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The surfaces of commensurate layered tellurides NbGez/sTea, NbGelpTe2, and NbSilpTe2 
were examined by scanning tunneling microscopy (STM) and atomic force microscopy (AFM). 
The observed atomic-resolution STM and AFM images were analyzed in terms of the partial 
and total electron density plots of their surfaces calculated by the extended Huckel tight- 
binding electronic band structure method. The STM and AFM images of these phases are 
characterized by a pseudohexagonal arrangement of spots representing the surface Te atoms, 
and the surface unit-cell parameters of these commensurate MA,TeZ phases are well reproduced 
by STM and AFM. The atomic size patterns of the AFM and STM images differ in their 
relative contrasts from those expected on the basis of the surface Te-atom corrugations. This 
discrepancy is explained if the surface Te-atom sheets undergo a slight height reconstruction, 
most likely because the short interlayer Te-Te contacts present in the bulk crystals are truncated 
at  the surface. 

Introduction M atoms. Thus, the general formulas of the commensurate 

The ternary tellurides MAxTe2 (M = Nb, Ta; A = Si, 
Ge) are made up of [Te/M,A/Tel sandwich layers, in which 
the M and A atoms reside in the trigonal prismatic and 
square-planar coordination sites, respectively.'" These 
compounds adopt commensurate superstructures when x 
takes rationalvalues, and incommensurate superstructures 
otherwise. Commensurate superstructures reported are 
NbSi1pTe2,~ MA1pTe2 (M = Nb, A = Ge; M = Nb, A = 
Si; M = Ta, A = Si),2 NbGe2pTe2,l and NbGe3pTe~.~ So 
far, one incommensurate structure has been characterized 
(Le., TaSi0.3mTez).~ Figure 1 shows that, in terms of the 
zigzag chains a, b, and c of trigonal prisms, the sandwich 
layers of the commensurate MA,Te2 phases are written as 
(ab),c (n  = 1 ,2 ,3 ,  etc.), where the chains a and b contain 
M-M pairs and A atoms while chain c contains isolated 

e Abstract published in Advance ACS Abstracts, April 1, 1994. 
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MAxTe2 phases are given by MAn/(zn+i,Te2. [NbSilpTez 
results when n = m, Le., its sandwich layers are made up 
of the chains a and b only.16 This description of the 
commensurate phases led to the suggestion' that incom- 
mensurate MAxTe2 phases may result when their sandwich 
layers have nonuniform distributions of the chains a, b, 
and c [e.g., ...( ab)zc(ab)ac(ab)c...] . This kind of incom- 
mensurate structure is difficult to determine with high 
accuracy (i.e., to get precise coordinates and thus bond 
distances) even with space groups beyond the traditional 
three-dimensional ones. It may be possible to detect such 
an incommensurate phase by the local-probe methods 
scanning tunneling microscopy (STM) and atomic force 
microscopy (AFM).' To demonstrate the feasibility of 
this approach, one should be able to identify by STM and 
AFM the surface unit cells of the commensurate MA,Tez 
phases whose crystal structures are well-known. 

In STM the image contrast is determined by the 
variation of the tunneling current between the tip and 
surface, and the image is simulated by the partial electron 
density of the surface, p(ro,ef) (i.e., the electron density 
associated with the energy levels in the vicinity of the 
Fermi level and evaluated at the tip position ro).8 In the 

(6) In terms of the (MTez) and (M1Tel) units containing the isolated 
M and the M-M dimer, respectively, MA,Tea phases can be written 88 
(MzTe2)o~y(A)o,~y(MTea)lr with *: = 0.5 - y. 

(7) For recent reviews, see: Scanning Tunneling Microscopy I, II ,  
ZZ& Guntherodt, H.-J, Wiesendanger, R., Eds.; Springer-Verlag: Heidel- 
berg, 1992-1993. 
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Figure 1. Top projection views of the sandwich layers of 
commensurate MA,TeZ phases in terms of the building units, 
the zigzag chains (a, b, and c) made up of MTee trigonal prisms. 
The chain c contains isolated M atoms, while the chains a and 
b contain M-M pairs. 

