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ABSTRACT: Three isotypic compounds with the chemi-
cal formula AE5TigBi,g (AE = Sr, Ba, Eu) have been ob-
tained via both high-temperature solid state and flux
growth reactions. Their crystal structure, representing a
new type (space group P6s/mmc, Pearson symbol hPA2),
features an open framework composed of interlinked
TiBis square pyramids and TiBis octahedra. The Ti-Bi
substructure is penetrated by infinite columns of face-
sharing AEs polyhedra centered by Bi atoms. First-
principle calculations and physical property measure-
ments indicate metallic behavior and absence of local-
ized magnetic moments on the Ti atoms. Analysis of the
chemical bonding reveals strong Ti—Bi and Ti—Ti bonds.
The latter demonstrate classic two-center, as well as
multicenter interactions.

INTRODUCTION

Solid compounds of transition metals (TM) with the
group 15 elements (pnictogens, Pn) represent a vast
class of materials, commonly referred to as pnictides.
They adopt a plethora of crystal structure types and dis-
play a wide variety of physical properties. The large di-
versity of experimentally observed atomic arrangements
results from different kinds of chemical bonding: cova-
lent interactions between the TM and Pr atoms, for-
mation of oligomeric or polymeric P units, metal-metal
bonding, and electron transfer onto the anionic substruc-
ture from electropositive metals, such as alkali, alkaline-
earth, or rare-earth metals, in multinary compounds with
partially ionic bonding.

Combinations of distinct chemical bonding not only
provide conditions for realization of varying crystal
structures but can also engender notable structural com-
plexity."® The interplay of chemical composition and
peculiar bonding frequently gives rise to interesting
properties in transition metal pnictides. Some of these
compounds have been proposed as potential thermoelec-
tric materials owing to their appropriate electronic prop-
erties, coupled with low thermal conductivity, e.g.,

Yb14MnSb117 or ATM4Pn;,, where A4 is an alkali, alka-
line-earth, or rare-earth metal.® The binary manganese
bismuthide MnBi has been studied as a promising per-
manent magnet.” More recently, the discovery of super-
conductivity in iron arsenides hallmarked a whole new
era in pnictide research.'’

Despite the considerable advances in pnictide chemis-
try of late transition metals, the field of early transition
metal pnictides remains scarcely explored, especially
when multinary compounds are concerned. Composi-
tions bearing electropositive metals A, e.g. alkali, alka-
line-earth or rare-earth metals, are of particular interest
since they often show an amalgamation of metal and
salt-like features, due to the significant polarization of
the A—Pn bonds. Remarkable structural complexity is
observed in the alkali metal-Nb—As systems, boasting
As, olygomers and mixed-valent Nb species.'"'? Con-
sidering the heavier pnictogens Sb and Bi, a number of
crystalline phases showing complex combinations of
extended Ti-Ti and Pn—Pn bonding are known in the
AE-Ti—Pn and RE-Ti—Pn systems, where AE and RE
stand for alkaline-earth and rare-earth metal, respective-
ly." ' Interestingly, despite a high chemical affinity of
Ti to Bi, reflected in high mutual solubility in the liquid
state and the formation of several binary phases, struc-
turally characterized multinary titanium bismuthides in
the discussed systems are limited to the Heusler-type
Li3_xTixBi,17 La3TiBi5,18’19 displaying one dimensional
linear Bi chains and face-sharing TiBis columns, and
AEsTi,Bijg, (AE = Sr, Ba, Sr+Eu2 with a complex
three-dimensional Ti-Bi substructure.”

In this contribution, we present a new family of ter-
nary titanium bismuthides 4E;TigBi,o (AE = Sr, Ba, Eu).
These compounds crystallize in their own structure type
and show an intricate chemical bonding pattern.

