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The influentce of metal-metal bonding on the physical properties
of the titanium and vanadium monosulfides, monoselenides, and
their solid solutions is explored. Compounds were synthesized at
800°C and characterized by room-temperature X-ray diffraction,
chemical analysis, density, differential thermal analysis (DTA),
magnetic susceptibility, and electrical resistance. All compounds
formed one of three closely related crystal structures: hexagonal
B8,, orthorhombic B31, or a rhombohedral 9R polytype. In all
these structures, partially occupied orbitals of 3d parentage form
narrow bands as a result of metal-metal interactions; all com-
pounds were metaltic and Pauli paramagnetic except nominal VSe,
which exhibits an antiferromagnetic Néel temperature Ty = 240
K and becomes semiconductive below 50 K. Evidence of anion
vacancies was found for all samples; compounds formed from
larger selenium atoms also incorporaie interstitial metals into trigo-
nal bipyramidal sites, stabilizing the hexagonal B8, structure and
avoiding distortions to the idcal (“unstuffed™) B31 or 9R
structures. o 1995 Academic Press, Inc.

1. INTRODUCTION

The influence of metal-metal bonding on the physical
properties of Ti and V compounds is of interest because
the partially occupied 3d orbitals form narrow bands. De-
pending on the strength of the metal-metal interactions,
the 34 clectrons may be localized, itinerant, or trapped
in metal-atom clusters (1). TiO and VO appear to crystal-
lize in the cubic rocksalt structure, for example, but both
the cation and the anion sublattices contain about 16%
vacancies; in these oxides, the vacancies reduce the lat-
tice parameter and therefore increase the metal-metal
bonding across shared octahedral-site edges. Ordering of
the vacancies occurs in superconductive TiO; the vacan-
cies remain disordered in the semimetal VO.

"~ The nominal monochalcogenides TLX and VX, X = S
or Se, crystallize either in the hexagonal B8, structure of
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NiAs or a hexagonal 9R polytype or the orthorhombic
B3t structure of MnP. In this paper we explore the influ-
ence of metal-metal bonding on the chemistry and struc-
ture of four nominal monochalcogenide systems, TiS-VS,
TiSe~-VSe, TiS-TiSe, and VS-VSe,

2. CRYSTAL STRUCTURES

The ideal B8, structure consists of a close-packed hex-
agonal anion array with cations in the octahedral sites.
In this structure, each anion is at the center of a trigonal-
prismatic site of a primitive hexagonal cation array; the
cations share octahedral-site faces along the hexagonal c-
axis and share octahedral-site edges within a basal plane.
The tetrahedral sites form face-shared pairs to make a
single trigonal bipyramidal interstitial site. The bipyrami-
dal siles share common faces with the occupied octahe-
dral sites.

Nonstoichiometry is commonly encountered in the
monochalcogenides. Cation vacancies tend to order
within alternate octahedral-site basal planes of the hexag-
onal B8, structure in a sequence of discrete M,_ X com-
pounds over the compositional range 0 = x = 0.5 (2).
However, as in Tig8,, cation vacancies may also induce
formation of a 9R polytype in which the stacking of close-
packed anion planes is (chh);, where ¢ denotes cubic
and h denotes hexagonal stacking; the cations occupy
oclahedral sites in this phase also. Two types of metal-
rich compounds are found: M, X, , compounds (0 <
x = 1) contain cation interstitials that occupy randomly
the bipyramidal sites, and MX,_, compounds contain a
small (y < 0.1) concentrations of anion vacancies. The
metal-rich compounds have an atom-deficient hexagonal
close-packed anion array of the B8, structure.

A stoichiometric or metal-poor phase may have the
B31 structure, which is derived from the B§, phase by
cooperative atomic displacements that create zigzag
metal-atom chains and anion (or metalloid) chains each
running parallel to the orthorhombic a-axis. This geomet-
ric relationship allows for two possible driving forces for
the transition from B8, to B31 symmetry: optimization of
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metal-metal bonding associated with narrow, partially
filled 34 bands, and/or the optimization of metalloid—met-
alloid bonding associated with partially filled metalloid p
bands. Franzen et al. (3) have provided a crystallographic
criterion for distinguishing which distortion mechanism
is dominant: in space group Pricn for the B31 phase, an
axial ratio ¢/b > 0.943 signals metal-metal bonding and
a c/b < 0.943 indicates metalloid—metalloid bonding; a
¢/b = 0.943 is the “‘ideal’’ ratio for hexagonal close pack-
ing with b = (\/i)a. The resultant concentration of elec-
trons in the shorter metal-metal bonds and/or holes in
the metalloid—metalloid bonds is sometimes referred to
as a charge-density wave (CDW) state.

The titanium and vanadium monochalcogenides have
partially filled 3d orbitals with the Fermi energy Eg above
the top of the chalcogenide valence bands. The cubic
component of the crystalline field at the octahedrally coor-
dinated cations splits the fivefold orbital degeneracy of
the metal-atom 3d states into three degenerate ¢, orbitals
and two degenerate ¢ orbitals of higher energy. In an
hexagonal lattice, a trigonal component of the crystalline
field further splits the threefold degeneracy of the ¢, orbit-
als into two degenerate e_ orbitals and a nondegenerate
a, orbital. The a, orbitals are directed along the hexagonal
c-axis; the a, orbitals of nearest cation neighbors along
the c-axis overlap across a shared octahedral-site face.
The two e, orbitals are each extended toward three of
the six cation near neighbors in a basal plane making 120°
M-M bond axes; they are rotated with respect to each
other by 60°, This geometry allows two e, electrons per
metal atom to bond to all six near neighbors in the basal
plane via half-filled e_ bands. The relative stabilities of
the a, and e_ orbitals depend critically on the axial ratio
c/a of the crystal (4). In the B3l structure, a 60° angle
between the metal-metal bonds of a metal-atom chain
allows both ¢ orbitals to participate in metal-metal bond-
ing, and the change in translational symmetry from that
of the hexagonal B8, structure opens up an energy gap in
the e bands at the half-band position.

3. PREVIOUS WORK

The first large-scale systematic studies on the transi-
tion-metal chalcogen/pnicogen systems were performed
in (937 by Biltz et al. (5}. This interest was sustained until
the late 1970s, and a large number of thorough review
articles exist that summarize the results generated during
that period (6~13). More recently, a number of research-
ers have performed band-structure calculations of various
types in an attempt to elucidate some of the physical and
chemical properties found in these systems (14-20). In
this section we summarize the experimental information
available in the literature on the compounds TiS, VS,
TiSe, and VSe and on the system (V,_,Ti,)S, as well as
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the pertinent results from the band-structure calculations.
In general, all of the compounds studied have homogene-
ity ranges that are strongly dependent upon preparation
temperature. All compounds are reported to be metallic
and, except for VSe, to exhibit Pauli paramagnetism.

