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Atomic force microscopy (AFM) images of two conducting layered transition-metal ditellurides, TaTe2 and Tao.5Vo.5Te2, 
were examined and their surface and bulk structural features were compared. All the measured unit cell parameters 
from AFM image were consistent and in complete agreement with the results of the X-ray diffraction. The microscopic 
structures of corrugated surface tellurium sheets were strongly affected by the modification of metal double zig-zag 
chains underneath Te surface. Large difference in the height amplitudes of AFM images in TaTe2 and TaaMsTe? 
phases was observed and this reflects large difference in the surface electron densities of two phases. On surface, 
the shorter intralayer Te…Te contacts in TaTe2 induce more electron transfer from Te p-block bands to Ta d-block 
bands, thus electron density on surface observed in TaTe2 is much lower than that of TaosVosTe》However, in bulk, 
interlayer Te…Te contacts in V substituted phase are shorter than those in TaTe2 phase, thus tellurium-to-metal 
electron transfer occurs more easily in phase.

Introduction

One of the major research goals in solid state chemistry 
is understanding the interrelationship between the crystal 
structure and the physical properties. This understanding 
is essential because it will lead the way to the rational design 
and the preparation of new solid materials in a predictable 
manner.

Since localized defects and structural disorder often lead 
to some useful changes (metallic to insulating, paramagnetic 
to ferromagnetic or antiferromagnetic, even nonsuperconduc- 
ting to superconducting), it is especially important to under
stand the microscopic local structure. However, detailed ato
mic scale phenomena in phase transition, structural modula
tion by chemical substitution or physical modification can 
not be completely understood using conventional diffraction 
method and electronic measurments.

Recently, SPM (Scanning Probe Microscopy) techniques 
including STM (Scanning Tunnelling Microscopy) and AFM 
(Atomic Force Microscopy) have been applied to examine 
the surfaces of various solid materials.1-12 Among many inte
resting solid state materials, transition metal dichalcogenides 
are attractive for STM and AFM study because of several 
advantages their surfaces have. That is, individual layer of 
these compounds is held by weak van der Waals interactions, 
therefore, fresh flat surfaces are obtained via relatively easy 
cleavage and consequent surface deformation is negligible 
in contrast to the surface of three-dimensional covalent so
lids.

Commonly, transition metal dichalcogenides 1T-MX2 (M 
=transition metal, X-S, Se, Te) adopt Cdl2-type structure 
and this structure consists of edge sharing MXe octahedra13 
However, MXHype layers with different d-electrons exhibit 
various metal atom clustering with concomitant formation 
of metal-metal bonds as shown in Figure l(a)-(e). For exam
ple, lT-TiS2 phase with d° electron count has undistorted 
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Figure 1. (a) Schematic projection view of an undistorted IT- 
Ti& layer (ideal Cdl2-structure). (b) Zigzag-chain clustering of 
metal atoms in lT-WTe2 with d2 ions, (c) Diamond-chain cluste
ring of metal atoms in IT-ReSa with d3 ions (d) Double zigzag
chain clustering of metal atoms in lT-TaTe2 with d히3 ions, (e) 
\/13Xy/i5 clustering of metal atoms in IT-TaSz with d1 ions.

hexagonal lattice as shown in Figure 1(a), 1T-MX2 (M=Ta, 
X=S, Se) system with d1 ions exhibits y^l3X^/i3 metal 
atom clustering as shown in Figure 1(e). During the last 
two decades, a number of theoretical studies have been car
ried out to explain these structure modulations.14,15 Among 
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them, a mechanism for structural modulation relating charge 
density wave (CDW) has been proposed by Wilson et al, and 
Mahajan et 시頂一追

Different from 1T-MX2 (X—S, Se) system, layered transi
tion-metal ditellurides (1T-MX2, X=Te) frequently have 
shorter interlayer Te---Te contacts than the van der Waals 
radii sum due to large covalency of Te. The presence of 
short Te…Te contacts and their role in controlling structures 
and physical properties of these tellurides have been recog
nized in a number of recent studies.19-22 Incommensurate 
and commensurate structures have been observed in 1T- 
MTe2. Recently, the concept of hidden Fermi surface nesting 
was proposed to explain the structural modulation of 1T- 
TaTe2 layers.14 However, there has been no systematic eva
luation of how the structure and the physical properties of 
these compounds could be effected by their Te…Te contacts.