EXPERIMENTAL DETAILS

Synthesis. All manipulations were performed in an ar-
gon-filled glovebox. Polycrystalline samples of
AE;TigBi,g (AE = Sr, Eu) were prepared by direct com-
bination of the elements in Nb tubes, weld-shut under
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high-purity argon. Stoichiometric mixtures of AE, Ti,
and Bi (Alfa Aesar, all with purity >99.9 wt. % metal
basis) were heated up to 923 K with 200 K/h, held at this
temperature for 48 h and cooled down to room tempera-
ture with 50 K/h. After that, the obtained product was
ground, pelletized, and subjected to a second annealing
with the same temperature profile. Ba;TigBijo could not
be prepared from the elements at any temperature be-
tween 773 K and 1023 K, but it was produced in single-
crystalline form by the metal flux method described
next.

Single crystals of AE;TigBi,o (AE = Sr, Ba, Eu) were
grown from liquid lead. For AE = Sr, Eu, mixtures of the
elements with the ratio AE : Ti: Bi: Pb=3:8:10: 50
were loaded in alumina crucibles topped with quartz
wool and sealed in evacuated fused silica tubes. The
tubes were heated to 1273 K with 200 K/h, kept at this
temperature for 24 h and cooled down to 823 K with 2
K/h. At this temperature, the ampules were taken out of
the furnace and the liquid Pb flux was removed by cen-
trifugation. The quartz tubes were crack-opened in the
glovebox and the crystals of AE;TigBijg (AE = Sr, Eu),
having predominantly rod-like morphology, were me-
chanically extracted from the crucibles. The Eu sample
contained a small amount of EuBij3, crystallized as inter-
grown cubes. The crystalline rods of 4E;TigBi;, were up
to 0.3 mm in width and 2 mm in length. In the case of
Ba, the above-described procedure resulted in
BaSTilzBi19+X2° as the major phase. With an optimized
synthetic protocol, sub-millimeter-sized single crystals
of Ba;TigBijy were grown from the initial composition
Ba:Ti:Bi:Pb=3:8:10: 160. The mixture was heat-
ed up to 973 K with 200 K/h, annealed at this tempera-
ture for 30 h and cooled down to 823 K with 5 K/h,
where the Pb flux was centrifuged out.

Powder X-ray diffraction (PXRD). PXRD patterns of
the prepared samples were recorded in reflection mode
on a Rigaku Miniflex diffractometer (Cu K, radiation, A
= 1.5418 A) operating inside a nitrogen-filled glovebox
to prevent deterioration of the samples in ambient at-
mosphere. Data were collected between 5° and 75° with
a step size of 0.05° and 2 s/step counting time. Qualita-
tive Rietveld refinements were performed using the
JANA2006 software.'

Single-crystal X-ray diffraction (SCXRD). Suitable
single crystals of 4F;TigBijy were cut under dry Para-
tone N oil and mounted on low-background plastic
loops. To prevent degradation of the samples, the loops
were placed in a cold nitrogen stream at 200 K, which
froze the oil with the embedded crystal. Data collection
was done on a Bruker APEX DUO CCD diffractometer
equipped with monochromated Mo K, radiation (1 =
0.71073 A). The raw data were integrated using the
SAINT software.”> Semiempirical absorption correction
was introduced using SADABS.? Crystal structures
were solved by direct methods and refined by full matrix

least-squares methods on F* using SHELXL.** Atomic
coordinates were standardized using STRUCTURE
TIDY.” Details of the data collection, and selected crys-
tallographic parameters are summarized in Tables 1 and
2.

Table 1. Data collection details and selected crystallo-
graphic data for AE;TigBi,y (4E = Sr, Ba, Eu; space group
P6y/mmc, Z=2,T=200 K, Mo K, 1=0.71073 A)

Chemical Sr;3TigBij BasTigBi;,  EusTigBij
formula

fw/ g mol! 2735.86 2885.02 2928.88
al A 10.986(2)  11.108(2)  10.966(1)
o/ A 10.183(2)  10.285(2)  10.136(1)
N 1064.3(4)  1099.1(5)  1055.5(3)
Peat g em 8.54 8.72 9.22
Lok e/ €M 925.4 876.8 945.7