Stoichiometric TiS does not appear to exist; the metal-
rich TiS,_, (x = 0.05) phases have the B8, structure with
an unusually high c¢/a = 1.92 axial ratio and the sulfur-
rich Ti,_,S phases form the 9R-polytype structure with
metal-atom vacancies (21). X-ray photoelectron spectros-
copy has confirmed that the S 3p valence bands lie below
Eg, which is located within the partially filled Ti 3d
bands (22).

Stoichiometric VS is reported (23) to have the theoreti-
cal density and orthorhombic B31 structure at room tem-
perature. A range of nonstoichiometry is stable on either
side of the stoichiometric compositions. The existence of
three different hexagonal B8, type phases is reported in
the range V55 to VS (9). It is stated that metal-rich
V§,_, samples contain sulfur vacancies; metal-poor VS,
samples contain vanadium vacancies (24). At room tem-
perature, the B31 phase is stable for 0.85 = §/V < 1.06
(100; the structure changes from B31 to B8, at a §/V ratio
of 1.06 (23, 25). A second-order 831-B8, transition occurs
at T, = 350°C in V,,S; the transition temperature in-
creases to 630°C as the stoichiometric composition VS is
approached (26-28). X-ray photoelectron spectroscopy
(28} indicates that the filled valence bands lie discretely
below Ep, which lies in the partially filled V 3d bands of
a, and e, parentage. However, the V-5 bonding via the
o-bonding V e, s, and p orbitals is reported to be so strong
that there is little charge transfer from V to S (22, 29);
the valence bands are described with a band model rather
than with a crystal field model, i.e., a covalent rather than
an ionic model. Magnetic-susceptibility measurements
show an enhanced Pauli paramagnetism with the presence
of some localized spins, which we associate with anion
vacancies (26-28, 30-32).

TiSe does not exist in a stoichiometry form; it dispro-
portionates into an anion-deficient B31 phase reported to
be TiSe,qs and an hexagonal phase initially thought to
be the cation-deficient B8, phase TiySe (33) but later
contended to be a Ti;Se, phase with an ordering of the Ti
vacancies that serves to minimize electrostatic repulsion
(34). In addition, a rhombohedral form of TiSe with un-
known composition was obtained by Hahn and Ness (35);
it is shown in this work to be isostructural with the 9R
polytype of TigS, identified by Hahn and Harder (36). An
anomaly at 630°C in the signal obtained from differential
thermal analysis (DTA) performed on the B31 form of
TiSe, 4 was observed by Hirota er al. (37), who were
unable to identify the cause of the anomaly because the
sample reacted with the silica tube in which it was sealed.

VSe has the hexagonal B8, structure at all temperatures
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studied (11, 26, 38-40), Of the four end-member mono-
chalcogenides investigated in this work, only nominal VSe
has an axial ratio c¢/a = 1.62 close to the ideal ratio 1.633
for hexagonal close packing. A diffusion-controlled transi-
tion in the interval 550 K << T <2 650 K was noted by Carpay
(11) in samples slow-cooled to 300°C; he speculated that
metal-metal bonding in VSe is enhanced by the introduc-
tion of vacancies on both the cation and anion sublattices.
Resistance measurements indicate that VSe exhibits poor
metallic behavior (41), and the magnetic susceptibility
data indicated a sirongly enhanced Pauli paramagnetism
with apparent Curie-Weiss behavior, but with a Weiss
constant of —2570 K and a spin-only effective moment of
3.2 upindicative of narrow-band magnetism (11). Possible
Néel temperatures of Ty, = 300 K (39), 163 K (26), and
100 K (11) have been reported.

The effects of a changing Ti: V ratio on the structure of
the compounds in the (V,_,Ti,}S system have been studied
by Leebrick (42), Franzen ef al. (24) and by the present
authors (43). Samples synthesized by arc-melting followed
by high-temperature (1400°C = T = 1600°C) annealing {42,
24) showed an essentially smooth B31- B8, transformation
with increasing x at the composition (V Tl 15)S; it was
suggested (24) that the crystallographic change occurs at a
critical electronjc concentration of 0.270 e™/A%, Samples
prepared by low-temperature (T = 800°C) annealing gave
a sharp transformation from the B31 to the B8, structure
around the composition (V ¢Ti, 45)S and a deviation from
Végard’s law in the interval 0.40 < x = 0.60 where the B31
phase appears to be suppressed (43). All samples were
found to be Pauli paramagnetic, and there is no special
change in the nature of the magnetic signal at the B31/Bg,
compositional borderline.

All band calculations (14-20) show strong o-bond
metal-metailoid interactions that split antibonding states
from bonding states. In the B8, structure, the parcntage
of the empty antibonding states of the (V,_,Ti}8,., sys-
tem have primarily cation e, s and p character; the filled
valence bands have primarily S 3p character. The Fermi
energy Ep lies within partially filled, narrow bands of
cation a, and/or e, parentage that are essentially nonbond-
ing with respect to the metal-sulfur interactions. The dis-
persion in these narrow bands appears to be primarily
due to metal-metal interactions. However, there is dis-
agreement about the relative energies of the bands of a,
and e, parentage, which depend sensitively on the axial
ratio cfa. We will argue that this issue is especially im-
portani for understanding the variation with x of the ¢/a
ratio in the nominal system (V,_ Ti,)3,.,.

4. SYNTHESIS AND EXPERIMENTAL PROCEDURES

Samples were synthesized from stoichiometric mix-
tures of the elements; the purity of the powdered metals
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was 99.5-99.8%, and the purity of the lump-form met-
alloids was in the range 99.999-99.9995%. Required quan-
tities of the elements were ground, pelletized, and placed
in silica tubes under an argon atmosphere in a glovebox.
The charged silica tubes were then evacuated to a pressure
P <1 % 107° Torr and sealed. Samples were heated at
100°C/day to 800°C; they were slow-cooled after being
held for 5 days at 800°C. The sealed tubes were either
placed upright or inclined at an angle during the initial
heating cycle to ensure that the low-melting chalcogens
did not flow 10 the opposite end of the tube and condense.
Regrinding the product under argon and refiring at 800°C
for 5 to 7 days was always repeated a second time in order
to obtain samples that were single-phase under powder
X-ray diffraction. In some instances, the regrinding, re-
sealing, and reanmealing procedure was repeated up to
five times. No reaction with the silica tube was observed
except for those samples that contained both titanium and
selenium together.

Room-temperature lattice parameters were obtained
from a least-squares-fitting routine (44) of powder X-ray
diffraction patterns taken with monochromatic Cuk, radi-
ation in the range 10° = 26 = 60°. DTA mecasurements
were performed on nominal TiSe sealed in evacuated
(P <1 x 107 Torr), thin-walled silica capillary tubes to
observe possible phase transformations. After thermal
cyeling, a silvery-gray coating was noticed on the inside
of the capillary tube.

