unit cell with the following
dimensions: a = 7.58 A, b= 13.13 A, ¢ = 31.38 A, and f = 94.84°. The
frames were integrated by using SAINT program within APEX II
version 2011.4-1. Centrosymmetric space group C2/c (No. 15) was
suggested by XPREP based on the analysis of systematic absences.
The structure was determined using direct methods, and difference
Fourier synthesis was used to assign the remaining atoms (SHELXTL
version 6.14).¢ Atomic coordinates were standardized with
STRUCTURE TIDY.” Three different crystals were analyzed
because of a problem with a large residual peak along the Sn—Sn
bond. Regardless of the crystal size, the residual peak was persistent. It
was best modeled as a stacking perturbation, where a Eu atom is
replacing the Sn—Sn pair, so that the Eu position is located at the
center of the Sn—Sn bond. In turn, the Sn—Sn pair is replacing a
neighboring Eu site. This minor perturbation has been observed in
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multiple crystals occurring at ~2% in each crystal. Upon analysis of
the occupancy of the crystallographic sites, the Sn site was found to be
partially occupied (~98.5%), while the rest of the sites were refined to
be fully occupied. The Sn site can be considered fully occupied when
considering the stacking perturbation. The CIF is provided in the
Supporting Information.

Powder X-ray Diffraction. Powder X-ray diffraction (PXRD) was
performed on ground powders, made from the reaction products of
the Sn-flux reactions, loaded onto a zero-background holder. PXRD
was collected with a Bruker D8 Eco Advance Powder X-ray
diffractometer with Cu Ka radiation (4 = 1.54060 A) with a 20
range from 10° to 80° with a step size of ~0.02° and a scan rate of 1
s/step utilizing a Lynx-EX detector. Sn-flux reaction products were
ground and plated, and the diffraction pattern was collected on days 0,
1, 3, 8, 13, and 20. The peaks from the bulk reaction product were
identified via peak matching as Eu;;Zn,Sn,As;,, EuZn,As,, EusAs,,
Sn, and an unidentified phase. EusSn,Ass was not identified via peak
matching, but single crystals were confirmed via unit cell
determination prior to grinding. The Eu;;Zn,Sn,As;, phase was
found to be air stable beyond 20 days (Figure S1).

Electron Microprobe Analysis (EMPA). Single crystalline
samples were enclosed in epoxy and polished to provide flat surfaces
for analysis. The polished samples were coated with carbon.
Microprobe analysis was performed by using a Cameca SX-100
electron probe microanalyzer with wavelength dispersive spectrom-
eters. The characteristic X-rays generated by samples were analyzed
by wavelength dispersive spectroscopy (WDS) to determine the
compositions of samples. X-ray intensities of Eu, Zn, As, and Sn were
compared with those of calibrated standards EuPO;, Zn (metal),
GaAs, and Sn (metal) for quantitative analysis. At least 10 different
points with a spot size of 1 ym were analyzed for each sample. The
sample composition was determined to be
Eu0,06(3)Z13.99(2)SM2.03(2)AS 12.02(3) (Figure S2).

Energy Dispersive Spectroscopy (EDS). Single crystalline
samples were enclosed in epoxy and polished to provide flat surfaces
for analysis. Elemental mapping was performed using a FEI Scios
dual-beam SEM/FIB microscope utilizing a window-less Oxford
Instruments X-Max50 instrument, equipped with a S0 mm? silicon
drift detector. The polished samples were coated with carbon, and Cu
tape was added to minimize charging. Elemental mapping was
employed to assess the spatial distribution of elements in the samples.