R, [[>20(D]*  0.035 0.024 0.030

wR, [[>20(D]*  0.071 0.051 0.059

R, [all data] 0.051 0.031 0.041

wR; [all data]*  0.077 0.053 0.064
Pmaxmin/ € A 2.09,-241 1.53,-127 1.95,-1.88

* Ri=Y|FoHFEIF]; wRe=[EIW(F, —F VL [WFL) ),
where w = 1/[6°F,*+(AP)*+(BP)], and P = (F,>+2F.*)/3; 4,
B are the respective weight coefficients (see CIF in the
supporting information). CIFs have also been deposited
with reference CSD numbers 1855587-89.

First-principle calculations. Electronic structure cal-
culations were performed for Sr;TigBio and Ba;TigBij
within the density functional theory framework using the
TB-LMTO-ASA code.”® The Von Barth-Hedin imple-
mentation of the local density approximation (LDA)
functional was employed”” and the Brillouin zone was
sampled by a 16x16x16 k-point grid after checking for
convergence. To satisfy the atomic sphere approximation
(ASA), an introduction of empty spheres was necessary.
Chemical bonding was studied using the Crystal Orbital
Hamilton Population analysis (COHP) and Electron Lo-
calization Function (ELF), as implemented in TB-
LMTO-ASA. For the Bi—Bi contacts in the structure, the
two shortest symmetrically independent distances were
analyzed.

Physical property measurements. Four-contact electri-
cal resistivity measurements were done for the
Sr3TigBi,o and Eu;TigBi;g samples on a Quantum Design
Physical Property Measurement System (PPMS) in the
temperature range 3-300 K. Metal wires were attached
to rod-like single crystals with a length of approximately
1.5-2.0 mm using a conductive silver paint. Temperature
dependence of the magnetization was measured for the
AEsTigBiy samples (4E = Sr, Ba, Eu) on the PPMS in

ACS Paragon Plus Environment

Page 2 of 10



Page 30of 10

oNOYTULT D WN =

the temperature range 3-300 K under external fields
between 20 Oe and 70 kOe. The measured samples, con-
sisting of several randomly oriented single crystals, were
enclosed in low-background gel-cap holders stuffed with
quartz wool. For comparison, similar magnetic meas-
urements were conducted on sintered pellets of
AE;TigBiyg (AE = Sr, Eu), yielding results consistent
with the hand-picked crystals. A Honda-Owen correction
was applied to the data to take possible ferromagnetic
contributions into account.”*

Table 2. Atomic coordinates and equivalent displacement
parameters (A%) for AE;TigBi,,

Atom Site x ¥ z Uy
Sr3TigBij
Sr 6h 0.1276(1)  2x 1/4 0.023(1)
Til 6k 05818Q2) 2x /4 0.016(1)
Ti2 6g 172 0 0 0.015(1)
Ti3 4f 1/3 2/3  0.0285(5) 0.018(1)
Bil 12k 0.193353) 2x  0.57097(5) 0.017(1)
Bi2 6h 0.43588(5) 2x 1/4 0.016(1)
B3 2¢O 0 0 0.023(1)
Ba;TisBij
Ba 6k  0.12725(6) 2x /4 0.020(1)
Til 6k 05824Q2) 2x /4 0.017(1)
T2 6g 12 0 0 0.017(1)
TH 4 173 23 0.0340(4)  0.018(1)
Bil 12k 0.19622(2) 2x  0.57144(5) 0.017(1)
Bi2 6h 0.43709(3) 2x 1/4 0.017(1)
B3 2a¢ 0 0 0 0.021(1)
EusTigBij,
Eu 6k  0.12788(6) 2x  1/4 0.024(1)
Til 6k 0.58262) 2x 1/4 0.012(1)
Ti2 6g 12 0 0 0.017(1)
T 4 173 23 0.0281(4)  0.018(1)
Bil 12k 0.192193) 2x  0.57042(5) 0.017(1)
Bi2  6h  043647(4) 2x /4 0.017(1)
Bi3 2a 0 0 0 0.021(1)