The density of each sample was measured with a fully
automated Micromeritics, Inc. AccuPyc 1330 helium pyc-
nometer, A specially designed 0.1-cm® sample cup was
used to measure the volumes/densities of small amounts
of the dry and finely powdered samples. After an auto-
mated purge cycle, each sampie was subjected to a run
that involved five separate volume determinations. Each
sample was measured at least two times to monitor repro-
ducibility. The accuracy of the pycnometer is approxi-
mately *0.0002 g/cm?®, but the uncertainty used in the
calculation of atomic occupancy is taken to be the stan-
dard deviation of three or more separate measurements.
Density measurements may be complicated by two prob-
lems. First, anion rejection from the lattice can result in
amorphous chalcogenide at the surface and grain bound-
aries that are not detected by X-ray diffraction but do
increase the total volume measured, thereby lowering the
apparent density. Second, the particles may contain
voids, thereby again lowering the apparent density,
Therefore density measurements were made on finely
powdered samples; this method of measurement also
avoids problems with particle agglomeration. Lattice oc-
cupancies were calculated for all samples with the method
of van Gool (45). The error in the calculated atomic occu-
pancies is determined with standard error analysis (46).

Chemical analyses were done on each system with en-
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ergy-dispersive X-ray spectroscopy (EDS). Polished sam-
ples of titanium metal and vanadium metal, as well as
selenium metal shot and powdered In,S,, were used as
standards. The K, peaks of Ti, V, and S and the L, peak
of Se were examined in cach case; there is no peak overlap
at the energies involved. A difference between the compo-
sition on the surface of the sintered pellets and that of
the intertor of the pellets was always noted. For this rea-
son, the compositional analyses were done on finely pow-
dered samples from the interior of the pellets that were
not allowed to sit in air for more than five min. A small
amount of fluffy, poorly crystallized material was detected
by SEM in all samples. It was thought that this material
might be amorphous, and thus the compositional analyses
were performed only on euhedral crystallites. No charging
was noticed on any sample, and each sample appeared
to be undamaged after the analyses were performed. Five
separate analyses were performed on each sample to ob-
tain a statistically averaged composition.

Two samples, (TiysV,s)}S and (Ti;(V,.)S, were arc-
melted in water-cooled copper crucibles in an attempt to
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FIG. 1. Lattice parameters, unit-cell volumes, and ¢/b ratios for the
nominal (V,_,Ti,)S system.
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reproduce the results of Franzen et al. (24). Transmission
electron microscopy was performed on two samples,
V(S s5¢,s) and arc-melted (Ti, sV, 5)S, in an attempt to
identify the composition and clarify some of the details
of the very fine-scale microstructure.

Low-temperature magnetic-susceptibility measure-
ments were made from 5 to 320 K in an applied field of
10 kOe with a SQUID magnetometer. The four-probe
method was used to measure electrical resistance from
room temperature down to 10 K on pressed, sintered
cylindrical samples with an average facial surface area of
20 mm? and an average thickness of 1.0 mm. The accuracy
of the resistance determinations is on the order of 1%.

5. EXPERIMENTAL RESULTS

5.1. The (V,_,Ti)§ System

By visual inspection, samples in the (V,_ Ti,)S system
did not react with the guartz tubes and ail the sulfur was
incorporated into the compounds. Figure 1 shows the
evolution with x of the room-temperature lattice parame-
ters, the orthorhombic ¢/# ratio, and the volume (43). A
c/b > 0.943 in the B31 phase signals that the distortion
is driven by metal-metal bonding in the basal planes. The
lattice parameters of the end-member compositions TiS
and VS agree well with published values (21, 47). How-
ever, comparison of the lattice-parameter data for arc-
melted samples (24, 43) with those of Fig. |1 shows a
significant discrepancy in the compositional range 0.40 =<
x == 0.63; the arc-melted samples had the orthorhombic
B31 structure at room temperature whereas those pre-
pared at 800°C (Fig. 1) are hexagonal. Nevertheless, both
sets of data show a definite deviation from Végard's law
to a larger volume in this range and the average basal-
plane parameter (@) = Y(#/\/3) + a] shows a maximum
near x = 0.5 for each set.

All the samples prepared at 800°C have a sulfur/metal
ratio less than unity (8/M < 1), and the measured densities
correspond, with the exception of x = 0.30, to a filled
metal-atom array and sulfur vacancies (see Fig. 2 and
Table 1). For the x = 0.30 sample, the density measure-
ment indicates vacancies on both cation and anion sublat-
tices. Franzen et al. (24) reported a S/M > 1in the interval
0.40 = x = 0.65 with a density requiring the improbable
introduction of interstitial sulfur atoms. Although their
density measurements are probably not reliable, it ap-
pears that the arc-melted samples have a higher $/M ratio
than those prepared at 800°C.

Samples (V,Ti; )8 and (V,,,Ti, ()S were arc-melted in
an attempt to reproduce the results of Franzen ef af. (24).
Buring the procedure it was observed that the samples
did cross over to the liquid state, and X-ray diffraction
proved that after melting both samples transformed upon
cooling from the B8, phase to the B31 phase. Neverthe-
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FIG. 2. Atomic occupancies of the (V. Ti,)S system.

less, the ¢-parameters, the unit-cell volumes and the c/b
ratios of the arc-melted samples all extrapolate smoothly
from the non-arc-melted values, which indicates that any
overall compositional change induced by the arc melting
is small. A small amount of unidentified second phase
was found to be present in both arc-melted samples; it
was subsequently examined in the (Ti; sV, 5)S sample with
TEM X-ray elemental analysis and electron diffraction
and found to be approximately cubic with a lattice parame-
ter a = 6 A. There is no evidence of sulfur in this phase,
and the titanium : vanadium ratio was around 3:1; this
phase is most probably an oxide or a nitride.

With the exception of samples (V, Tiy)S and
(V,5Tip 5)S, which have resistances one order of magni-
tude larger than those of the other samples, the resistances

TABLE 1
The V,_,Ti, 8§ System

Nominai S:M Density Calculated
composition ratio (g/cml) stoichiometry
VS 0.96 = 0.014 4.71 + 0.006 Voo350.04
Vo9 Tig S 0.84 = 0.010 4.70 = 0.007 (VpaoTio 1)1 045057
Vi5Tig2S 0.91 = 0.021 4.65 = 0.009 (Vo 29Ty 2l 015092
Vo.25Tig 258 0.86 = 0.014 4.54 + 0.02 VonTio o Sesr
Vo_jTiOJS 0.97 = 0,022 4.40 = 0.008 (Vo.ToTiu.m)o.wSo.gz
Vo_ngi()AJgS 0.87 = 0034 4.46 = 0003 (v[l_.ngiﬂ,JS)l.DﬂSO_sT
VisTip4S 0.86 = 0.009 4.48 + 0.008 (VossTlp.a2)1 005057
Vo5TigsS 0.87 = 0.019 4.47 = 0.006 (Vo.uTio 500250 80
Vo.4TigeS 0.94 x 0.024 4.40 % 0.006 (V.35 iy 62)0.9080 6
Vq.aTig S 0.87 + 0.016 4.33 = 0.003 (VowTig 1) mSogr
V2Tl sS 0.90 = 0.009 4.29 = 0.004 (V20T s0)0.0950 g0
V.1 TigeS 0.90 = 0.008 4.25 + 0.011 (Vo.00T g 91009950 g0
TiS 0.93 = 0.007 4,25 £ 0,012 Tiu.wSO_gz
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FIG. 3. Lattice parameters, unit-cell volumes, and c/a ratios for the

nominal (V,_,Ti}Se system.

of all samples in the (V,_,Ti,)S system are small, nearly
temperature-independent, and reversible on cycling be-
tween 4 and 300 K.