In the present study, we conducted AFM investigation on 
TaTe2 surface and examined local structural modification in 
V substituted 丁处一八了蚤 phase in order to understand the 
structural nature of these materials. The averaged structural 
changes were studied using a X-ray diffraction technique 
and the results were compared with the real structural fea
tures obtained through AFM images.

Experimental

Single crystals of TaTe2 and Tai-xVxTe2 were prepared 
by chemical vapor transport reaction. Mixtures of Ta(or Nb, 
V) and Te were sealed in a quartz tube with a trace of 
I2 under vacuum. Crystals were grown by heating the mix
ture at 800 t： with 50-100 °C gradient for 2-3 weeks. Crys
tals were obtained at the lower temperature zone.

X-ray measurements were taken at room temperature 
using a Siemens X-ray diffractometer and Cu Ka radiation. 
Diffraction data were analyzed using Rietveld-type full-profile 
refinement technique with a measuring step of 0.02° (in 20).

The AFM system used in this study was commercially 
available AutoProbe LS SPM (Park Scientific Instruments, 
Sunnyvale CA) equipped with a 5 gm scanner and it was 
calibrated using mica at ambient condition. The cantilevers 
were Microlevers (Park Scientific Instruments) of force cons
tant of 0.6 N/m and the scan rates were generally 12.5 Hz 
or 25 Hz with **height mode". All the samples for AFM ex
periments were prepared by cleaving the crystals just before 
the experiments. Single crystals with dimensions of 2X2X 
0.2 mm were used and the crystal surface images correspon
ding to crystallographic ab plane were recorded. Measureme
nts and image processing were performed using available 
software in AutoProbe computer. In several cases, images 
were filtered with the fast Fourier-transform (FFT) proce
dure.

Results and Discussion

' X-ray diffraction study. The products of TaTe2, Tai-X- 
NbxTe2 and Tai-xVxTe2 (r=0.5) were black crystals with me
tallic luster. The powder patterns of these three phases were 
similar except for the slightly different r이가ive peak intensi
ties and slight shifts in peak positions, which indicates that 
Ta atoms are substituted by Nb or V atoms without structu
ral change. No extra peaks except the calculated pattern

요
 U

I

20 30 40 50 60 70 80
2P

Figure 2. Results of Rietveld refinements for three phases. The 
fourth pattern from the top represents the calculated data for 
TaTe2 and the vertical strokes mark the positions of calculated 
Bragg reflections. R呻 values for TaTe2, Tai-xVxTez and Tai-^Nb,- 
Te2 were 7.14%, 7.19% and 3.35% respectively.

Table 1. Refined Parameters for Tai-xNbxTe2 in Monoclinic 
C2/m Unit Cell

Atom Position (x,y, z) Occupancy (%)

Tai (2a) 0, 0, 0 50
Nbl (2a) 0, 0, 0 50
Ta2 (4i) 0.6426 (5), 0, 0.9892 (5) 50
Nb2 (4i) 0.6426 (5), 0, 0.9892 (5) 50
Tel (4i) 0.6474 (5), 0, 0.2855 (8) 100
Te2 (4i) 0.2935 (4), 0, 0.2127 (7) 100
Te3 (4i) 0.9976 (4), 0. 0.3008 (7) 100

&=2.60%,・&疔3.35%.

were found. The powder X-ray diffraction patterns were refi
ned with Rietveld-type full-profile refinement technique. The 
refined parameters used were scale factor, zero point, back
ground parameters, cell parameters, atomic positions and oc
cupancies (Figure 2, Table 1). The refined occupancies sug
gested that Ta atoms were randomly substituted by V atoms 
(or Nb atoms) and the resulting composition was Tao.5Vo.5Te2.