Table 1. Rectangular Unit-Cell Parameters (nanometers) 
of the Surface Te-Atom Sheets of NbGez/sTez, NbGellaTez, 
and NbSil/ZTez Determined from X-ray Crystal Structures 

and from AFM and STM Images 
compound parameter X-ray AFM STM 

NbGezpTep a 0.644 0.68 f 0.05 0.65 f 0.06 
C 1.947 2.00 f 0.10 1.90 f 0.10 

NbGelpTe:! a 0.646 0.66 f 0.03 0.62 f 0.03 
C 1.169 1.11 A 0.06 1.12 f 0.06 

NbSilpTez b 0.7888 0.83 f 0.04 0.85 f 0.07 
C 0.6336 0.63 f 0.04 0.64 f 0.04 

contact mode AFM the image contrast is governed by the 
variation of primarily the repulsive interactions between 
the tip and surface, and the image is described by the 
total electron density of the surface, p ( r ~ ) . ~  Recently, the 
STM and AFM images of various layered chalcogenides 
and halidedo have successfully been interpreted in terms 
of the p(ro,ef) and p(r0) plots calculated by the extended 
Huckel tight-binding (EHTB) electronic band structure 
method." 

In the present work, we examine the surfaces of three 
commensurate tellurides NbGeZpTez, NbGelpTez, and 
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(9) Meyer, E.; Heinzelmann, H. in ref 6 (Vol. 11, p 99, 1992). 
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Rotter, H.; Thiele, G.; Cantow, H.-J.; Ren, J.; Whangbo, M.-H. J. Am. 
Chem. SOC. 1993,115,2495. (d) Whangbo, M.-H.; Ren, J.; Canadell, E.; 
Louder, D.; Parkinson, B. A.; Bengel, H.; Magonov, S. N. J. Am. Chem. 
SOC. 1993, 115, 3760. 
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6093. 
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Figure  2. Surface Te atom arrangements in the sandwich layers 
of (a, top) NbGezi5Tez, (b, middle) NbGelpTez, and (c, bottom) 
NbSilizTez, where the Te atoms represented by circles. The T e  
atoms making the shortest interlayer Te-Te contacts are shown 
by filled circles. The number around each atom represents the 
relative height in milliangstroms with respect to the most 
protruded surface Te atoms. The latter are Te(8) in NbGez,5Tez, 
Te(3) and Te(6) in NbGel/aTea, and Te(2) and Te(3) in 
NbSilpTez. 
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'e 3. (a) Large-scale STM image recorded for the ac  plane of NbGe2/sTe2 (Iw = 9 nA. Vbh = 30 mV). The contrast covers the 
variations in the 0.0-2.0-nm range. (b) Large-scale AFM image recorded for the ac plane of NhGel/sTez. The contrast covers 
ight variations in the 0.0-2.0-nm range. 

: 4. STM images recorded for the ac plane of NbGe*/;Te, ( I ,  = 9 nA. V,, = 30 mV) in (a) and (b). The contrast covers the 
variations in the O.&l.O-nm range in (a) and in the 0 . ~ 2 . ~ i  

(bl 

? 5.  STM height image recorded for the (IC plane of NbC-z,sTer 1 
ntrast covers the height variations in the O.W.5-nm range. 

:e id&). 

= 6.9 nA, Vb, = -31 mV): (a) unfiltered and (b) filtered. 
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Figure 6. (a) AFM image recorded for the ac plane of NbCez/aTez. The contrast covers height Variations in the 0-2-nm range. (b) 
AFM imane recorded for the ac nlane of NbCewkTe9. The contrast covers height variations in the 0.0-1.5-nm range. (e) Zoomed part _,_ - 
of the image in (b) after FFT filtering. 

NbSilpTez by STM and AFM. The atomic-resolution 
STM and AFM images of these compounds are then 
analyzed by calculating their p(ro,ef) and p( rd  plots on the 
basis of the EHTB electronic band structure method. 