* Ugq is defined as one third of the trace of the orthogo-
nalized Uj; tensor

Thermal analysis. Simultaneous thermo-gravimetric
differential ~ scanning  calorimetry = measurements
(TG/DSC) were conducted on a SDT Q600 analyzer,
supplied by TA Instruments. The samples were loaded in
capped alumina pans. After equilibration at 323 K, the
temperature was raised to 1273 K with 10 K/min. The
samples were kept at this point for 1 min and then
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cooled down to 373 K with 10 K/min. To prevent oxida-
tion, the measurements were done under a constant flow
(100 mL/min) of high-purity argon.

RESULTS AND DISCUSSION

Synthesis. Upon systematic exploratory work of the
AE-Ti—Bi ternary systems, a new compound, Eu;TigBi;o
was serendipitously discovered from an experiment
aimed at the preparation of the hitherto unknown
Eu5TilzBi19+x.2° Direct synthesis of Eu;TigBi;o from the
elements produced an almost phase-pure material ac-
cording to PXRD (Figure S1). A small amount of a Eu-
Bi; impurity’® was detected in the sample. Variation of
the annealing temperature or longer annealing times led
to an increase in the impurity content. The best polycrys-
talline sample was produced after annealing the reaction
mixture at 923 K for 96 h with an intermediate regrind-
ing. Using the same synthetic procedure, we were able
to obtain a powder sample of Sr;TigBijo. The latter al-
ways contained small amounts of the cubic SrsTi;pBijg.
phase,® which could not be completely eliminated by
changing the synthetic conditions (Figure S1). In con-
trast to the Sr and Eu phases, Ba;TigBio did not form
under these reactions. The major product of the reactions
carried out in the temperature range 773—-1023 K was the
cubic BasTi;»Bi g

Our previous experience indicates that liquid bismuth
appears to be in equilibrium with the cubic AE5Ti;,Bijg+,
(AE = Sr, Ba) and with the orthorhombic EuTi;Biy phas-
es in a wide temperature and compositional range.20
Hence, single crystals of the ternary AE;TigBijy com-
pounds could not be grown from a bismuth flux. We
used molten lead instead, which allowed the growth of
reasonably large AFE;TigBi)y single crystals that were
suitable for transport measurements in the case of AE =
Sr and Eu, by cooling down the reaction mixture from
1273 K to 823 K with 2 K/h. Increasing the amount of
the AE metal in the starting mixture in comparison with
the composition given in the Experimental section had a
positive effect on the crystal size but resulted in the sim-
ultaneous formation of the binary phases SrnBi103 " and
EuBis,” respectively. The latter impurity was also ob-
served in the Eu samples with the stoichiometric Eu : Ti
: Bi ratio. EuBi; can be completely eliminated if the an-
nealing temperature is lowered to 973 K, albeit at the
cost of the Eu;TigBijo crystal size. The almost perfectly
cubic EuBij; single crystals can be easily distinguished
from the rod-like EusTigBijg crystals. In the samples
with an excess of Ti, a formation of the plumbide
TigPbs_, was observed.*> The Ba representative
Ba;TigBi;o could only be prepared in high yields from a
lead flux when the annealing temperature was not higher
than 973 K and the cooling rate was 5 K/h. Increasing
the temperature or decreasing the cooling rate always
produced BasTi;»Bijg, as the main phase.
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O Er (6h)

O AE (6h)

O Zn1(2a), Zn5 (12k)

© Bi3 (2a), Bi1 (12k)

© Zn2 (4f), Zn3 (6g), Zn4 (6h)

O Ti3 (4), Ti2 (6g), Ti1 (6h)

Figure 1. (a) Crystal structure of AE;TigBi,y (AE = Sr, Ba, Eu) drawn along [001]. (b) Part of the Ti-Bi framework showing
the polyhedra interconnections. A three-fold rotation axis is indicated. (c¢) Crystallographic relationship between the ErZns

and AF;TigB1i, crystal structures.