The results of X-ray diffraction analysis showed that the 
cell parameters of unit cell decrease when Ta cations of 
TaTe2 were substituted by V cations (Table 2). The decrease 
in cell parameters seems to be due to the smaller radius 
of substituted cations. The solid solutions of three different 
compositions between 丸=0.25 and 0.5 were examined and 
they showed continuous structural behavior.

TaTe2 has CdL-type structure at high temperature (~800 
K) and this structure is distorted to form a double zigzag 
chains cooling to room temperature.13(a) Cdl2-type transition-



1100 Bull. Korean Chem. Soc. 1994, V이. 15, No. 12 Sung-Jin Kim et aL

Table 2. Refined Parameters for Tai-rVjTea in monoclinic C2/m 
Unit Cell

Atom Position (x,y, z) Occupancy (%)

Tai (2a) 0, 0, 0 50
VI (2a) 0, 0, 0 50
Ta2 (4i) 0.6403 (5), 0, 0.9931 (9) 50
V2 (4i) 0.6403 (5), 0, 0.9931 (9) 50
Tel (4i) 0.6467 (7), 0, 0.2765 (9) 100
Te2 (4i) 0.2955 (6), 0, 0.2222 (8) 100
Te3 (4i) 0.9932 (6), 0, 0.2925 (8) 100

&=5.53%, %=7.19%.

Table 3. Bond Distances for MX2 (A)

Atom 1-atom 2 TaTe2 T&NbZd TaaMsTe?

(M-M distances)
M⑴ M⑵⑷ 3.351 3.359 3.283
M(2) M⑵ 4.391 4.401 4.501

(M-X distances in centric octahedron)
M⑴ X(1X4) 2.801 2.810 2.768
血） X(3X2) 2.829 2.840 2.789

(M-X distances in acentric octahedron)
M⑵ X(l)(l) 2.705 2.702 2.529
M⑵ X(2)(2) 2.812 2.765 2.794
M(2) X(2)(l) 2.832 2.886 2.981
M⑵ X(3)(2) 2.757 2.777 2.709

(X-X distances parallel to layering)
X(l) X⑵ 3.834 3.796 3.700
X(2) X(3) 3.806 3.870 3.826
X(l) X(3) 3.490 3.503 3.548
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on (001) face in a direction perpendicular to (001). Closed circles 
are metal atoms. Open circles are tellurium atoms above, and 
the hatched circles are tellurium atoms below the metal atom 
sheet, respectively. The shortened metal-metal distances are em
phasized by solid lines. The cell of the monoclinic superstructure 
is indicated by dotted lines and hexagonal superstructure with 
a = 3ah (where ak is unit cell parameter of Cdl2-type structure) 
is indicated by solid lines. Pseudohexagonal subcell (ideal Cdl2- 
type structure) is indicated by broken lines.

Hgure 4. Projection of MTe2 (M=Ta, Nb, V) structure onto 
(010) face. Large open circles are tellurium atoms aty=l/2, hat
ched circles are tellurium atoms at >=0. Small open circles are 
metal atoms at y—1/2 and closed circles are metal atoms at 
y=0. The directions of displacements of the M(2) atoms from 
their positions in the Cdlg-type structure are indicated by arrows.

metal ditellurides have layers of composition MTe2, which 
consists of MTee octahedra by sharing their edges (Figure 
1(a)). In each MTe? a layer of metal atoms is sandwiched 
between two layers of tellurium atoms, and the metal atoms 
of an undistorted MTe2 layer form a hexagonal lattice. All 
the Ta-Ta distances are identical in high temperature phase 
and the Ta-Ta bonds become asymmetric in distorted phase 
at lower temperature. Consequently, the lattice is distorted 
from a hexagonal (由=3.6351 A) to a monoclinic superlattice 
with d수 3。缶知 b„^akt c/Jsin。, 书)추 q/(、/珈).