As reported (26-28, 30-32) for the end-member VS, all
the sampies exhibited an enhanced Pauli paramagnetism
with evidence at low temperatures of localized spins asso-
ciated with the sulfur vacancies.

The B31 samples (x < 0.40) showed a hysteretic DTA
anomaly at a transition temperature T, = 580°C that varied
from 520°C to 620°C with a varying S/M ratio. We assume
that this marks the B31-B8, transition in this system.

5.2. The (V,_Ti,)Se System

During synthesis, a moderate coating of the silica tube
was noticed after the first anneal, and light, grayish coat-
ings were noticed upon subsequent annealings. The lat-
tice-parameter data of Fig. 3 were obtained on samples
that had been annealed at least twice. From Figs. 3 and
4 and Table 2, four distinct compositional regions are
apparent: {a) 0 = x < 0.2 is characterized by a decrease
in the volume of the B8, phase with increasing x despite
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TABLE 2
The V,_,Ti Se System
Nominal Se: M Density Calculated

composition ratio (g/cm’) stoichiometry
VSe 0.76 = 0.015 575 = 0.003  V, .Seps

V,Tiy Se 0.67 £0.015 573 + 0.006  (VogTip 121 165€05
VOVSTiMSe 0.86 = 0.004 5.88 = 0.001 (VungiQVZI)]‘usseo_gl
V,1Tig ;8¢ 0.86 + 0.019 5.89 £ 0.006  (VigsTipash sSens
VoeTigSe 0.70 £ 0.013  5.88 £ 0.002 (Vo Tios)165€0m
V,.5Tig sSe 077 £ 0.012 589 £ 0.001 (V4 Tig s 55077
Vi4TigeSe 0.78 = 0.018 5.68 + 0.003 Unknown phase
Vo.aTiy,5¢ 0.79 = 0.008 5.59 = 0.001 Unknown phase
VoiTigSees  0.65 £0.009 570 = 0.005  (Vou,Tige) 1s5e07r
Vo2 Tig s8¢ 0.76 + 0.060 575 = 0.005  (Vy3Tigs) 10Seos
Vo TipeSe 0.80 = 0.021 554 £ 0,004  Unknown phase
Vo TipsSe 074 £0.014 567 = 0.001  (VouesTigonuSeps
Tiseu'gs (B}” 0.86 = 0.019 5.58 = 0.005 Ti|_mseu_g7

TiSe| 45 0.75 £ 0.021 574 = 0.005  Tij (oSeg

the larger size of Ti>" relative to V2*; (b) 0.2 < x = 0.6
has a volume of the B8, phase that is nearly independent
of composition and a relatively large density; (¢) 0.6 <
x << 1.0 has the B8, phase only if the selenium/metal ratio
is Se/M = (.76 and the B8, volume increases with x; and
(d) x = 1.0 disproportionates into a B31 phase with Se/
Ti = 0.86 and a B8, phase with Se/Ti = 0.75.

From density measurements, all the samples with the
B8, structure contain interstitial metal atoms (Fig. 4 and
Table 2), whereas nominal TiSe, o with the B31 structure
does not; this difference is reflected in a smaller density
for the B31 versus the Bg, phase for x = 1.0. The lattice
parameters of the end-member nominal compositions
VSe, TiSeyqs. and TiSe, 45 agree with those reported in
the literature (11, 33). The nominal TiS¢, s sample showed
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FIG. 4. Atomic occupancies of (V,_,Ti,)Se.

351

evidence of a small amount of second phase. Brunie and
Chevreton (34) obtained a B8, single phase starting from
TiSe, |, (TigSe,) that exhibited ordering of Ti vacancies
in every other basal plane; the B8, phase obtained from
nominal TiSe, s in this study shows no superstructure
lines and has Ti interstitials as opposed to Ti vacancies.
On the other hand, a single crystal of the Brunie—
Chevreton phase TigSe, with the appropriate density was
grown during the course of this work. Thus it appears
that the hexagonal phase observed by Grgnvold and Lang-
myhr (33) is to be distinguished from the ordered TigSeq
phase identified by Brunie and Chevreton (34). It should
also be noted that the B31 phase has a significantly larger
c-parameter as well as a lack of interstitial metal atoms
as compared with the B8, phase. Finally, a ¢/b > 0.943
in the B31 phase indicates that the distortion is due to
metal-metal interactions in accordance with the criterion
of Franzen et al. (3).

A DTA study of the B31 sample of TiSe was made in
quartz with multiple thermal cycling between 100°C and
800°C. Hirota et al. (37) found a DTA anomaly near 630°C,
but they were unable to confirm the transformation to the
B8, phase with high-temperature X-ray diffraction be-
cause of reaction with their silica tube. The B31 sample
of nominal TiSe, ¢; in Table 2 showed a broad exothermic
peak with a2 minimum at 540°C on first heating; this peak
was generally not observed on subsequent heatings at
20°C/min. Quenching of bulk B31 TiSe, ¢s from 625°C gave
a room-temperature X-ray pattern that showed the pres-
ence of the B8, structure plus a small amount of a second
phase. No reaction with the tube was visible in this experi-
ment other than the appearance of a slight shadow on the
circumference of the tube nearest the sample after opening
the tube under argon. Since a displacive B31-B8, transi-
tion should have been reversible, we are forced to con-
clude that between 540°C and 625°C a diffusional process
and some loss of material has accompanied or followed
the B31-B8, transition at 540°C and that this diffusional
process stabilizes the B8, phase. Such a process could be
the migration of metal atoms to the interstitial positions
accompanying preferential loss of selenium. The presence
of interstitial metal atoms would introduce competitive
metal-metal bonding and thereby inhibit the cooperative
bonding transformation to the B31 structure. On cooling
from 800°C, an exothermic peak occurred at 630°C that
does not appear to be associated with the irreversible
B31-B8, transition that appears to occur at 540°C. This
peak at 630°C is found on subsequent cooling cvcles along
with an additional peak that appears at 575°C and becomes
larger by the fifth cooling run {these peaks were not de-
tected upon heating). After the fifth cycle, the resultant
X-ray diffraction pattern indicates that the sample had
largely transformed to a B8, phase, but retained a B31
component. Thus some reversibility of the B8,—B31 tran-
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sition is seen on cooling at 20°C/min, which reinforces
the speculation that the reversible displacive transition is
made irreversible by a migration of metal atoms in the
hexagonal phase to interstitial sites that is stabilized by
a diffusion-controlled loss of selenium. The transitions at
630°C and 575°C appear to be associated with the B8,
phase; they could be order—disorder transitions that in-
volve cation transfer to/from interstitial sites. Roberts
showed a B8 —B8, reversible transition in MnBi at 340°C
to 360°C in which 10% of the Mn atoms migrated to the
interstitial bipyramidal sites above 360°C. A similar re-
versible migration may occur in the hexagonal B8, form
of TiSe at 630°C, the transition identified by Hirota et al.
(37). The appearance of metal interstitials in the selenides,
but not in the sulfides, is compatible with the larger size of
the Se atoms and hence the larger metal-metal distances
across a shared face of the octahedral and interstitial bi-
pyramidal sites.

