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Abstract

The title compounds were prepared by arc-melting pre-annealed mixtures of Ti, Mo, and As. Both Ti;MoAs, and TizMoAs; adopt
structures formed by the corresponding binary vanadium arsenides, V3As, and f5-V4Ass. Ti,MoAs, crystallizes in the tetragonal space
group P4/m, with a = 9.706(4)1&, c= 3.451(2)1&, V =1325.1(3) A3 (Z = 4), and Ti3sMoAs; in the monoclinic space group C2/m, with
a=14.107(3)A, b = 3.5148(7) A, ¢ = 9.522(2) A, = 100.66(3)°, V = 464.0(2) A> (Z = 4). In both cases, the metal atoms form infinite
chains of trans edge-condensed octahedra, and the As atoms are located in (capped) trigonal prismatic voids. While most metal atom
sites exhibit mixed Ti/Mo occupancies, the Mo atoms prefer the sites with more metal atom and fewer As atom neighbors. Ti,MoAs, and
TizMoAs; are metallic entropy-stabilized materials that decompose upon annealing at intermediate temperatures.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The concept of obtaining new materials, often with new
structure types, by using two different yet similar transition
metals was described as DFSO model (DFSO: differential
fractional site occupancies) [1,2]. The discovery of four
ternary niobium tantalum sulfides with mixed Nb/Ta
occupancies, whose structures were not known in either
of the binary systems (Nb/S; Ta/S) [3-6], led to the
formulation of this model. Several ternary valence-electron
poor transition metal antimonides exhibiting mixed occu-
pancies on the metal atom sites were discovered in recent
years. Examples include mixed occupancies of Ti and Zr (in
(Zr,T1)Sb [7] and (Zr,Ti)sSbg [8]), Ti and Hf ((Hf, Ti)sSbg
[8] and (Hf,Ti);Sby [9]), Zr and V ((Zr,V)13Sbyo [10] and
(Zr,V)11Sbg [11]).

Very few compounds are known to exist with mixed
occupancies of elements of groups 4 and 6. These include
phosphides ((Hf,Mo),P [12]), arsenides ((Ti,Mo)sAs; [13])
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and antimonides ((Ti,Mo)sSby [14]). The two Ti/Mo
materials exist only with high Ti:Mo ratios between 4:1
and 2:1. As they form structures adopted by V-deficient
pnictides, namely V49s5As3 [15] and V;sSby [16], respec-
tively, we hypothesized that Ti/Mo compounds generally
may imitate V compounds. Subsequently we discovered
Ti,MoAs, and TisMoAs;, the ternary substitution variants
of V3As, [17] and -V4As; [18].

2. Experimental
2.1. Synthesis and analysis

The elements were used as acquired from ALFA
AESAR (Ti: powder —150 mesh, 99.9% purity; Mo:
powder 3-7pm, 99.9%) and ALDRICH (As: powder,
99.5%). In the first step, the elements were pre-heated in
evacuated silica tubes at 700 °C over a period of 5 days. An
As excess was added to compensate for the weight loss
during subsequent arc-melting caused by the vapor
pressure of As. The mixtures (each of 400-500 mg) were
thoroughly ground, and then pressed into a round pellet of
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6 mm diameter. In the final step, the pellets were arc-melted
once, and again after inversion on a water-cooled copper
block under a flow of argon. The M: As starting ratios were
3:2.25 for M3As,, and 4:3.2 for M4As; (M = Ti+ Mo),
corresponding to excesses of As of 12.5% and 6.7%,
respectively. The Ti:Mo ratios were varied in small
increments of 0.5; and only the 2:1 starting ratio for
M3As,, and the 3:1 ratio for MjAs; resulted in pure
products, indicating negligible phase widths in both cases.
Annealing of the products over a period of 5 days both at
900 and 1200 °C resulted in decomposition into known
binary arsenides and elemental molybdenum. Starting from
a 5:3 ratio of Ti:Mo the a-modification of V4As; [19]
formed presumably, as became evident from a single
crystal study [20].

In all cases, phase identification was performed via X-ray
powder diffraction utilizing Cu Koy radiation with an
INEL powder diffractometer equipped with position-
sensitive detector. Energy dispersive analysis of X-rays
(EDX) investigations using an electron microscope (LEO
1530) with an additional EDX device (EDAX Pegasus
1200) were performed on selected crystals out of the two
homogenous reaction mixtures. The scans were performed
with an acceleration voltage of 21 kV under high dynamic
vacuum. No impurity elements (e.g., Si, O, or Cu,
stemming from the reaction container) were detected.