Our TG/DSC measurements performed on the single
crystals of AE;TigBi,o (AE = Sr, Ba, Eu) did not indicate
any intrinsic thermal events up to 1273 K (Figure S2),
suggesting that the samples are thermally stable in this
temperature range. However, given the fact that
Ba;TigBi;o could not be prepared from the elements and
that the powder samples of AE;TigBijg (AE = Sr, Eu)
were always contaminated by competing compounds, it
is likely that 4E5TigBij¢ (AE = Sr, Ba, Eu) are not ther-
modynamically stable phases, but rather kinetically ar-
rested at the synthetic conditions.

Crystal structure. The AE;TigBi;, phases (4E = Sr, Ba,
Eu) crystallize isostructurally in the hexagonal space
group P6;/mmc (No. 194) with two formula units per
unit cell. The structure constitutes a new structure type
with Pearson symbol #P42. Titanium atoms in the crys-
tal structure are five-fold and six-fold coordinated by Bi
atoms forming a three-dimensional framework of fused
TiBis square pyramids and TiBig octahedra. This frame-
work contains large, one-dimensional channels running
along the crystallographic ¢ direction. These channels, in
turn, accommodate infinite columns of face-shared AFE,

polyhedra which are Bi-centered (Figure 1a). The con-
nectivity mode of the TiBi, polyhedra is rather complex
and boasts varying linkage fashions (Figure 1b). The
TilBis square pyramids are interconnected by common
edges and share vertices and faces with the Ti2Bi4 octa-
hedra. The Ti3Big octahedra are linked to the TilBis
pyramids through common vertices and edges. The
Ti2Bi¢ and Ti3Bi¢ octahedra connect to the adjacent
identical octahedra exclusively by corner- and face-
sharing, respectively, whereas their interconnection is
realized by face-sharing. Both symmetrically independ-
ent Bi atoms residing within the Ti-Bi framework, Bil
and Bi2, are bonded to five adjacent Ti atoms. Altogeth-
er, taking into account the described linking patterns, the
comprehensive formula of the discussed compounds can
be given as (AEé/zBi)[TiBi5/5]3[TiBi6/5]3 [TiBi6/5]2 (AE =
Sr, Ba, Eu).

The Ti-Bi distances in 4F;TigBi;, range between 2.78
A and 3.05 A (Table 3), which is in good agreement
with typical bond lengths in other titanium bis-
muthides."”****** The Ti-Ti interatomic separations ex-
tend from 2.77 A to 3.34 A. Although, the longer side of
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this distribution lies beyond the bond lengths in ele-
mental Ti, these distances are within the range of bond-

ing contacts in other Ti-rich intermetallic compounds.”

The emergence of metal-metal bonding is also evi-

denced by our first-principle calculations (vide infra).

Table 3. Selected interatomic distances () in AE;TigBi;,
(AE =Sr, Ba, Eu)

Atom Pairs AE = Sr AE = Ba AE =Eu
AE  —Bi2x2 3.391(2) 3.4338(9) 3.379(1)
—Bil x2 3.500(1) 3.5625(9) 3.4698(8)
—Bi3 x2 3.517(2) 3.5505(8) 3.5100(8)
—Bil x4 3.7176(8)  3.7917(8) 3.6974(6)
Til —Bi2 2.776(5) 2.795(3) 2.775(3)
—Bil x4 2.9539(7) 2.9469(7) 2.9612(6)
—Til x2  2.797(8) 2.809(5) 2.767(6)
—Ti2x2 2.984(2) 3.020(2) 2.980(2)
—Ti3 x2  3.264(5) 3.341(4) 3.240(4)
Ti2 —Bi2x2 2.8230(6) 2.8420(6) 2.8066(4)
—Bil x4 3.0377(5) 3.0533(5) 3.0381(4)
—Til x2  2.984(2) 3.020(2) 2.980(2)
—Ti3x2 3.1847(5) 3.2257(4) 3.1783(4)
Ti3 —Bil x3 2.850(2) 2.852(2) 2.861(2)
—Bi2x3 2.982(4) 2.987(3) 2.982(3)
—Ti2 x3 3.1847(5) 3.2257(4) 3.1783(4)
—Til x3  3.264(5) 3.341(4) 3.240(4)
Bi2 —Bi2x2 3.380(2) 3.458(1) 3.393(1)
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chemical bonding analysis (vide infra), displays a negli-
gible bonding interaction.