Previous workers that have studied VS, , have empha-
sized that the 831 phase occurs for valence—electron con-
centrations greater than a critical value (23); in TiSe the
B31 phase occurs for a valence—electron concentration
less than a critical value. Thus the ¢riterion is not very
meaningful.

The susceptibility y versus temperature measurements
for the (V,_,Ti,)Se system show evidence for an itinerant-
electron Néel temperature between 200 and 300 K in the
x = 0 and 0.1 samples; the paramagnetic susceptibility at
higher temperatures is nearly temperature-independent
and decreases essentially linearly with x. At temperatures
below 40 K, the marked increase in x with decreasing
temperature found in all (V,_,Ti }Se samples, excluding
both forms of TiSe, signals the presence of localized spins
that are not coupled to any magnetic ordering. The persis-
tence of intrinsic localized spins at low temperatures in all
anion-deficient samples indicates that the anion vacancies
are acting as odd-electron traps.

Samples in the (V,_/Ti,)Se system, aside from VSe,
exhibit a small, semimetallic resistance that lies in the
range 2 X 1072 to 7 % 107* O and has a relatively
small temperature dependence. The resistance of VSe
increased sharply below 25 K and showed a slight
thermal hysteresis in the range 100 K < T < 200 K
where the magnetic susceptibility showed anomalies
suggestive of a Néel temperature. It would appear that
antiferromagnetic order opens a gap at the Fermi energy
below T .

5.3. The Ti(Si,_.Se,) System

During the preparation of the Ti(S,_,Se,) samples, ma-
terial was always rejected from the bulk to coat the sides
of the silica tube for those samples with compositions in
the range 0.05 < x = (.9. SEM EDS analysis of this coating
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FIG. 5. Lattice parameters, unit-cell volumes, and c/a ratios for the
nominal Ti(S,_,Se,) system.

on several samples revealed that it consisted entirely of
titanium and silicon; no sulfur or selenium was detected
in the EDS spectrum. When all samples were examined
with X-ray diffraction, it was discovered that Ti(S,_,Se,)
samples with compositions in the interval 0.1 = x = 0.7
and with x = 0.9 crystallized with the rhombohedral 9R
polytype structure isostructural with TigS,. Figure 5 dis-
plays the lattice parameters, unit-cell volumes, and c/a
ratios for the Ti(S;_,Se¢,} samples as functions of composi-
tion. The 9R ¢ lattice parameters have been divided by
4.5 so that the hexagonal B8, structure and the rhombohe-
dral 9R structure can be directly compared to one another.
The B31 sample TiSe, o is not included in this figure, but
the TigS, lattice parameters of Bartram (21) are shown,
There is a sharp discontinuity in the ¢ and ¢ lattice parame-
ters as the structure changes with composition from B8,
to the 9R at the sulfur-rich end, but the unit-cell volume
varies smoothly across this B8,—9R boundary. The 9R a
and c¢ lattice parameters increase continuously with x as
do the 9R unit-cell volumes. However, the parameters do
not extrapolate precisely to the TigS, values reported by
Bartram (21). The « lattice parameters of the B8, samples
found at the selenium-rich end of the compositional scale
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FIG. 6. Atomic occupancies of the Ti(S,_,Se,) system.

merge smoothly with the a lattice parameters of the 9R
phase, but the B8, ¢ lattice parameters are larger than
those of the 9R phase. This feature is also reflected in
the unit cell volumes and c/a ratios of the B, phase.
Extrapolation of the B8 lattice parameters in the sele-
nium-rich compositions compared to the sulfur-rich com-
positions suggests a profound difference in the character
of these two B8, phases. Figure 6 and Table 3 illustrate
the ratio of Ti to octahedral sites determined from the
density measurements. All samples rejected anions during
firing. It is noteworthy that the 9% samples in this system
all have a Ti/octahedral-site ratio close to unity, not 8/9
as found in TigS;. At higher x all B8, samples have a Ti/
octahedral-site ratio greater than or equal to 1.1.

The magnetic susceptibilities y of the Ti(S,_,Se,) sam-
ples exhibit a slightly enhanced Pauli paramagnetism. A

TABLE 3
The TiS;_,Se, System

Nominal (8,5¢): Ti Density Cajcutared
compasition ratio (g/em?) stoichiometry
TiS-B8, 0.93 = 0.007 4.25 £ 0.012 TinssSo 2
TiSyssSep0s— B8, 079 = 0.032 4.34 = 0.003 Thios{So.973€003)0.834
TiSpeSey, 0.93 = 0,011 4,29 * 0.006 Tiy 530 S0.9:5€ 06)0.50
TiSs5¢02 0.87 = 0.012 4.46 + 0.002 Ty 00( S0 515€0 16)0.59
TiS, ;Seq3 0.87 = 0.031 4.64 = 0.02 Ty 00k 0.2 5€0.20)0.87
TiS; 6506 0.91 = 0.061 4.81 = 0.02 Tigas!Sp 635€0 1o
TiS; sSey5 0.82 + 0.004 4,93 = (1.001 Ti; 06l Sg 51580 46)0.85
Tig(Sq s5¢0 5)s 0.83 + 0.040 4.92 + 0.005 Ti, 02(Sg 550 7)o 55
TiS, Seqs 0.78 + 0.036 5.06 = 0.007 Ti 0480 195€0 60052
TiS; 1505 0.92 + 0.009 5.15 £ 0.01 Tino5(S0 10580 7057
TiSy.Sec—B8,  0.75 = 0.028 5.36 = 0.008 Tiy 16050 12580 es)o 86
TiS, Seps 0.92 £ 0.021 5.48 = 0.01 Tig 95(5 1050 o) 88
TiSeqsSeaos-B8, 0.71 = 0.025 5.45 % 0.01 Tiy106S0.055€0 95 78
TiSe, os-B8, 0.76 = 0.021 5.74 £ 0.03 TivwSeqs

353

T T T T T 1T
175 7 : .
o ' F I' L] " I '
a : x, [ ] |
é 1.70 | , - . , -
-53_ t 1 [ ] !
Y o165 \ ' "I 4
) ! ' [ ]
) I VPR DA I 1 1
&a i re
EEE 140 | ‘ 1 o
B | t o
% y , 7 '
S0 - : ) Y , .
3 : 1 e T g !
L - \ _
5 120 . - ! )
§ e *’ ‘ * f
-~ b L 1 1 1
600 ® a parameter te 1
<& b}:lS parameter PO
w 505b | ¢ cparameter . * * | .
E 1 * ¢ 1
3 500 ' ' . i
[ . . ,
2 585%  ve . . ! §
5.80 F 3 ' I .
: L + . 1 1 '
37 ' LI
i 1
g 36F , . 5
| = \
g a5 e C
5 34l - o ' .
% o L
333 I'I. Ir ' N
" 1 1 1 1 1 1
0.0 0.2 0.4 06 0.8 1.0
Nominal x in VS“.-X)SE[X}
FIG. 7. Lattice parameters, unit-cell volumes, and ¢/a ratios for the

nominal V(S,_ Se,) system.

contribution from localized spins appears below 10 K.
An anomalous dip in the inverse susceptibility occurs
between 60 and 70 K in each of the 9R samples; this
anomaly probably reflects a subtle structural change at
this temperature in the 9R phase. All samples were me-
tallic.