2.2. Crystal structure studies

Single crystals were selected with the aid of an optical
microscope for the structure studies, performed on the
Smart APEX CCD (BRUKER, utilizing Mo-Ko radia-
tion). In the case of the monoclinic TisMoAss, the scans
were done each over 0.3° in w in two groups of 606 frames
(each with an exposure time of 60s) at ¢ = 0° and 60°. For
the smaller, tetragonal crystal of Ti,MoAs,, one group of
scans of 0.25° at ¢ = 0° was chosen, with an exposure time
of 120s per frame.

The data were corrected for Lorentz and polarization
effects. Absorption corrections were based on fitting a
function to the empirical transmission surface as sampled
by multiple equivalent measurements using SADABS [21].
The structure refinements (SHELXL package [22]) were
commenced with the atomic positions taken from V3As,
and f-V4As;, respectively, as listed in the ICSD database.
Initially all V positions were assigned to be mixed occupied
by Ti and Mo without deficiencies. Only in case of the M3
site of Ti,MoAs,, the occupancy was refined to be 100% Ti
within its standard deviation o, while all the other sites
exhibited mixtures ranging from 3.8(9)% Mo to 98.0(7)%
Mo, including intermediate values such as 34.2(4)% Mo.
Some of these refined values are at the borderline of
significance, i.e. within four o; for the sake of clarity we
include all values larger than 2¢. An extinction correction
was not required for Ti,MoAs,, and the extinction
parameter for TisMoAs; was refined to be just above its
standard deviation. The refined stoichiometries were

Tizozu)MOo_ggASz and Ti3.03(4)M00_97AS3, i.e. within 20 of
the idealized formulas Ti;MoAs, and TizMoAss. Details of
the structure determination are given in Table 1, and
atomic positions with equivalent displacement parameters
may be found in Tables 2 and 3. Further details of the
crystal structure investigations can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen, Germany, on quoting the depository
numbers CSD-415708 and CSD-415709.

2.3. Electronic structure calculations

Four band structures were calculated employing the self-
consistent tight-binding first principles linear muffin tin
orbitals (LMTO) approximations [23,24]. In the LMTO
approach, the density functional theory is used with the
local density approximation (LDA) [25]. Integrations in k
space were performed by an improved tetrahedron method
[26] on sufficient k& points of the first Brillouin zone.
Integrated COHP values (ICOHPs) of selected bonds were
extracted from the energy-partitioning Crystal Orbital
Hamilton Population scheme [27] to gain information
about the bond strengths, comparable to the longer
established Mulliken Overlap Populations [28] extracted
from the Crystal Orbital Overlap Populations [29]. The
chosen models were based on the reported V3;As, and /-
V4Ass structures, as well as our refined models of
Ti,MoAs, and TisMoAss;. In case of Ti,MoAs,, M2
(refined as 16.9(4)% Mo and 83.1% Ti) and M3 (refined
as Ti) were treated as Ti sites, and M4 (98.0(7)% Mo) and
M5 (89.7(7)% Mo) as Mo sites. Two of the four M1 sites
per cell were simulated as Mo and two as Ti, for the refined
Mo occupancy was 34.2(4)%. This led to a symmetry
reduction from P4/m to P2/m, and the anticipated formula
of Ti,MoAs,. In case of TizMoAss, Ti was assigned to the
sites M1-M3 (refined Mo occupancies below 15%), and
Mo to M5 (refined to 95.9(1)% Mo). Last, M4 (refined to
24.6(9)% Mo) was half occupied by Mo in our model, i.e.
two of the four sites per cell. This necessitated a symmetry
reduction from C2/m to Cm, yielding the correct formula
Ti3MOA53.

3. Results and discussion
3.1. Crystal structures

The structure types of Ti,MoAs, and TisMoAs; are
V3As, [17] and CryAs; [30], respectively. V4Ass exists in
two modifications, o and f8: f-V4Ass;—the high temperature
form—is isotypic with CrsAs; [18]. As these structure types
were discussed before, the description will be kept short
here. V3As, can be understood as a V-inserted TisTey [31]
structure (V3As,=VsAs,V), thereby comprising linear
chains of face-sharing centered V cubes, as in body-
centered cubic (bcc) elemental vanadium, surrounded by
As atoms, with the additional V atom located in octahedral
voids of the As atom substructure. The latter is called M3
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Table 1
Crystallographic data for Ti,MoAs; and Ti;MoAs;

Empirical formula
Formula weight

Ti2.02(1 yMog 93As>
340.38 g/mol

Temperature 298(2) K

Wavelength 0.71073 A

Crystal system Tetragonal

Space group P4/m

Unit cell dimensions a=9.706(4) A
c=34512)A

v =325.1(3) A

V4 4

Density (calculated) 6.954 g/em®
Absorption coefficient 28.459 mm ™!