Quantum Chemical Calculations. Calculations of the band
structure and density of states (DOS) for Eu;;Zn,Sn,As;, were
performed with the tight binding-linear muffin tin orbital-atomic
sphere approximation TB-LMTO-ASA program package.38 The
experimentally determined unit cell dimensions and atomic
coordinates at 90 K were used. The radial scalar-relativistic Dirac
equation was solved to obtain the partial waves. Interstitial empty
spheres were added to fill the interstitial space. The calculation was
made for a grid of 8 X 8 X 4 k points with 78 x points in the
irreducible Brillouin zone. Integration over the Brillouin zone was
performed by the tetrahedron method.*” The basis set contained Eu
(65, 5d), As (4s, 4p), Zn (4s, 4p, 3d), and Sn (Ss, Sp) with Eu (6p), As
(4d), and Sn (5d, 4f) functions being downfolded, while 4f electrons
of Eu were treated as core electrons. The electron localization
function (ELF, 7)*°™* was calculated with modules implemented
within the TB-LMTO-ASA program package and evaluated on an
adequately fine mesh of 0.06 A. The topology of ELF and basins,
which are bounded by zero-flux surfaces in the ELF gradient field, was
analjzed using the program Basin implemented in DGrid version
4.6 The ParaView program was used for visualization of ELF
isosurfaces and basins.**

Magnetism. Magnetization measurements were performed in a
Quantum Design Magnetic Properties Measurement System (MPMS)
down to 2 K and up to 7 T; zero-field-cooled (ZFC) and field-cooled
(FC) data were collected. The single crystals chosen for magnetic
measurements were selected by morphology, and the unit cell was
confirmed by single-crystal XRD. The single crystal presented below
shows evidence of twinning of ~7° off the ¢ axis, via XRD, aligned
with the magnetic field parallel to the ¢ axis.
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Magnetoresistance. Magnetoresistance was measured in a
Quantum Design Physical Property Measurement System (PPMS)
from 0 to 9 T by the four-lead method using a current of 10 pA. ¢ 25
pum Pt leads were connected to a polished crystal, previously measured
via EMPA and magnetic susceptibility. Silver epoxy was used to hold
the wires in place and was cured under argon gas at 120 °C for 30
min. The crystal has a cross-sectional area of 1.40 X 107* cm® and a
voltage lead distance of 0.222 mm.

B RESULTS AND DISCUSSION

Structural Description. On the basis of Laue symmetry
and systematic absences, the structure of Eu;,Zn,Sn,As;, was
determined to be best described in a centrosymmetric
monoclinic structure in the C2/c space group (No. 15) with
116 atoms per unit cell. For more details about the single-
crystal X-ray diffraction experiment, see Table S1. The atomic
coordinates in the unit cell are listed in Table S2. The
Eu,,Zn,Sn,As;, crystal structure contains 18 crystallographi-
cally unique positions comprised of eight Eu, two Sn, six As,
and two Zn sites. All the atoms occupy the general position (8f
Wyckoff positions) except EuS, Eu6, and Eu8 (at 4¢ Wyckoff
positions) and Eu7 (at the 4d Wyckoff position). The crystal
structure of Eu;;Zn,Sn,As;, projected along the a direction is
shown in Figure 1. To examine the novelty of this structure,
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Figure 1. Crystal structure of Eu;;Zn,Sn,As;, projected along the a
axis.

both the Wyckoff sequence (f'*e*d) and the Niggli cell of 7.56
7.56 31.31 92.42 92.42 119.926 calculated by the Visualization
for Electronic and Structural Analysis (VESTA) program™®
were searched in the latest edition of the Inorganic Crystal
Structure Database (ICSD). Eu,,Zn,Sn,As,, is considered to
be a new structure type because there were no compounds
found with similar atomic arrangements. The electron
microprobe analysis provided a composition of
Eu10.96(3)Z13.99(2)S12,03(2)A812.02(3)-

The Eu;;Zn,Sn,As, structure can be described as layers
stacked in the ¢ crystallographic direction (Figure 2). The
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Figure 2. Three types of layers are shown in the a—b plane (left).
Atoms and layers are color-coded according to Figure 1: Eu (A),
sheets of [Zn,As,]°” (B), and layer of [Sn,Ass]'?™ pillars (C).
Stacking sequence of layers and their relationship through the
position of the symmetry elements (right), where (2) stands for the
equivalent layer produced by the 2-fold axis, the bar symbol denotes
the inverted layer, and i or ii denotes the type of Eu monolayer.