Experimental Section 

Ambient condition STM and AFM measurements were 
conducted byemployingacommercial scanningprobe miaoaeope, 
Nanoscope I1 (Digital Instruments, Inc.), with a mechanically 
sharpened Pt/Ir wire as the STM tip and a SiJN, pyramidal 
probe as the AFM tip. Measurements were made on freshly 
cleaved surfaces of the crystal samples because, after several 
hours spent a t  ambient conditions, their surfaces were covered 
with some kind of adsorbates. To improve the periodic features 
of the atomic scale images, some of them were filtered with the 
fast Fourier transform (FFT) procedure: only the most pro- 
nounced frequency peaks of the power spectrum were chosen to 
restore the idealized image with the reverse transform. Other 
details of the STM and AFM experiments can be found 
elsewhere.lQJ2 For NbGez/6Te2and NbCelpTea theSTM images 
do not depend on the polarity of the bias voltages ( V d ,  thereby 

(12) Magonov, S. N.; Whangb, M.-H. Ad". Mater.. in pr-. 

suggesting that they are metals. For NbSil/zTez. stable STM 
images are obtained only for Wi t ive  V k ,  thereby indicating 
that i t  is a semiconductor. Indeed, EHTB electronic band 
structure calculations show that NbGel/JTez and NbCezpTet 
aremetals, and NbSil/ZTez isasemiconductor. Thus, thep(ro.er) 
plots of NbGelpTe2 and NbCezpTez can be calculated by using 
the band orbitals having the energy e lying within the energy 
windowle-ed=4ksT(atroomtemperature,4ksT=O.leV).Our 
calculations show that the p(ro.er) plots calculated with several 
different energy windows (0.125 eV and smaller) are essentially 
identical. NbSil/zTez is deficient in Si, i.e., the coefficient for Si 
is actually less than 0.5. Within arigid-band approximation, the 
electronic structure of this Si-deficient phase, NbSi(,/=,Tez (6 
> O), can be approximated by that of NbSi,/zTez by removing 46 
electrons per Si from the top of its valence band. Then, for the 
STM imaging of NbSi,,/wTe2 with Vuy > 0, the electron from 
the tip flows into the valence band top rather than the conduction 
hand bottom. Therefore, the p(ro,er) plot for NbSil/zTe2, which 
willstand for NbSi,,/MTezhereafter, wascalculated hyemploying 
the energy levels lying within 0.25 eV from the top of the valence 
band. Here again, thep(ro,e,) plotswithdifferentenergywindow 
smallerthan0.25 eVare essentiallyidentical. In thecalculations 
ofthep(r,,er)andp(rd plots, the tipaurfacedistancerowastaken 
to he 1.5 A from the most protruded surface Te atoms. Other 
details of our calculations are described elsewhere.'0J2 
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AinNbGel/sTe~.and3.759AinNbSil/zTel)areindicated 
by filled circles in Figure 2. 

Large-Scale Image# 

As shown in Figure 3a for NbGez/sTe, large-scale STM 
images show darklinear and darkgrainlike imperfections. 
The grainlike defects, observed at  plus and minus V b ,  
are assigned to domains of missing surface atoms because 
similar defecta are also found in the AFM images of both 
compounds. The AFM image of NhGe1/3Tez in Figure 3h 
shows darkspots with linear dimensionsof 7-15nm, which 
are the smallest defects found in our AFM experiments. 
Periodic features of atomic resolution are detected by 
AFM, hut unlike the case of STM images, reliable AFM 
images demonstrating atomic-site defecta have not been 
found. 

At ahighermagn&xtion,theSThiimageofNbCe2/sTez 
(Figure 4a) shows periodic rows with fine substructures. 
The repeat distance of these rows along the direction 
perpendicular to them is 2.0 f 0.1 nm, which coincides 
with the crystallographic c parameter. The missing rows 
in the center of Figure 4a form a groove with depth of ca. 
0.4 nm, i.e., the thickness of one NhGe/sTez layer. The 
darker patterns within the linear groove are assigned to 
the underlying layer. Such linear defects as found in the 
STM images have not been observed hy AFM. Figure 4h 
shows another imperfection of the STM image in a bent 
pattern. 