F(000) 606

Crystal size 0.04 x 0.04 x 0.02 mm
Reflections collected 1342

Independent reflections 547 [R(int) = 0.0515]
Completeness to 0 = 30° 99.6%

Refinement method
Data\restraints\parameters
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Full-matrix least-squares on F
547\0\37

R1 =0.0428, wR2 = 0.0718

0

1.92 and —1.39¢ /A3

Ti3.034)M0g.97AS3
925.92 g/mol

298(2)K

0.71073 A
Monoclinic

C2/m
a=14.1073)A
b=3.5148(7) A
c=9.522(2) A

B = 100.66(3)°

V = 464.02) A3

4

6.628 g/cm®

28.628 mm ™'

826

0.06 x 0.04 x 0.03mm
1938

772 [R(int) = 0.0346]
99.7%

Full-matrix least-squares on F*
T72\0\51

R1 =10.0417, wR2 = 0.0850
0.0004(3)

2.08 and —1.33¢7/A?

Table 2

Atomic positions and equivalent temperature factors of Ti,MoAs,

Atom Site X v z Ueq/Az Occ.

M1 4k 0.1382(1) 0.1764(1) ! 0.0085(4) 0.342(4) Mo, 0.658 Ti
M2 4j 0.3975(1) 0.2826(1) 0 0.0070(4) 0.169(4) Mo, 0.831 Ti
M3 2f 0 3 : 0.0115(5) 1 Ti

M4 1d i 1 1 0.0061(4) 0.980(7) Mo, 0.020 Ti
M5 la 0 0 0 0.0071(5) 0.897(7) Mo, 0.103 Ti
Asl 4k 0.24703(8) 0.41141(9) i 0.0069(2) 1

As2 4j 0.28706(9) 0.03457(8) 0 0.0084(2) 1

Table 3

Atomic positions and equivalent temperature factors of TisMoAs;

Atom Site X y z ch/z&z Occ.

M1 2a 0 0 0 0.0075(7) 0.15(1) Mo, 0.85 Ti
M2 4i 0.6577(1) 0 0.4470(1) 0.0072(5) 0.134(9) Mo 0.866 Ti
M3 4i 0.2263(1) 0 0.1747(2) 0.0090(6) 0.038(9) Mo, 0.962 Ti
M4 4i 0.43855(9) 0 0.2731(1) 0.0065(4) 0.246(9) Mo, 0.754 Ti
M5 2c 0 0 ] 0.0060(4) 0.96(1) Mo, 0.04 Ti
Asl 4i 0.07079(7) 0 0.26704(9) 0.0070(2) 1

As2 4i 0.36094(7) 0 0.00952(9) 0.0078(2) 1

As3 4i 0.82016(7) 0 0.34780(9) 0.0069(2) 1

in Ti,MoAs, (left part of Fig. 1). Alternatively the metal
clusters may be viewed as a chain of vertex-condensed
octahedra. The bce motifs (or chains of octahedra) occur in
TisMoAs; as well, where the chains run parallel to the b-
axis. Between the chains are twice as many MAsg
octahedra comprising M1 and M3 (right part of Fig. 1).

Jeitschko et al. discussed these building blocks for a series
of manganese arsenides [32].

The M atoms forming the cubes participate in fewer
M-As bonds, i.e. 4-5 per M atom, compared to six for the
M atoms between the cubes. The shortest bonds in these
structures are between M atoms and As atoms, varying
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Fig. 1. Crystal structures of Ti,MoAs, (left) and TisMoAs; (right). Large circles: M sites; small: As. White circles are at height 0, black at %

Table 4
Interatomic distances [A] of Ti,MoAs, (<3.45A)