Table 3 represents important atomic distances obtained 
from the Rietveld analysis. The observed shortest Ta(l)-Ta 
(2) distance was 3.35 A, while the separation between Ta 
atoms of neighboring chains was 4.39 A (Ta(2)-Ta(2)), sugge
sting the distortion was considerable. In the distorted struc
ture, two thirds of Ta(Ta2) atoms deviated from the center 
and one third of Ta(Tal) atoms remained in the center of 
the Te octahedron. The two crystallographically different Ta 
atoms forming double zigzag chains are emphasized and the 

resulting monoclinic superstructure is indicated by the dot
ted lines in Figure 3. It is apparent that the tellurium sheets 
are distorted in response to the deviation of Ta atoms from 
the center of octahedron. Figure 4 shows projection view 
of (010) plane, which illustrates the corrugation of single 
tellurium-tantalum-tellurium layer. The corrugation pattern 
is such that, where the metal-metal distances are short, the 
Te-Te distances in the transverse direction to the layers 
are lengthened, and vice versa. The tellurium surface thus 
appears as a series of troughs and crests with a period of 
a/2.

The results of X-ray diffraction analysis for Tai-xNbxTe2 
and Tai-xVtTe2 phase indicated that V or Nb atoms are ran
domly distributed on Ta(l) and Ta(2) sites* Since the results 
are similar in two solid solutions, only Tai-xVxTe2 phase will 
be discussed hereafter. The metal-metal(M-M) bonds in V 
substituted phase have more asymmetric character than
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Rgure 5. The AFM image of (001) surface of TaTe2 (a) Two- 
dimensional surface image and height profile of Te surface of 
TaTe2. Lower left part of the image is shown after FFT filtering. 
Triple raws of spots are repeated uniformly. Two brighter rows 
and one darker row represent higher and lower height atomic 
row of Te. The height profile of the surface corrugation along 
the direction of hexagonal superlattice a (the line marked in 
AFM image) is shown at the lower part of (a), (b) three dimen
sional surface image of TaTe2.

those in TaTe2 phase,服，M ⑴・M ⑵=3,28 A and M ⑵-M ⑵ 
=4.50 k (where M represents solid solution of Ta and V 
in Tai-xV,Te2).

The shorter M-M distance in V substituted solid solution 
is rationalized by following arguments. The double metal zig
zag chains are formed to stabilize the crystal structure by 
gaining electronic energy.14 The reason why the metal-metal 
bond옹 in solid solution phase are shorter, thus have more 
asymmetric character seems to be due to less electron pola

rizability of the substituted V atoms comparing Ta atoms. 
Generally, although it is not invariable, 4d or 5d metal-metal 
bond has more overlaps than 3d bond, thus the 3d electron 
in V substituted phase is more localized. In elemental Ta, 
the first and second shortest metal bonds are 3.30 and 2.86 
A and those of elemental V are 3.03 and 2.62 X, respectively. 
The lower-row metal has more extended d-orbitals, thus the 
onset distance for metal-metal bonding for their metal clus
tering is longer than that of the higher-row metal. The obse
rved Ta-Ta distance in TaTe2 phase and M-M distance in 
Tai-xVrTe2 were 3.35 and 3.28 A, respectively.

AFM study. Compared to the conventional diffraction 
study, the AFM image can provide highly resolved informa
tion of the microscopic structural differences between the 
pure and the solid solution phase. In the contact mode of 
AFM, a surface profile is examined by probing the repulsive 
interatomic force between the tip and surface atoms. Since 
the replusive force the tip feels at a given location is propor
tional to the total electron density of the surface, p (r0), AFM 
images reflect the periodic arrangement of atoms on the sur
face.