5.4. The V(§,_.S¢,) System

All prepared samples appeared to be single-phase; how-
ever, the X-ray diffraction reflections were quite broad in
therange 0.4 =x = 0.7, which would indicate considerable
chemical inhomogeneity. A high background signal pro-
vided evidence of amorphous material. The lattice param-
eters, unit-cell volumes, and c¢/a ratios of the V(8,_ Se,)
system are displayed in Fig, 7. For 0 = x = 0.02, the
samples have the orthorhombic B31 structure; the remain-
der of the samples in the series have the hexagonal BS,
structure, The unit-cell volume varies continuously
through the B31-BR, transition, but a break occurs in the
evolution with x of the ¢ parameter near x = 0.35; a first-
order expansion is found in the range 0.9 < x << 1.0. The
expansion is in all directions in the crystal, which may
signal a change from weakly to strongly correlated itiner-
ant electrons and/or covalent to ionic bonding.
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TABLE 4
The VS§,_,Se, System
Nominal (5,5¢):V Density Calculated
composition ratio (g/cm?) stoichiometry
VS 0.96 = 0.012 4.71 = 0.006 V085004
VSO_gsseo_uz 0.84 = (.012 4.61 = 0.005 Vg_g;,(SO‘gggseg'mﬂﬂlgg
VSO.gseﬂ.I .79 = 0.026 4.77 £ 0.001 Vl.Od(SU.93sel].OT)0.E3
VSO.BSCO.E 0.74 = 0.11 5.01 = 0.005 vllm(Sn'gzseQ_lg)q_m
VS;.:5¢q3 (.78 = 0.044 4.95 = 0.001 V]_DZ(SO‘Tjseg_gj)u'gl
VSp65e04 0.69 = 0.033 5.20 = 0.001 V1 12(Sp a1Segag)y 17
VS;.55€s 0.63 = 0.017 5.27 + 0.002 Vi 15(Sp505€0 s0)0.72
VS.4Segs .71 = 0.036 5.37 = 0.005 Vii0(So.a5ey swdo 7
VS,15e; 0.67 £ 0.012 5.24 = 0.006 V113(80.145€067)0 76
VS 15epg 0.68 = 0.04 5.64 = 0.01 Vi 14(Sp.Sep 79007
V8i18ey, 0.70 = 0.067 S.82 = 0.003 V115050.0650.91 Y50
VSe 0.76 + 0.015 5.75 £ 0.003 ViaSegwm

Table 4 shows the calculated stoichiometry for various
values of the nominal as-mixed parameter x in the system
V(S,_,Se,) system; the calculations are based on the mea-
sured anion/metal ratio and density. The site occupancies,
Fig. 8, show once again that the B8, samples may have
interstitial cations may whereas the B31 samples do not.

In general, the magnetic susceptibility is small and tem-
perature-independent at the higher temperatures (T = 300
K). For lower temperatures (in the range 10 to 50 K)
evidence of localized moments is also found in this
system.

Broadly speaking, the resistances of all the V(S,_,Se,)
samples were low (R = 4 X 107 ) and, in the two
B31 samples, remained temperature-independent to 4 K.
However, all the B8, samples except VSe exhibited an
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abrupt increase in resistance with decreasing temperature
in the interval 75 K << T < 160 K. In an attempt to clarify
the origin of this resistive anomaly, electron diffraction
was performed at room temperature on crystallites of
V(5,.45¢€y¢). An unusual mosaic structure impeded all ef-
forts to identify the zone axis of the crystal structure; in
dark field imaging, finger-like features with a size of the
order of 100 A were observed. The precise nature of this
fine-scale microstructure was not determined. Surpris-
ingly the samples remained stable under the electron
beam. Small clumps of amorphous material, presumably
rejected sulfur and/or selenium, were detected with TEM.

6. DISCUSSION

The band calculations support the following basic fea-
tures of the valence electrons in TiS, TiSe, VS, and VSe,
and their solid solutions: (1) strong metal-chalcogen
{M-X) o-bond interactions create a filled valence band of
primarily anion p character and empty antibonding bands
of primarily cation s, p, and e orbital parentage; and (ii)
the remaining three cation 34 orbitals interact less
strongly with the anions, but are broadened into narrow
3d bands by metal-metal interactions. Two 3d bands can
be distinguished: an orbitaliy nondegenerate a2, band asso-
ciated with metal-metal bonding along the c-axis across
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shared octahedral-site faces and two degenerate e, bands
associated with metal-metal bonding within the basal
planes across shared octahedral-site edges.

6.1. The Ti(5,_,Se,) System

A distinctive feature of the hexagonal B8, structure is
the variability of the ¢/a axial ratio; a large ¢/a ratio would
indicate stabilization of the e_ bands relative to the a, band
and a small ¢/a ratio would do the opposite. Moreover,
optimum metal-metal bonding occurs where the bands
are half-filled. In the case of TiS and TiSe, which have
two electrons per Ti atom in the Ti 34 bands, stabilization
of half-filled e, bands and an empty &, band would max-
imize bonding in the basal planes without any competition
from c-axis metal-metal bonding; this situation favors an
anomalously large c/a ratio such as is actually found in
TiS. However, the introduction of anion vacancies both
adds electrons to the Ti 34 bands and allows for shorter
M-M distances. The addition of extra 34 electrons sug-
gests that the &, band is not raised completely above Eg
by the large ¢/a ratio, so we obtain the schematic energy
density of states shown in Fig. 9a. Stabilization of phases
with a large concentration of anion vacancies is a common
feature of binary compounds with metal-metal bonding
(49, 50).