The crystal structure of 4F;3TigBi;y (4E = Sr, Ba, Eu)
can be also viewed as a stuffed derivative of the ErZn;
type (Figure 1c). The atomic positions in the latter fol-
lows the Wyckoff sequence kh2gfa. By replacing the Er
atoms by AE (AE = Sr, Ba, Eu) and “coloring” the Zn
substructure according to the scheme in Figure Ic, the
composition of the unit cell transforms from ErgZnso (=
ErZns) to AE¢Ti¢Biy. The overall crystal structure is
completed upon insertion of additional Bi atoms in posi-
tion 64, yielding the final composition AE¢Ti;6Biy (=
AE5TigBiyp). Since such insertion leads to an expansion
of the unit cell in the ab plane, the c/a ratio for
AE5TigBiyy drops down to 0.92—0.93 in comparison with
EanE;type compounds, exhibiting c/a values of 1.03—
1.04.

E-E.(eV)

20 20 ) i
DOS (states eV unlt ceII )

The shortest Bi-Bi contact is observed for the regular
triangle of Bi2 atoms on the Ti3Bis octahedron face. The
corresponding distance ranges from 3.38 A to 3.46 A on
going from Sr;TigBij, to Ba;TigBi;, respectively, which
is far above the contacts between single-bonded Bi at-
oms (the Pauling radius r; = 1.52 A™). Nevertheless,
similarly long Bi—Bi bonds are found in hypervalent
anionic species, e.g. in the linear [Bi;]"” moieties in
AE14M%B111 and AE4,MnBi;; (AE = Ca, Sr, Ba, Eu,
Yby’"™* and Ba,Mn;_Bi,.° In pnictides, hypervalent
interactions are realized as a result of chemical bonding
optimization in electron-rlch po 9yalnlonlc subunits, such
as olygomers, 1% chains, %1945 o planes. 3464
After the Bi2-Bi2 contacts, the shortest distance be-
tween the Bi atoms in AE3TigBijy is the Bil-Bil pair
between the corners of the adjacent TilBig octahedra
along the ¢ direction. This distance, however, exceeds
3.60 A for all representatives and, as indicated by the

-ICOHP —ICOHP
1.2 0.8 0.4 0.0 04 08 12 -4 -2 0 2 4 6 8
c) d) i;%’
. —BI-Ti
2| Bi-Sr 11 é i—Ti "
IR Sttt e —ihathhtl [ bttty ity 7
o
LL il 5/ |
= -
Ll = J
e ——
" N N e
-0.8 04 0.0 04 08 -2 1 0 1 2 3 4
—COHP —-COHP
-ICOHP -ICOHP
4 -6 -4 2 0 2 4 6 -0.2 -0.1 0.0 0 1 0.2 0A3 04
e) | — B|2 B|2 (3. 380 A
, ? — Bi1-Bi1 (3.646 A) |

—COHP

Figure 2. FElectronic structure and chemical bonding in
Sr;TigBijo. (a) Band structure along selected directions. (b)
Total and projected densities of states. (c)—(f) COHP curves
for selected interatomic contacts.

Electronic structure and chemical bonding. The elec-
tronic band structure and density of states (DOS) for
Sr;TigBio are shown in Figure 2a and b, respectively.
The manifold of electronic bands crossing the Fermi
level (Ef) results in a considerable density of states at
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Eg. The dispersion of the bands along the high-symmetry
directions of the Brillouin zone indicates an essentially
three-dimensional metallic behavior. Similar picture is
observed for the Ba counterpart (Figure S3). Spin-
polarized calculations converged to zero magnetic mo-
ments on the Ti atoms.