The AFM image of (001) surface of TaTe2 아lows repeated 
triple rows of spots representing the protruded surfaces, in 
which two bright rows and one dim row represent higher 
and lower height atomic rows of Te (Figure 5(a)), respecti
vely. Two brighter rows represent Te(3) and Te(l) atoms 
and one dim row represents Te(2) atoms of Figure 4. The 
repeating distances of the brightest central row were also 
regular in Tai-xVxTe2 (Figure 6(a)), but the two sides of the 
central row have different contrast from the image of TaTe2 
phase obtained. In the image of Tai-xVxTe2, central row 
among the triple rows was the brightest and two side rows 
were less bright. The row of brightest spots represents Te(3) 
and two side rows represent Te(2) and Te(l). The relatively 
different contrast seems to be due to the different height 
of metals in the second layer, i.e., the height of M(2)-M(l) 
underneath Te(3) is higher 사lan that of M(2)-M(l) under
neath Te(l). However, such effect from second metal layer 
is not significant in TaTe? phase because metal-metal distan
ces are longer than those in TaiVrTe? phase.

All the measured unit cell parameters of commensurate 
supe하attice from the AFM images are consistent and in co
mplete agreement with the results of X-ray diffraction study. 
The distance between spots in TaTe2 image within a row, 
3.6+ 0.2 A, corresponds to the monoclinic unit cell parameter 
b, and the periodic distance in the perpendicular direction 
to the row, 19.2 ± 0.5 X, corresponds to the unit cell parame
ter a (Figure 5(a)).

Figures 5(b) and 6(b) show the three-dimensional surface 
images and the height profiles of Te surface of TaTe2 and 
Tai-IVITe2. The main features of the images remained the 
same (ie. grouping of three rows), and the periodicity of 
the intensity corresponds to the monoclinic cell parameters. 
However, the overall amplitude of these corrugations in V 
doped phase was much greater than that of pure phase, i.e.t 
their amplitudes are ~5 A and ~2 A, respectively. Those 
different surface features are the first time to be observed 
and those will significantly affect surface reactivity. On the 
basis of the crystal structure, the largest differences between 
Te(2) and Te(3) along the perpendicular direction to the la
yer are only 0.56 and 0.46 A in TaTez and Ta—MTe? phases.
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Hgure 6. (a), (b). Two- and three-dimensional surface image 
and height profile of Te surface of Tai—MTe》Lower left part 
of the image is shown after FFT filtering. The hieght profile 
of the surface corrugation along the direction of hexagonal supe
rlattice a is shown at the lower part of (a). The unit cell of mono
clinic superstructure is indicated in (a).

respectively, and the lattice parameter c for the Tao.5Vo.5Te2 
is only 1.3% smaller than that of the TaTe2 phase. Since 
the height difference between the maximum and minimum 
amplitude was 0.94 and ~2 X in AFM image of TaTe2 and 
Tai—M% phases, respectively, the pure geometric factors 
cannot account for such a large surface height difference 
observed.

It has been known that, for layered solids, structural and 
electronical properties of the surface are usually similar to 
those of the bulk. In many low-dimensional transition metal 
disulfides and diselenides, the similarity of the bulk and the 
surface is due to low free energy of the van der Waals pla

nes. However, layered transition-metal ditellurides frequently 
have shorter interlayer Te …Te contacts than the van der 
Waals radii sum due to more coval얀ncy of Te. In transition 
metal tellurides, the oxidation state is given by Ta4+(X2-)2. 
The t이lurium p-band is complexly filled, thus top portion 
of 나｝e p-band has antibonding character. When Te - Te con
tacts are shortened, the p-antibonding band energy is raised 
so that significant overlap with the bottom portion of metal 
d-band is possible. The short distance in interlayer Te…Te 
contacts is an indication of electron transfer.