In the case of TiSe, the larger size of the anion not only
increases the separation between octahedral sites, which
narrows the Ti a; and e, bands, but also increases the
separation between octahedral and bipyramidal sites suf-
ficiently to allow stabilization of interstitial Ti atoms. Con-
sequently, attempts to prepare stoichiometric, or nearly
so, TiSe have vielded four distinguishable phases: (i) a
nominal TiSe, 4 phase that is hexagonal (B8, type) with
cla = 1.764 (33) and appears to correspond to the
Ti; ;4Seg4; phase of Tables 2 and 3 with a ¢/a = 1.734;
(ii) a cation-deficient phase TigSe, with cations that are
ordered within alternate basal planes of the B8, structure
and a normalized ¢/a = 1.75 (34); (iii) a rhombohedral
phase with a normalized c/a = 1.69 (35) recognized in
this work to be a 9R polytype if § mol% of the selenium
is substituted by sulfur; and (iv) a nominal TiSe, ¢; phase
that is orthorhombic B31 with ¢/{a} = 1.81 (33) and ap-
pears to correspond, within experimental error, to the
TiSeys; sample of Table 2; (a) = 3(b/V3) + 4] is the
mean B3} basal-plane lattice parameter.

Distortion of the TiSe,_, phase from the B8, to the B31
structure is accomplished by the formation of two shorter
basal-plane M-M bonds on one side of a metal atom at
the expense of two longer M-—M bonds on the other side.
Such a displacive transition is typical of a narrow half-
filled band having a negative curvature of the M—AM bond
potential vs bond length (51, 52). In the case of TiSe,.,
each of the two ¢ bands would be half-filied, which leads
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to the observed 60° angle between M-M bonds in the
zigzag chains of the B31 structure. Moreover, a c/b >
0.943 confirms that the driving force for the B8,~B31 tran-
sition in TiSe is M-M bonding in the basal planes. As
shown in Fig. 9b, the distortion opens a gap in the ¢,
bands at the half-band position. In TiS, the e, bands are
too broad to sustain the distortion.

On the other hand, enhanced M-M bonding may also
be achieved by the introduction of interstitial Ti atoms.
The shorter separation across a shared site face between
octahedral and bipyramidal Ti atoms leads to the forma-
tion of a Ti; cluster centered at an interstitial Ti atom;
these clusters would lower the ¢/a ratio and stabilize an
hexagonal structure as is observed in the metal-rich phase
Ti, 105€04;. Where interstitial atoms are allowed by a
larger anion, M-M bondings can also stabilize metal-rich
phases. The sulfide ion is not large enough to stabilize
interstitial atoms (see Fig. 5), so only anion vacancies are
found in the (V,_,Ti)S system.

The TizSe, phase described by Brunie and Chevreton
(34) contains titanium vacancies and therefore has too
small an occupancy of the e_ bands for stabilization of
the B31 structure. In this phase, Ti-Ti bonding along the
¢ axis via a partially filled a, band can be expected to
compete with Ti-Ti basal plane bonding via electrons in
the partially filled e_ bands, and the axial ratio ¢/a = 1.75
is smaller than in TiS.

The 9R structure of the Ti(5,S¢),_, system has a filled
cation array and anion vacancies which necessitates
both c-axis and basal-plane bonding to be present. In
fact, the ¢/a = 1.69 found in TiS;(Seyy; with the 9R
structure indicates a stronger relative c-axis bonding
than in the B8, type TizSey phase. In the 9R structure,
the c-axis periodicity introduces a gap in the 4, band
separating a one-third-filled band from the empty a,
states. An occupancy of two-thirds electron per Ti
atom in bonding g, states is consistent with the smaller
c/a ratio.

6.2. The (V,_Ti,)S,_, System

Stoichiometric VS and VSe would contain three 3d
electrons per V atom, which means that the compounds
can be expected to have competitive c-axis and basal-
plane bonding; the competition must reduce the c/a ratio
relative to that found in TiS where, according to Fig. 9a,
the basal-plane bonding is near optimal and the occupancy
of the a, bands is small. Moreover, a larger effective
nuclear charge seen by the V 3d electrons (analogous
to the origin of the lanthanide contraction on moving to
heavier rare-earth atoms) reduces the M—M overlap inte-
gral for the same M—M separation, so the ¢, bands are
narrower in VS than in TiS. Consistent with these two
predictions is the observed distortion from B8, to B3l
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symmetry in VS and a smaller ¢/{z) = 1.73 compared to
[.92 in hexagonal TiS. Since the B31 distortion is stabi-
lized by opening a gap at the half-band position that con-
tains Eg, the e bands mnst be half-filled in erthorhombic
VS, which then leaves the a, band also half-filled. The
schematic energy-density of states for VS should there-
fore look like Fig. 9b, but with the a, band lowered relative
to Ef so0 as to accommodate the extra electrons in a half-
filled @, band. This picture is consistent with the recent
ultraviolet photoemission study of VS by Bensch and
Schlogl (53). The introduction of anion vacancies tends
to add clectrons to the V 3d bands; however, the low-
temperature susceptibility data indicate that one of the
two added electrons per anion vacancy is trapped out by
the vacancy.

The substitution of Ti for V in (V,_,Ti)S,_, increases
the unit-cell volume, but Fig. 1 shows an anomalous
deviation from Végard’s law and Fig. 2 shows a larger
anion-vacancy concentration v in the domain 0.35 = x
= (.65 where the competition between stronger like-
atom bonding and atomic disorder is greatest. Moreover,
it is in this compositional range that there is a discrep-
ancy between the B31 structure of arc-melted samples
and the B8, structure of samples reacted at 800°C. Since
the atoms do not carry a large effective charge, we
suggest that stronger like-atom M-M bonding creates
more like-atom clustering in samples annealed at 800°C
where the entropic driving force for disordering of the
cation is lower. In the range 0 = x = (.35, retention
of the B31 structure indicates that the e, bands remain
half-filled, so [x-2(y — »y] electrons per Ti atom are
removed from the a; bands, where y = y; at x = 0.
Removal of a, electrons weakens the c-axis bonding,
and the c/{a) ratio increases with x; the c¢/b ratio
increases more sharply. The change in c¢/{a) raises the
a, band relative to the ¢, bands, which keeps Ep in
the gap of the e, bands. In the hexagonal (B8,) range
0.65 = x = 1.0, the 2(y — y,) < 0 contribution adds,
rather than subtracts, to the rate of removal of electrons
from the @, and antiboding states of the e, bands with
increasing x, and the increase in c¢/g with x is even
more marked.

Franzen and Wiegers (28) have followed the evolution
with temperature of the lattice parameters of VS,
through the second-order B31-B8, transition at 630°C.
The increase in mean basal-plane parameter {a) and de-
crease in orthorhombicity with increasing T mirror the
changes in lattice parameters with increasing x shown in
Fig. 1; in both experiments the B31 c-axis shows only a
mild increase as the orthorhombicity decreases. The arc-
melted samples (24) show a continuous decrease in ortho-
rhombicity with increasing Ti concentration to x = (.65,
the abrupt change from 831 to B8, in Fig. 1 reinforces
the suggestion of metal atom segregation suppressing a
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long-range cooperative distortion in the range 0.35 =
x = (.65 for the samples annealed at 800°C.