layers can be classified on the basis of their chemical bonding
into three types: layers of Eu cations (A), sheets of
2[Zn,As;]°” (B), and layers of [Sn,Asy]" pillars (C) (Figure
2, left). There are two types of Eu atom arrangements within
the monolayer sheets shown by A; and A; layers (the
additional Eu atoms between the Sn,Ass pillars, EuS and
Eu6, are considered as part of layer C). Figure 2 (right)
illustrates the 2-fold axis, located at '/,c and passing through
the central point of the Sn—Sn bond (layer C) while also
passing through EuS and Eu6 sites (Figure 3a). The staggered

a) b) T
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Figure 3. (a) Layer C with labeled Eu sites. (b) Newman projection
along the Sn—Sn bond showing the staggered conformation. (c)
Pseudo-C; symmetry of layers A (green), B (red), and C (yellow) of
the structure. The center of each pseudo-C; is marked with the
relevant color-filled circle.
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conformation of the [Sn,Ass]'?” pillar is shown in the
Newman projection along the Sn—Sn bond (Figure 3b). The
symmetrically equivalent layers are produced by the 2-fold
symmetry element and indicated as A;(2)—B(2)—A;(2). The
inversion center is located at the center of the A;(2) layer, and
the symmetrically equivalent layers that resulted from the
transformation through the inversion center are formed.
Overall, the unit cell is made of A,—B—A;—C—A;(2)-
B(2)-A;(2)-B(2)-A;(2)-C—A,;—B—14A, stacking se-
quence, where (2) stands for the equivalent layer produced
by the 2-fold axis and the bar symbol denotes an inverted layer.
All the layers show an approximate C; rotational axis parallel to
the crystallographic ¢ axis; however, atoms in the layers slightly
deviate from perfect C; symmetry, and as a result, the structure
does not contain trigonal symmetry. The pseudo-C; axes are
not colinear as shown in Figure 3c. The Eu,,Zn,Sn,As),
structure features two types of anionic arrangements: a
2 [Zn,As;]°" two-dimensional (2D) net and a layer composed
of isolated ethane-like [Sn,Ass]'>". The [Sn,As¢]'>™ anions are
separated by Eu cations filling the space between or within
them to balance the charge. There is a small residual peak in
the electron density map after the majority structure was
determined that could be modeled with a stacking
perturbation. This stacking perturbation can be found in
approximately 1.5% of the structure. The perturbation can be
described by the Snl site and the Eu$ site switching positions
resulting in the C layer resembling the C layer (Figure 4). This
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Figure 4. (a) Layer C as present in 98.5% of the structure. (b) Arrows
illustrate the shifting direction of EuS and Sn1 labeled as Eu8 and Sn2

resulting in the stacking perturbation. (c) Layer C as present in 1.5%
of the structure.

minor perturbation was observed in multiple crystals occurring
at ~1—2% in each crystal. Ultimately, this effect does not
change the composition of the material but results in a small
disorder with respect to how the C layers are stacked relative
to each other.

Eu,,Zn,Sn,As;, can be considered a Zintl phase and
rationalized using the classic Zintl—Klemm electron counting
rules. It can be best described in terms of discrete [Sn,As,]">~
pillars with four-bond Sn’ and one-bond As*”, sheets of
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2 [Zn,As;]>” with two-bond As™ and three-bond Zn~, and
isolated Eu®" cations to represent a valence precise compound
as the following calculation shows: Eu;;Zn,Sn,As;, = 11Eu** X
2[Zn,As; 15 + [SnyAsg]'.

The ionic model would also suggest a valence precise
compound. As the structure does not contain any As—As bond,
arsenic atoms can be assigned their lowest oxidation number of
—3. Considering that there is a homoatomic Sn—Sn bond in
the Sn,As¢ motif, it can be written as [Sn,]®, which means an
oxidation state of +3 for each tin. Finally, the metal atoms can
be assigned oxidation numbers of +2 for both europium and
zinc. As a result, the compound can be considered as an
electron precise compound as the number of electrons donated
is equal to the number of electrons needed by the more
electronegative elements.