Atomic-Scale Images and Density Plots 
Common Features. Atomic-scale STM images of 

NhGez/sTe, NhGeyaTez, and NbSillZTe are shown in 
Figures 5.8, and 11, respectively, and atomic-scale AFM 
images of NbGe/sTez, NhGelpTe~, and NhSillzTez are 
shown in Figures 6,9, and 12, respectively. All these STM 
and AFM images consist of atomic-size spots of varying 
contrasts to form periodic patterns consisting of bright 
and dim rows (along the a-axis direction for NhGez/sTez 
and NhGelpTe and along the c-axis direction for 
NbSil/zTez). If the intensity differences are neglected, 
the bright spots form a pseudohexagonal pattern in both 

L 

a 

Figure 7. (a, left) p(ro) plot calculated for the ac plane of 
NIK&T% The eontour values are 0.16.0.10, and 0.05 X le' 
electron/au*. (b, right) p(r& plot calculated for of the ac plans 
NbGe2,6Ta. The contour values are 0.30,0.20,0.10, and 0.05 x 
10-9 electronlaus. 

Surface Structures 

Figure 2 shows projection views of the surface Te sheets 
of the sandwich layers in NbGe/sTez, NbGelIaTez, and 
Nbsil/zTe,andtheirsurfaceUnitcellp~ete~areListed 
in Table 1. All these surface sheets exhibit a pseudohex- 
agonal arrangement of Te atoms. The number around 
each Te atom represents the relative height as derived 
from the hulk crystal structures. In general, the height 
corrugation in the surface Te sheets is not strong: the 
maximum height difference in the surface Te atoms is 
0.10 A in NhGeZ/sTez,0.07 A in NhGelpTe, and 0.01 A 
in NhSilpTez. The three compounds have interlayer 
Te-Te contacta much shorkr than the van der Waals 
radii sum (4 A). The Te atoms involved in the shortest 
interlayer Tee-Te contacts (3.743 A in NhGe/sTez, 3.787 

Figure 8. (a) STM height image recorded for the ac plane of Nb 
variations in the O.(tl.Cnm range. (h) Zoomed part of (h), where 

.Gel/a (1- = 3 nA, V, = 60 mV). The contrast covers the height 
! the eontrast coven the height variations in the 0.C-1.0-nm range. 
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Figure 9. (a) AFM height image recorded for the ac plane of NbGe,,3Tez. The contrast covers height variations in the 0-I-nm range. 
(b) Part of the image (a) after FFT filtering. The contrast coven height variations in the C-1-nm range. (cJ Zoomed part of (bJ. The 
contrast covers height variations in the C-1-om range. 

the STM and AFM images. As summarized in Table 1, 
thesurface unitcell parametersdetermined from theSTM 
and AFM images are in good agreement with the cor- 
responding values expected from the bulk crystal struc- 
tures. The p(ro,ed and p(r0) plots calculated for single 
sandwich layers of NhGezlsTez, NbGelpTez, and 
NbSillZTeareshowninFigures7,lO.and 13,respectively. 
In all these plots, the electron density representing each 
surface Te atom is centered at the atomic position so that, 
as expected from the surface atom positions (Figure 2), 
the Te-atom density patterns form a pseudohexagonal 
arrangement when the intensitydifferences are neglected. 
This explains why the bright spots of the STM and AFM 
images are arranged in a similar way. 

Specific Features. NbGez/sTez. Of the 10 surface Te 
atoms of a unit cell, both Te(6) and Te(2) are lower lying 
than the remaining ones (Figure 2a), and these atoms have 
lower electron densities in the p(r0) plot (Figure 7a). Note 
that Te(6) and Te(2) are not adjacent. In the AFM image 
(FigureGb), however,there isazigzagpatternofdimspots, 
although the contrast difference between these spots and 
the rest is not strong. This can be explained if there is a 
slight height reconstruction in the surface Te-atom sheet. 