Crystal Orbital Hamilton Population analysis (COHP)
reveals that the Bi—Sr, Bi-Ti and Ti-Ti contacts show
bonding interactions below the Fermi level (Figure 2c, d,
e). The negative integrated COHP (-ICOHP) values for
the symmetrically independent Bi—Sr pairs range from
0.15 to 0.39 eV/bond. The corresponding interactions
are underoptimized at Ef since unpopulated bonding
states are available above the Fermi level up to £ — Eg =
3.0 eV. In contrast, the Bi—Ti bonds are fully optimized.
The majority of the bonding states for these contacts are
located below E — Er = —1.0 eV, where the strong
Ti(3d)-Bi(6p) hybridization occurs. These interactions
provide the main contribution to the structural stability
with the individual —ICOHP addends of 1.07-1.67
eV/bond. Similarly high -ICOHP values of 0.82-1.95
eV/bond are calculated for the Ti-Ti contacts, which
remain faintly underoptimized at Er. As it is evident
from the COHP curve, the Ti-Ti bonding interactions
are responsible for the high DOS peaks of Ti(3d) charac-
ter in the close vicinity of the Fermi level.

Unlike the above-mentioned atomic pairs, the two
shortest Bi—Bi contacts in the structure show a combina-
tion of bonding and antibonding states below the Fermi
level (Figure 2f). The overall interaction results in a
bonding situation at Eg in both cases with the -ICOHP
values of 0.15 and 0.03 eV/bond for the Bi2—Bi2 and
Bil-Bil contacts, respectively. Whereas the latter value
is negligible, the former number is close to the corre-
sponding measure for some of the Bi—Sr bonds. As was
discussed above, the Bi2—Bi2 distance falls in the range
typical for hypervalent Bi—Bi bonds. Indeed, the sharp
peaks of low-lying bonding states and antibonding states
located just under the Fermi level, as observed for the
Bi2—Bi2 pair, appear to be a hallmark of electron-rich
(hypervalent) bonds in polyanionic structures.'”*

Since the Ti—Ti interactions have the strongest effect
on the total DOS at the Fermi level, it is worthy to dis-
cuss the chemical bonding within the Ti framework in
more detail. The pattern of interconnected Ti atoms is
shown in Figure 3a. The repeating fragment of the Ti
substructure is a trigonal bipyramid Til;Ti3, with all six
lateral edges capped by Ti2 atoms. Alternatively, this
moiety can be viewed as two interpenetrating Ti3Ti2;
tetrahedra pointing in opposite directions and intersect-
ing along the Til; triangle. These building blocks are
interconnected by corner-sharing via Ti2 atoms. Visuali-
zation of the electron localization function (ELF) reveals
a localized domain inside the principal building block in
the center of the triangular base (Figure 3b). This feature
points toward multicenter bonding involving the three

Til atoms and the two Ti3 atoms as can be seen from the
section of the ELF (Figure 3c). The latter picture
demonstrates flattening of the ELF around Ti3 atoms in
the direction of the triangular base, which is a sign of
chemical bonding interactions.”’ The Til-Ti2 and Ti3—
Ti2 bonds appear to be two-center as indicated by ELF
maxima on the lines connecting these atoms and the cor-
responding deformation of the ELF distribution.

Figure 3. (a) Ti substructure in 4E;TigBi;o. (b) ELF isosur-
face (7= 0.65) inside the Ti skeleton in Sr3TigBiyg. (¢c) ELF
section through the repeating building block of the Ti
framework in Sr;TigBij.