The anionic motifs deserve particular attention in this
structure. The [Sn,Asg]'>™ isolated units are packed in a way
that accommodates additional Eu ions between the Sn—Sn
dumbbells (layer C). Upon careful examination of the dihedral
angles of [Sn,Asg]'*", a slight deviation from the ideal value of
60° (in the staggered conformation) is observed, ranging from
58.7° to 62.8°. Various anionic motifs have been reported for
tin arsenide-based Zintl phases*® such as isolated [Sn,As,]'*~
motifs formed through edge sharing of two SnAs, tetrahedra in
NasSnAs,,"” 2D sheets of °[SnAs]™ made from Sn atoms
coordinated by three arsenic atoms in SrSmyAs,** isolated
[SnAs,]® building blocks in K,Ba,SnAs,," $[Sn;Ass]® sheets
made of connected Sn-centered tetrahedra in Ba,Sn,As,,>’
chains made by edge sharing of the [Sn,Asq] units in
Ba;Sn,As,,”" and [Sn,As,]*” layers made of connected Sn-
centered trigonal pyramids in LiSn,As,.>” Among these
compounds, Ba;Sn,Ass and Ba;Sn,As, contain Sn—Sn bonds
in the anionic motif. What makes Eu;,Zn,Sn,As,, different
from the reported tin—arsenic-based Zintl compounds
described above is the isolated [Sn,Ass]'?” motif containing
the Sn—Sn dumbbells. The Sn—Sn distance in [Sn,As¢]'>™ of
the Eu,,Zn,Sn,As;, crystal structure is 2.7146 A, which is
similar to the length of the Sn—Sn bond in Ba;Sn,As, (2.7951
A) and slightly shorter than that in Ba;Sn,As, (2.9021—2.8810
A); both reported structures were collected at room temper-
ature. The structure of Eu;;Zn,Sn,As;, can also be compared
with published structures of Sr;,Sn;As;, and Eu;,Sn;As),,
featuring the same Sn,Asg ethane-like units.”’ The structures of
A;,Sn;As;, (A = Sr or Eu) can be understood according to the
Zintl concept as containing the isolated [Sn,Ass]'?” motif
along with [SnAs;]’” trigonal pyramids and As’~ isolated
anions. Compared to those observed in Eu,,Zn,Sn,As,,, the
[Sn,Asg]'*™ motif is more distorted and the Sn—Sn bonds are
also longer (2.8057 A).

Layer B is shown in Figure 5 and can be described as a
beehive-like sheet made from alternating Zn and As atoms with
vacancies. The ordered “vacancies” shown as squares in Figure
5 (left) cause the As atoms to remain as two-coordinated
centers, while Zn is a three-coordinated center with pseudo-
trigonal planar geometry shown in Figure S (right). This
trigonal planar geometry at zinc centers is observed in
compounds such as KZnAs>® and Sr,ZnAs,.”* Because of the
absence of the vacancies in these compounds, the hexagonal
symmetry is preserved and the As and Zn atoms both have a
coordination number of 3. In Eu;;Zn,Sn,As;,, the beehive
sheet is built of two crystallographically non-equivalent Zn
atoms, Znl and Zn2, and three non-equivalent As atoms, Asl1—
As3 (Table S2). In spite of the same geometrical environment
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Figure 5. Ordered vacancies indicated by squares at the connection of
each set of three arsenic atoms making up the beehive (left) and with
larger openings as [Zn,As;]°~ with a pseudotrigonal topology (right).
Atoms are color-coded according to Figure 1.