It has been reported that their d-electron count is actually 
close to d4/3 instead of d1 for lT-MTe2 (M=V, Nb, Ta) systems 
due to the partial tellurium to metal electron transfer.20*^ 
The 1T・MT&(M=V, Nb, Ta) system with 4/3 d-electron has 
their metal ions clustered into "double zigzag-chains" as me
ntioned in the introduction section. For this p^d electron 
transfer, its interlayer Te---Te contacts play a key role be
cause the overlap between the ^-orbitals associated with the 
interlayer Te…Te contacts is most effective in raising the 
top portion of the Te 力-block bands. As a consequence, the 
layered transition metal ditellurides are likely to possess a 
three dimensional metallic character and a slight change in 
their interlayer contact significantly affects their structural 
and physical properties. The shorter interlayer Te …Te con
tacts than those of TaTe? phase are observed in solid solu
tion phase, thus more p^d electron transfers are possible 
in the bulk sample.

However, the interlayer Te- Te contacts are not present 
on the surface. Thus, when the microscopic structures of 
surface are considered, it is necessary to examine how this 
electron transfer is affected by the intralayer Te- -Te conta
cts. Both the X-ray diffraction analysis and AFM image anal
ysis show that the Te…Te distance within a layer in TaTe2 
phase (Te(l)-Te(3)=3.49 A) is shorter 나並 that in V doped 
phase (Te(l)-Te(3)=3.55 A). This shortened intralayer Te… 
Te contact will raise the energy level of Te />-block bands. 
Consequently, electrons can easily be transferred to the bot
tom of Ta d-block bands. Therefore, lower amplitude of the 
protrusion illustrated in AFM image (Figure 7) of pure TaTe? 
phase reflects the lower electron density on Te 力-block ba
nds.

Conclusions

Our study reveals that the bright spots in AFM images 
of TaTe2 and Tao.5Vo.5Te2 are associated with the surface to
pography of the tellurium atoms. The different contrast on 
AFM image reflects that the metal-metal (M-M) bondings 
in V substituted phase have more asymmetric character than 
those of undoped TaTe2. The surprisingly large difference 
in the height amplitudes of AFM images in two phases sug
gests the difference in electron density of the surface Te 
atoms. The shorter intralayer Te -Te contacts in TaTe2 
phase induce more electron transfer from Te />-block bands 
to Ta J-block bands, thus electron density of the surface 
Te is much lower than that of Tao.5Vo.5Te2. However, in bulk, 
interlayer Te - Te contacts in V substituted phase are shor
ter than those of TaTe2 phase due to the small atomic radius 
of V and this dominantly affects on the electron tmasfer.
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Interaction of triethylsilane and diphenylsilane (Ph2SiH2, Ph2SiD2) with the surfaces of 바】odium has been examined 
by trapping the reaction intermediates with 2,3-dimethyl-l,-3-butadiene. lf4-Hydrosilylation of the diene is predominan
tly observed to occur under mild condition over the rhodium catalyst. It is inferred from the product analyses that 
silylene and silyl radicals bonded to rhodium surfaces are the intermediates for addition of silylene to the diene, 
and for 1,4-hydrosilylation, respectively.

Introduction

Transition metal complexes containing silyl radicals or sil
ylenes as ligands are relatively uncommon： however, some 
of those complexes have been isolated as stable compounds.1,2 
Also a recent ion beam study of the reactions of transition 
metal ions with various silanes in the gas phase is quite 
informative as to detailed mechanistic interpretation of tran
sition metal-catalyzed hydrosilylation and provides estimates 
of bond energies of transition metal-silylenes.3 There are 

numerous reports on the hydrosilylations of olefin and diene 
catalyzed by transition metals and their complexes.4^9 Acti
vation of Si-H bonds by transition metal is presumed to play 
an important role in the catalytic hydrosilylation, and direct 
evidence for this oxidative addition is shown by spectroscopy 
at low temperatures.1011

We are concerned about the formation of silyl radicals 
and silylenes bonded to transition metal under mild reaction 
condition. Much endeavor has also been made for obtaining 
the mechanistic information about the behaviors of silylhyd-