M1-Asl 1 x 2.514(2) M2-Asl 2% 2.557(1)
M1-As2 2 x 2.635(1) M2-Asl 2 x 2.584(1)
M1-As2 2% 2.638(1) M2-As2 1 x 2.635(2)
MI1-M5 2 x 2.776(1) M2-M4 2 x 2.902(1)
M1-M1 2% 3.076(2) M2-M1 2% 3.221(2)
M1-M2 2 x 3.221(2) M2-M2 2 x 3.299(2)
M1-M3 1 x 3.415(2) M2-M3 2 x 3.390(2)
M3-Asl 2 x 2.547(1) M4-Asl 4 x 2.602(1)
M3-As2 4 x 2.713(1) M4-M2 8 x 2.902(1)
M3-M2 4 x 3.390(2)
M3-M1 2% 3.415(2) M5—As2 4 x 2.806(1)
M5—M1 8 x 2.776(1)
Table 5
Interatomic distances [A] of TisMoAs; (<3.45 A)
M1-Asl 2% 2.554(1) M2-Asl 2 x 2.598(1)
M1-As2 4 x 2.6477(8) M2-As3 2 x 2.603(1)
M1-M3 2 x 3.316(2) M2-As3 1 x 2.635(2)
M1-M4 4 x 3.382(1) M2-MS5 2 x 2.951(1)
M2-M2 2 x 3.148(2)
M3-Asl 1 x 2.510(2) M2-M4 1 x 3.208(2)
M3-As3 2 x 2.598(1) M2-M4 1 x 3.226(2)
M3-As2 2 x 2.623(1) M2-M3 1 x 3.417(2)
M3-As2 1 x 2.681(2)
M3-M4 1 x 2.967(2) M4-As2 1 x 2.545(2)
M3-M2 2 x 3.417(2) M4-Asl 2 x 2.571(1)
M3-M3 1 x 3.316(2) M4-As3 2 x 2.612(1)
M4-M5 2 x 2.796(1)
M5-Asl 2% 2.596(1) M4-M3 1 x 2.967(2)
M5-As3 2 x 2.679(1) M4-M2 1 x 3.208(2)
M5-M4 4 x 2.796(1) M4-M2 1 x 3.226(2)
M5-M2 4 x 2.951(1)

from 2.51 to 2.81 A in Ti;MoAs, (Table 4) and 2.55-2.68 A
in TisMoAs; (Table 5). These values compare well with the
Ti-As bonds of 2.61 A in TiAs and the Mo—As bonds of
2.52-2.75A in MoAs (both with six As neighbors per M
atom).

The shortest M—M bonds occur between the center of the
cubes and their corners, ranging from 2.78 to 2.90A in
Ti,MoAs, and from 2.80 to 295A in TizMoAss. The
M-M contacts along the edges of the cubes are between
3.08 and 3.30A in TiMoAs, and 3.21 and 3.23 A in

TizsMoAs;. Additional M—M contacts of similar lengths
exist between the chains, namely 3.22A in Ti,MoAs, and
3.15A in TisMoAssz. The M3 atom of Ti,MoAs,, located
between the cubes, forms no short M—M bond, its shortest
M—-M contact being 3.39 A. The same is true for the M1
atom of TizMoAs; with the shortest M1-M distance being
3.32 A, while the M3 atom is bonded to the cube via an
M3-M4 bond of 2.97A. For comparison, a number of
M-M bonds between 2.76 and 2.98 A were found in
TigMoAs; [13].
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3.2. Site preferences

There are five different M sites both in Ti,MoAs, and in
TisMoAs;. These may be divided into three different
groups. Group 1 is formed by the M atoms of the cube
centers, group 2 comprises the M atoms of the edges, and
group 3 contains the interstitial M atoms between the cube
chains. The sites of group 1 (M4, M5 in Ti,MoAs,, and M5
in TizMoAs;) are predominated by Mo atoms, with Ti
occupancies between 2% and 10%. These positions have
the fewest As neighbors (four per M atom), and the most
M neighbors (eight), the latter with the shortest M—M
distances. Group 2 (M1, M2 in Ti,MoAs,, and M2, M4 in
TisMoAs;) is mixed, exhibiting Ti occupancies between
66% and 83%. Last, group 3 (M3 in Ti,MoAs,, and M1,
M3 in TisMoAs;) contains mostly Ti, with Ti occupancies
between 85% and 100%. This group’s members participate
in the longest M—M contacts, and have the highest As
coordination numbers (6). Qualitatively these differences
may be understood based on the smaller electronegativity
of Ti, compared to Mo, leading to titanium’s preference for
As coordination, and the larger electron concentration of
Mo, compared to Ti, resulting in more M-M bonds per
Mo atom. The same trends were observed in Ti;MoAs;. It
is noted that there are virtually no size differences between
Ti and Mo, as the Pauling single bond radius of Ti is
slightly larger (rr: 1.32 A: ruvor 1.29 A), and Slater’s crystal
radius of Ti is smaller, compared to Mo (r;: 1.40 A; Mo
1.45 A) [33,34].

3.3. Electronic structure

The electronic structure of ViAs, was computed ecarlier
by Bouayed et al. utilizing the Extended Hiickel approx-
imation [35]. The resulting densities of states (DOS)
showed a high number of states directly at the Fermi level,
Eg, albeit in a local minimum, almost exclusively of
vanadium character. The latter is true for our LMTO
calculations on both V3As, and f-V4As; (Fig. 2), where
local minima appear just below the Fermi level. Metallic
character is thus most likely for both arsenides, as expected
for such metal-rich pnictides with a multitude of metal—
metal bonds.