=4

around both Znl and Zn2, Zn—As bonding distances are
shorter for Znl; the Zn—As bond ranges are 2.4873(2)—
2.489(1) A and 2.4922(2)—2.4984(1) A for Znl and Zn2
sites, respectively (Table 1). These distances compare very

Table 1. Selected Bond Distances in the Eu;;Zn,Sn,As,
Crystal Structure

atom pair distance (A)
Znl—Asl 2.488(1)
Znl—As2 2.490(1)
Znl—As3 2.488(1)
Zn2—Asl 2.493(1)
Zn2—As2 2.493(1)
Zn2—As3 2.498(1)
Snl—As4” 2.6175(8)
Snl1—AsS® 2.6041(7)
Snl—As6” 2.5958(8)
Sn1—Sn1“ 2.7151(9)
Sn2—As4” 2.69(3)
Sn2—AsS” 2.67(3)
Sn2—As6” 2.48(3)
Sn2—Sn2” 2.76(6)

“The 98.5% position. “The 1.5% position.

well with Zn—As distances in other polar intermetallics such as
REZn,As;>” (2.447-2.673 A), Ba,Zn;As,0,°° (2.5787—
3.4342 A), BaZn,As,”” (2.501—2.624 A), Zn;As,”® (2.390—
2.880 A), and A,Zn¢As,” (2.453—2.664 A). However, in all of
the aforementioned intermetallic compounds, zinc is sur-
rounded by four arsenic atoms in the favorable tetrahedral
geometry. Therefore, in the case of Eu;;Zn,Sn,As,,, the lattice
must provide enough energy to stabilize the rare trigonal
planar geometry for the zinc atom.

Quantum Chemical Calculations. According to the band
structure calculation, Eu;,Zn,Sn,As), is a narrow gap (Eg ~0.1
eV) semiconductor with zero density of states (DOS) at the
Fermi level. As 4p and Eu 5d states have the largest
contributions to the states at the top of the valence band
(Figure 6). According to the band structure diagram (Figure
S3), Eu;;Zn,Sn,As;, is predicted to be an indirect semi-
conductor with a small indirect band gap of 0.1 eV as
estimated from the energy difference between the Fermi level
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Figure 6. Total and partial density of states for Eu;;Zn,Sn,As,.
Contributions from Eu (green), Zn (blue), Sn (yellow), and As (dark
red) states are color-coded.

and the bottom of the conduction band at the Z-point. The
direct band gap is estimated to be larger, ~0.65 eV at the I
point. The states between —12 and —10 eV consist mainly of
As 4s and As 4p states, and states at around —8 eV correspond
to Zn 3d localized contributions with some participation of Sn
Ss and As 4s states. The peak right below 6 eV has
contributions from Sn Ss and As 4p states. States between
—6 eV and the Fermi level including the top of the valence
band are composed of As 4p and Eu 5d states with smaller
contributions from Sn Sp, Zn 4p, Zn 4s, Eu 6s, and Eu 6p
states.

In the structure of Eu;;Zn,Sn,As,, two types of arsenic
atoms exist in a 1:1 ratio: those bonded to Zn atoms within the
Zn,As, layer (sites As1—As3) and those bonded to Sn atoms in
the Sn,As¢ fragment (sites As4—As6). The relative contribu-
tions from the 4p orbitals of two types of arsenic atoms to the
top of the valence band are very similar and occur at the same
energy span close to the Fermi level. Similarly, at the top of the
valence band, the contributions from Eu states comprising the
different Eu layers (shown in Figures 1 and 2) are alike when
scaled to the same number of atoms. The Zn states at the
Fermi level are predominantly Zn 4p states, while Zn 4s states
are localized between —6 and —4 eV, and Zn 3d states at —8
eV and between —12 and —10 eV. Contributions of Znl and
Zn2 to the state at the Fermi level are identical.