Physical properties. Electrical resistivity measure-
ments on the 4F;TigBijy (AE = Sr, Eu) single crystals
revealed metallic behavior (Figure 4 top). The resistivity
of the Eu representative was found to be approximately
three times higher than that of the Sr compound, likely
due to additional magnetic scattering. Below = 7.5 K, a
superconducting transition of the remaining Pb flux is
observed. Although Pb could not be completely removed
from the crystal surface, its contribution to the electrical
resistivity above T, is negligible as can be judged from
the absolute values of p(7). Magnetization measure-
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ments on a sintered Sr;TigBij, pellet in external fields as
low as 20 Oe did not indicate any intrinsic supercon-
ducting transitions down to 3 K.
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Figure 4. (top) Temperature dependence of electrical resis-
tivity for AE;TigBijg (AE = Sr, Eu). (bottom) Temperature
dependence of magnetic susceptibility (H = 5 kOe) for
AE;TigBiy (AE = Sr, Ba, Eu). Inset: Honda-Owen corrected
magnetic susceptibility for Eu;TigBij, (circles) with a mod-
ified Curie-Weiss fit (red line).

Temperature dependence of the magnetic susceptibil-
ity for AE;TigBijo (AE = Sr, Ba, Eu) is shown in Figure 4
bottom. In accordance with our first-principle calcula-
tions, the Ti atoms in 4E;TigBi;y do not carry localized
magnetic moments. Measurements on Sr3TigBi;y and
Ba3TigBi;o revealed an almost temperature-independent
paramagnetic response on the order of 10~ emu/mol,
indicating the prevalence of the Pauli paramagnetic con-
tribution.

Eu;TigBiyo displays localized paramagnetic behavior
at high temperatures. A fit of the magnetic susceptibility
curve with a modified Curie-Weiss expression yields the
effective magnetic moment of 7.82 g, close to the theo-
retical value of 7.94 pp for free-ion Eu®’ (4f7), and the
Weiss constant ® = —16.8 K. The negative value points
toward antiferromagnetic leading exchange interaction.
At around 8.5 K, an antiferromagnetic transition occurs.
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It is worthwhile to note that this ordering temperature is
close to the Néel temperature of the binary EuBi; (Ty =
7.5),>° which was occasionally found as an impurity in
our samples. However, a PXRD analysis of the ground
EusTigBijo crystals used for the measurements did not
indicate any presence of EuBi;, which suggests that the
discussed transition is likely intrinsic.

CONCLUSIONS

A novel family of ternary titanium bismuthides,
AEsTigBiy (AE = Sr, Ba, Eu), has been discovered and
characterized. The crystal structure of these compounds
can be described as an open framework of fused TiBis
square pyramids and TiBig octahedra. Face-sharing Bi-
centered BidEg distorted octahedra occupy channels in
the Ti—Bi substructure forming infinite one-dimensional
columns. Whereas the main structure-stabilizing factor
is the covalent bonding between the Ti and Bi atoms,
another considerable contribution stems from Ti—Ti in-
teractions of two-center and multicenter character. The
strong hybridization of the Ti(3d) states leads to a sizea-
ble electronic DOS at the Fermi level. However, no as-
sociated electronic or magnetic instabilities are observed
in the physical property data down to 3 K. The
AE5TigBiy samples display metallic conductivity and no
local magnetic moments on the Ti atoms in the whole
measured temperature range. Eu;TigBijy demonstrates
Curie-Weiss-type paramagnetic behavior consistent with
Eu”" (4f") and a sign of antiferromagnetic ordering of
the Eu®" moments below 8.5 K. In summary, the pre-
sented compounds provide an evidence of rich and yet
scarcely explored structural chemistry in pnictides of
early transition elements. More detailed analysis of the
phase field may uncover new compounds with possibly
interesting physical properties.
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A new family of ternary titanium bismuthides, 4E;TigBi;o (AE = Sr, Ba, Eu), has been discovered and characterized. Physi-
cal property measurements and first principle calculations indicate metallic behavior and absence of localized magnetism on
the Ti atoms. The Ti substructure shows an extensive framework of two-center and multicenter metal-metal interactions.
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