The energy window shown, which excludes the filled 4s
states of As, begins at —7 eV with As-p based states, which
in part contribute to V-As bonding. The covalent character
of the V-As bonds is reflected in the V contributions to the
DOS at these low energies. Starting around —2eV, the As
contributions disappear, and the V-d states clearly dom-
inate the area above —2¢eV. Correspondingly, the bonding
V—As states gravitate towards zero above —2¢V in both
V3As, and f-V4As; (Fig. 3).

The bonding analysis of Bouayed et al. (utilizing the
Crystal Orbital Overlap Populations [29]) shows that
V3As, comprises the ideal electron count, 25 valence-
electrons per formula unit, as all bonding interactions are
more or less optimized at the Fermi level, Ef, of V3As,.

2t = 2l
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~ -4 _i"z < -4 ':'E’
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2] I S — \Vi 2 R R \%
10 30 50 10 20 30
DOS DOS

Fig. 2. Densities of states (DOS) of V3As,; (left) and -V4As; (right). The
dashed horizontal lines denote the Fermi level Ef, arbitrarily placed at
OeV.
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Fig. 3. Cumulated V-V and V—As crystal orbital Hamilton populations
(COHP) of V3As, (left) and p-V4As; (right). The dashed horizontal lines
denote the Fermi level Ef, arbitrarily placed at OeV.

Our COHP calculations support this result for V;As,, and
point to the same conclusion for $-V4Ass: while few V-V
bonding states remain unfilled at Er for both V;As, and
p-V4As;, filling these states would concur with filling
antibonding V—As states.

The number of valence-electrons per formula unit of the
new ternaries are comparable, with 24 electrons for
Ti,MoAs, (V3As,: 25) and 33 for TizMoAs; (V4As;: 35).
The computed DOS for our Ti,MoAs, and TizMoAs;
models (Fig. 4) are very similar to those of V3;As, and
p-V4As;, respectively, revealing that a rigid band model
may be assumed. One difference is the lower Fermi level in
case of the ternaries, in accord with the lower valence-
electron concentrations. Moreover, the Mo states become
filled at lower energies than the Ti states, as depicted in the
projected DOS, noting the 2:1 and 3:1 ratios of Ti and Mo
in Ti,MoAs, and TisMoAs;.

Last, we consider the ICOHPs of the V-V and V-As
interactions, cumulated per V atom, of V3As, and f-V4As;.
This procedure details which V site participates in the
strongest V-V and V-As bonds, and thus helps under-
standing the preference of Mo for certain sites. Plotting the
cumulated ICOHPs of the V arsenides vs. the refined Mo
occupancy of the ternaries confirms the two trends
discussed above: stronger metal-metal bonding occurs
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(E - E)leV
(E - E))leV

10 30 50

Fig. 4. Densities of states (DOS) of Ti,MoAs; (left) and Ti;MoAs; (right).
The dashed horizontal lines denote the Fermi level Ef, arbitrarily placed
at OeV.
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Fig. 5. Cumulated integrated crystal orbital Hamilton population values
(ICOHP) per M site vs. Mo occupancies.

with higher Mo occupancies, and stronger metal-As
bonding with higher Ti occupancies. The apparent excep-
tions of these trends indicate that the ICOHPs are not the
only variables, but important ones as the overall trends are
obvious (Fig. 5).

4. Conclusions

Two new ternary metallic arsenides, Ti-MoAs, and
TisMoAs;, were synthesized and characterized. They form
structures isotypic with binary V arsenides, namely V;As,
and f-V,4As;, with mixed Ti/Mo occupancies on almost all
metal positions. Evidence for the formation of the a-V4As;
type was found as well. The preference of titanium for the
sites with more M—As and fewer M—M bonds is evident.
Presumably the a-V4As; structure formed with a starting
Ti:Mo ratio of 5:3. The arsenides Ti,MoAs, and TisMoAs;
are entropy-stabilized high temperature compounds, as
they decompose during annealing between 900 and
1200 °C.

This study substantiates the claim that Ti/Mo com-
pounds with Ti:Mo ratios at least between 4:1 and 2:1 may
mimic V compounds, since TizMoAs; is a substitution
variant of V495As3, and Tis 4oMo0, sgSbg of V5 sSby. We are

currently investigating Ti/Mo chalcogenides to see whether
this concept may be expanded.
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