To further understand bonding in Eu;;Zn,SnyAs),, the
electron localization function (ELF, 77) was calculated. ELF is a
powerful tool for analyzing localized bonding and has been
employed in a variety of compounds, including Eu-containing
intermetallics and Zintl phases.*”® ELF analysis reveals the
presence of localization domains corresponding to the single
Sn—Sn bond within the Sn,As, ethane-like unit (@ in Figure 7)
as well as localization domains corresponding to the Sn—As
polar covalent bonding interaction (® in Figure 7). The
valence basin, which is defined by zero-flux surfaces in the ELF
gradient, corresponding to attractor @ is disynaptic (i.e., has a
common surface with two core Sn basins); thus, this attractor
is attributed to the two-center Sn—Sn bond. The integration of
electron density over this basin yields ~2.2¢, which is in line
with a single Sn—Sn bond. At moderate values of  (~0.6),
localization domain @, corresponding to the covalent Sn—As
bonding interaction, can be clearly separated from localization
domain ®), assigned to lone pairs on the As atom. This is
consistent with the covalent Sn—As bond being strongly
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Figure 7. (a and b) 2D slices and (b) three-dimensional isosurfaces of
the electron localization function (1) for the Sn,Ass unit. For the
isosurfaces, an 17 value of 0.61 was used; the color scale bar is given at
the bottom for the 2D slices. Sn is colored yellow, and As dark red.
Localization domain @ corresponds to the two-center Sn—Sn bond. @
corresponds to the Sn—As covalent interaction. ® corresponds to lone
pairs on As.

polarized toward the more electronegative arsenic atom, which
additionally bears lone pairs.

The bonding situation within the Zn,As; layer is more
complex (Figure 8). There are no distinct attractors

1
P
c) As1
/As3 As3
Zn1
n=0.75 n=08 <

Figure 8. 2D slices of the electron localization function (1) for the
Zn,As, layer plotted in (a) the a—b plane or (b) orthogonal to the a—
b plane. The color scale bar is given at the bottom for the 2D slices.
(c) Three-dimensional isosurfaces of the electron localization
function (1) with 7 = 0.75 (left) or # = 0.8 (right) for the Zn,As;
layer. Zn is colored blue, and As dark red.

corresponding to a two-center, two-electron Zn—As bond on
the line connecting the two nuclei. Instead, unlike the spherical
ELF distribution for a non-interacting atom, the valence shell
of the arsenic atoms is distorted and at higher values of 5
becomes clearly separated into two lone pair-like localization
domains. This suggests the strongly polarized interaction
between As*” anions and Zn®** cations. Consistent with this
description, the distribution of ELF around zinc atoms is
spherical and nondistorted. Further insight was obtained from
the topological partitioning of electron density using ELF,
which yields basins of attractors that correspond to atomic
cores, bonds, and electron lone pairs (not shown). In the case
of an As atom surrounded by two Zn atoms, there are two
valence polysynaptic basins; each of them has common
surfaces with core basins of both adjacent Zn atoms as well
as core basins of three neighboring Eu atoms. Thus, the
bonding situation within the Zn,As; layer can be described as
the strongly polarized multicenter bonding between anionic-
like As and Zn and the Eu cations. The absence of the distinct
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attractors corresponding to the Zn—As two-center, two-
electron covalent interaction, as opposed to the attractor
found on the line between Sn and As within Sn,Asg unit, is in
line with the larger electronegativity difference between Zn and
As (Yas — Yzn = 2.18—1.65 = 0.53; Pauling scale), as compared
to that between Sn and As (yu, — ys, = 2.18—1.96 = 0.22;
Pauling scale).

The ELF slices of two different Eu layers, A;, which is
sandwiched between two Zn,As; layers, and A;, which is
capped by a Zn,As; layer from one side, and a layer consisting
of Sn,As4 units from another side are shown in Figure S4. It is
evident that in the case of Eu, the considerable shell structuring
and deviation from the spherical symmetry occur with the
maxima pointing toward As atoms, located above or below the
Eu layer. This can be interpreted as additional covalent
interactions involving europium and arsenic atoms, similar to
Eu—Ge in EuGe; showing the limitation of the Zintl
formalism in explaining this structure.”*

Magnetic Properties. The magnetic susceptibility was
measured on a single crystal from 2 to 300 K at 1 T (Figure 9).