6.3. The V(§,_.Se,) System

Stoichiometric VSe probably cannot be prepared. In
our synthesis, nominal VSe is metal-rich V, 5S¢ 5 it
contains interstitial vanadium atoms that stabilize the hex-
agonal structure with a reduced ¢/a. The Se/V ratio and
interstitial-ion concentration appear to be sensitive to the
thermal history of the sample. Inthe absence of interstitial
vandium, a stoichiometric VSe might be expected to have
V-3d bands sufficiently narrow to stabilize antiferromag-
netic order rather than a distortion to the B31 structure.
The susceptibility data indicate the presence of long-range
magnetic order rather than a distortion to the B31 struc-
ture. The presence of long-range magnetic order below a
T\ = 240 K and the dilatation of the lattice parameter on
passing from nominal V{Se;,S, ;) to nominal VSe (Fig.
7) are consistent with strong electron correlations and
vanadium atomic moments. Nevertheless, the addition
of interstitial vanadium does complicate any long-range
magnetic order below 240 K. Strong electron correlations
in the presence of V, clusters would account for the higher
electrical resistance found in VSe.

The B31-B8, transformation found in the system
V(S,_,Se,) for 0.02 < x < 0.05 is accompanied by the
addition of vanadium to the bipyramidal interstitial sites
(Figs. 7 and 8). As noted above, the suifide array is not
large enough to accommodate interstitial V atoms, so
stronger V-V bonding is only achieved in VS by a distor-
iion to the B31 structure. With the substitution of some
Se for S, the anion subarray is expanded and interstitial
vanadium can be accommodated in Se-rich clusters. The
resulting V, clusters stabilize local hexagonal symmetry to
suppress the cooperative distortion to the B31 structure.
Figures 7 and 8 show that a transition occurs from a few
to a significant number of interstitial vanadium atoms in
the nominal anion range (.3 < x < (.4; the transition is
also marked by an abrupt drop in the density of states
N(Eg) as determined from the Pauli paramagnetism. Such
a change in N(Eg) is to be expected if the formation of
metal-anion cluster orbitals lowers spin-paired bonding
orbitals below Er and raises antibonding orbitals above
Eg. The very broad X-ray diffraction peaks for nominal
V(8,.,5¢,¢) and the unusual mosaic microstructure ob-
served in this sample with TEM point to a microsegrega-
tion into Se-rich and Se-poor regions of about 100 A size
in the nominal anton range 0.3 < x < 0.7, the vanadium
interstitial would be preferentially segregated to the Se-
rich domains.

6.4. The (V,_,Ti)Se System

Finally the system (V,_,Ti,)Se shows an abrupt drop
in the unit cell volume occurring in the range 0.1 <x <
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0.2; it appears to reflect a loss of the strong electron
correlations associated with long-range magnetic ordering
in the vanadium-rich selenides. All the hexagonal sele-
nides show evidence of interstitial metal atoms and anion
vacancies. The increase in the ¢/a ratio with increasing
Ti concentration x reflects, as in V,_,Ti S, a decreasing
c-axis bonding; a large ¢/a ratio raises the energy of the
@, band relative to that of the ¢, bands, which reduces
the competition between c-axis and basal-plane bonding
in favor of bonding in the basal plane. The result is a
decrease in the hexagonal lattice parameter a with increas-
ing x despite the larger size of the Ti*" ion.

7. CONCLUSIONS

The nominal systems TiS-VS, TiS-TiSe, VS-VSe, and
TiSe-VSe all show properties that are strongly influenced
by metal-metal bonding. In TiS, strong Ti—Ti interactions
in the basal plane suffer little competitive ¢-axis bonding,
which makes for a large ¢/a = 1.92. Moreover, the basal-
plane ¢, bands are too broad to stabilize a displacive
distortion to the B31 structure. However, the larger Se™?
ions in TiSe create a larger separation between octahedral
sites, and the ¢ bands in the basal planes are narrowed.
In this case, enhanced Ti-Ti bonding in the basal planes
is achieved either by a distortion to the B31 phase or by
the introduction of Ti atoms into interstitial bipyramidal
sites that introduce strong Ti—Ti bonding within Ti; clus-
ters. In general, interstitial metal atoms in these systems
stabilize an hexagonal structure and form bonding and
antibonding cluster orbitals with neighboring octahedral-
site metal atoms,

The sulfides do not accept interstitial metal atoms. In
VS, the additional d electron introduces competition be-
tween c-axis and basal-plane V-V bonding, which pre-
vents realization of as large a ¢/a ratio as in TiS. More-
over, the e, bands are narrowed sufficiently to stabilize
a narrow-band distortion to the B31 structure. In VSe, the
¢, bands are narrowed further, which introduces strongly
correlated electrons and antiferromagnetism. In this case,
distortion to the B31 structure is not a competitive alterna-
tive, and only a B8, phase with interstitial vanadium atoms
is found even though this *‘stuffed’’ phase contains anion
vacancies. The introduction of interstitial vanadium cre-
ates molecular V; clusters within the matrix of strongly
correlated electrons.

Anion vacancies are a common feature in these sys-
tems; they reduce the unit-cell volume so as to allow
shorter M-M separations, but at the expense of adding
electrons to the 34 bands. In the selenium-rich com-
pounds, anion vacancies are created in the presence of
interstitial metal atoms, which demonstrates the stabiliza-
tion to be achieved by enhanced metal-metal bonding
with the interstitial atoms,
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Whereas TigSey contains Ti vacancies ordered within
alternate basal planes of a close-packed-hexagonal anion
array, Ti;S, forms a 9R (chh); polytype with apparently
disordered Ti vacancies. With only 5% substitution of Se
by 8§ in Ti(Se,_,S,);_,, a 9R polytype containing essen-
tially no Ti vacancies is stabilized. We suggest this 9R
polytype may be stabilized by the opening of a gap at
Ey in the c-axis a, band as a result of the change in ¢-
axis periodicity.

The (V,_,Ti,)S,_, system exhibits a range of composi-
tions 0.4 < x = 0.6 in which the orthorhombic B31 phase
may be stabilized in arc-melted samples quenched from
high temperatures whereas samples annealed at 800°C
are hexagonal. In this compositional range, short-range
bonding within like-atom clusters appears to compete with
entropy to stabilize at lower temperatures a segregation
into like-atom microdomains rather than a distortion to
the B31 structure.

All samples are metallic and Pauli paramagnetic at
higher temperatures (50 K < 7 < 300 K). VSe appears
to stabilize an antiferromagnetic spin-density wave below
Ty = 240 K that introduces a semiconductor-metal transi-
tion at lower temperatures. Other samples uniformly ex-
hibit the presence of some localized-spin paramagnetism
at lowest temperatures; we attribute the spins to the trap-
ping of a single electron at an anion vacancy.

A migration of Ti atoms to interstitial sites accompanied
by a loss of Se occurs above the B31-B8, transition in
nominal TiSe 45, which makes irreversible the displacive
B31-B8, transition since interstitial atoms suppress the
B31 distortion.

On substitution of Se for 8, an interstitial-metal compo-
nent is abruptly stabilized beyond a critical Se concentra-
tion. In V(§,_Se,),_,, a tendency to segregate into Se-
rich and Se-poor regions was deduced, and we suggest
there is a high interstitial-metal concentration in the Se-
rich microdomains.
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