30 T T T T T 40
Eu44Zn,Sn,As
25 H 11£1149112MS12
Ile Ry
= 1T 430
g 20f =
£ 3
3 )
g 15 420 m
g €
‘I’ o
s o Herr = 7.74(1) g 3
. Bew = 9.2(1) K 10 £
B 2+
Eu : Heff,theo = 7.94 2]
0 L 0
0 50 100 150 200 250 300
T (K)

Figure 9. Molar magnetic susceptibility of Eu;;Zn,Sn,As;, in an
applied field of 0.1 T (red), the inverse susceptibility (blue), and its
Curie—Weiss fit (black).

At this field, there was no difference in ZFC and FC data.
Eu,,Zn,Sn,As,, exhibits paramagnetic behavior above 15 K,
and a fit of this portion of data utilizing the Curie—Weiss law
x(T) = C/(T — 0), where y is the molar susceptibility, C is the
Curie constant (C = Nyu.4*/kg), and 0 is the Curie—Weiss
temperature, yields an effective moment of 7.74 (1) uy per Eu
atom, which is slightly lower but in reasonable agreement with
the theoretical moment if all the Eu atoms were divalent Eu®*
cations (7.94 pg). The positive Curie—Weiss temperature of
9.2 (1) K indicates ferromagnetic coupling between Eu** spins,
consistent with the observed ferromagnetic ordering below a
T. of 15 K. The magnetization versus field was measured at 2 K
from 7 to =7 T (Figure 10). If the 11 Eu*" cations in the
structure were to fully saturate, the expected saturation
moment is 77 ug. The data, below 6 T, show a saturation
moment that is close to 49 yy, corresponding to seven Eu®*
cations. As the field is increased to 7 T, there is an increase in
the saturation moment, suggesting that the magnetic moments
on the four remaining Eu®* ions are aligned antiparallel up to §
T and become saturated at a higher field. It is not obvious
which atoms to assign the strong coupling to as the distances
between Eu®" are similar, ranging from 4.03S to 4.437 A.
The temperature dependence of the electrical resistivity at
different applied fields is plotted in Figure 11. In the
paramagnetic state, the resistivity increases upon cooling,
which is consistent with semiconducting behavior and reaches
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Figure 10. M vs H curve at 2 K of Eu,,Zn,Sn,As,, with a partial
saturation from 1 to 6 T and an additional increase from 6 to 7 T. The
dotted black line indicates the expected saturation moment for 11
Eu** cations (77 pg).
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Figure 11. (a) Temperature-dependent electrical resistivity of
Eu,,Zn,Sn,As;, at applied magnetic fields of 0 (orange), 0.2, 0.4,
0.6,08,1,3,5,7 and 9 T (green). The inset shows the temperature-
dependent electrical resistivity of Eu;;Zn,Sn,As), in the temperature
range of 2—50 K at different applied magnetic fields. (b) Ln p vs T™"
(100 x 107 K) for the same fields showing the fit to determine the
activation energy.

a maximum at 14 K corresponding to the magnetic ordering. In
Figure 11b, the dependence of In p versus 1/T is shown. A
linear behavior indicates that the resistivity can be described by
a simple activation type relation p o exp(A/kzT). Such
behavior can be observed at 0 T in the range of 70—170 K with
an activation energy A of 19.8 meV, leading to an estimated
band gap value of 0.04 eV, in reasonable agreement with the
result from band structure calculations (0.1 eV). In the ordered
state, the resistivity abruptly decreases upon cooling below 14
K at 0 T. Eu;,Zn,Sn,As,, exhibits negative CMR (Figure 11,
inset). The observed decrease in the electrical resistivity at the
magnetic ordering or under applied magnetic field indicates
that the ordering of the localized moments is accompanied by
a delocalization of charge carriers. Figure 12 illustrates the

7073

-3000 T T T T
-2500 E

-2000 1

-1500 9T E

-1000 1

[p(H)-p(0)l/p(H)

-500 1

500 L L L L
0 40

50

Figure 12. Magnetoresistance as a function of temperature at applied
magnetic fields of 0.0, 0.2, 0.4, 0.6, 0.8, 1, 3, S, 7, and 9 T.

lp(H) = p(0)]
p(H)
ature. A maximum negative MR is observed near the magnetic
transition, consistent with the designation CMR. The decrease

magnetoresistance (MR), , as a function of temper-

in resistance with applied field is calculated via %. At9 T, we
p

observe a 2690-fold decrease in resistivity at 14 K. Already at
0.2 T, a 15-fold decrease in resistivity is observed. The CMR
effect is seen all the way to ~240 K (Figure SS), a temperature
range much greater than those of other Eu-containing layered
Zintl phases. For comparison, Eu;;Zn,Sn,As,, has a 2311-fold
decrease in CMR at 5 T. Eu;,MnSb;; has an estimated 1.7-fold
decrease, and the layered Eu/As-containing Zintl phase,
Euln,As,, exhibits an estimated 2.4-fold decrease in CMR at
5 T."7”* The CMR for Eu,;Zn,Sn,As,, is large compared to
those of both Eu;,MnSb,, and Euln,As,.'”>* The effect of the
magnetic fleld on the large negative magnetoresistance of
Eu,,Zn,Sn,As;, is summarized in Figure 13, with the inset

100} 100 o ,
sl — 10F \ {1 |

- § Lok 30K
§ eof S 5k |

g 01k e
e 40 2K E

0.01 P —
i 0 02 04 06 08 1.0 |
\ oH (T)
OL — 1 1 1 1
0 2 4 6 8
HoH (T)

Figure 13. p(H) as a function of the applied magnetic fields at the
relevant temperatures. The inset shows low-field measurements.

showing the significant effect at low fields. As the magnetic
field is applied, the electrical resistivity decreases by nearly 4
orders of magnitude at 14 K with an applied field of 1 T. A
negative magnetoresistance of 7 orders of magnitude has been
observed in Nd,_,Ca,MnO; as the system enters a
ferromagnetic state, although it requires a much larger applied
field of 5 T.*®

Bl CONCLUSIONS

Eu,,Zn,Sn,As,, is the first example of a quaternary phase in
the Eu—Zn—Sn—As system, a new member to the family of
transition metal Zintl compounds. The crystal structure
belongs to a new structure type consisting of alternately
packed Eu layers between the anionic [Zn,As;]*” sheet and
layers made of parallel isolated pillars of ethane-like
[Sn,Asg]'*™ species. To maintain the electron count in this
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compound, all the Eu sites can be assumed as Eu®" while Zn,
Sn, and As sites can be assigned oxidation states of +2, +3, and
—3, respectively. Electronic structure calculations predict
Eu,,Zn,Sn,As|, to be a narrow band gap semiconductor,
consistent with the transport measurements. The chemical
bonding evaluated by the calculation of ELF is consistent with
a two-electron, two-center bond for Sn—Sn dumbbells, polar
Sn—As covalent bonding within [Sn,Ass]'>” units, while
bonding within the Zn,As; layer is best described as polarized
multicenter interactions between anionic-like As and Zn and
Eu cations. The measurements of magnetic properties confirm
that all the Eu ions are Eu?', consistent with the Zintl
formalism. Eu,,Zn,Sn,As,, is paramagnetic above 15 K with
ferromagnetic ordering below 15 K. The magnetic ordering is
accompanied by an anomalous decrease in resistivity.
Eu,,Zn,Sn,As,, exhibits a large negative CMR with a
maximum reduction at 15 K, 3 orders of magnitude or 2689-
fold reduction at 9 T. Eu;;Zn,Sn,As;, has unique magnetic
properties, namely, the lack of saturation at 7 T, and the onset
of magnetoresistance is exhibited at temperatures significantly
higher than the ordering temperature. The magnetic properties
will be evaluated further, employing Sr** to replace Eu*' in
Eu,, ,Sr,Zn,Sn,As),, to unravel the unusual magnetic and
electronic properties.
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