ThespotsoftheSTMimages (Figure5)showmuchgr 
contrast differences than do those of the AFM images. 
According to the p(ro,ef) plot (Figure 7h), 8 of the 10 Te 
atoms of a unit cell should have comparable contributions 
to the image. However, in the STM image, there are only 
five to six bright spots per unit cell Figure 5. 

NbGel/sTez. According to the bulk crystal structures, 
the surface Te-atom corrugation is weaker in NhGel/sTez 
than in NbGe~lsTe~ (Figure 2). Nevertheless, the AFM 
image of NbGelpTez (Figure 9) shows a much stronger 
corrugation thandoes that ofNhGezl6Tez (FigureG).Three 
ofthesixspotsperunitcellare hrighterthantheremnhing 
ones, so that chains of bright spots alternate with chains 
of dim spots along the c-axis direction. The contrast 
differences between the bright and dim spots are much 
larger than expected from the p(ro) plot (Figure loa) or 
the surface atom corrugation (Figure 2b). This suggests 
a slight height reconstruction in the surfaceTe-atom sheet. 
Note that the patterns of the STM image (Figure 8) is 
quite similar to those of the AFM image (Figure 9), and 
the &,et) plot (Figure lob) based on the bulk crystal 
structure does not reproduce the occurrence of alternating 
contrast variations in the STM image (Figure 8). The 
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Figure IO. (a,left)p(ro)plotcalculatedfortheoc planeofNbGelpTh. TheeontourvalueaareO.M,0.10,andO.M~ 101tlectron/au'. 
(b, right) p(ro,et) plot calculated for the ac plane of NbGelpTei. The contour values are 0.40,0.30,0.20, and 0.10 X IW electronlau'. 

Figure 11. (a) STM current image recorded for the be plane of NhSilpTeTea (It.,,, = 1.8 nA, Vvv = 200 mV). (b) Zoomed part of the 
image in (a) after FFT filtering. The contrast covers the variations proportional to In(I), where I is the tunneling current. 

latter can also he explained if there is a slight height 
reconstruction in the surface Teatom sheet. 

NbSilpTe2. The height corrugation of the surface Te 
atom sheet is very small (Figure 2c), so that all Te atoms 
have a nearly equal density in the p(rd plot (Figure 13a). 
Toalesserextent, thisisalsotrueinthep(r0,er)plot (Figure 
13b). However, both in the AFM images (Figure 12) and 
in the STM images (Figure 11). one of the four surface Te 
atoms of a unit cell is brighter than the remaining three. 
This suggests a slight height reconstruction in the surface 
Te atom sheet. Though not shown, the p(r0.e) plot 
calculated by employing the levels at the conduction band 
bottom is very different in pattern from that shown in 
Figure 13h. For instance, the electron densities are not 
centered at the atomic positions. This is in support of our 
rigid band description of Si-deficient samples. 

Concluding Remarks 

For layered transition chalcogenides and halides with 
no interlayer distances shorter than van der Waals 

contacts, our earlier studies showlothat the STM and AFM 
images are respectively well described by the p(r0,ef) and 
p(r0) plots calculated from their hulk crystal structures. 
For all three compounds NbGezl5Te.a. NbGellaTez, and 
NbSilpTez d d  above, however, thecontrast patterns 
of the AFM and STM images can he satisfactorily 
explainedonlyif oneassumes aslightheightreconstruction 
in the surface Teatom sheet. This conclusion is not 
surprising because they have interlayer Tea-Te contacts 
much shorter than the van der Waals radii sum. The 
cleavage of these contacts at the surface might induce a 
slight relaxation of the positions of the surface Te atoms. 
In addition, a surface corrugation can be induced by the 
forces exerted from the tip according to the local hardness 
of the surface Te atom sheet.12 

The STM and AFM images of commensurate phases 
NbGezpTez, NbGelpTez, and NhSill2Te.a are all charac- 
terized by a pseudohexagonal arrangement of spots 
representing the surface Te atoms, if their contrast dif- 
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Figure 13. (a) p(rd plot dculated for the bc plane of NbSill2Te. The contour values are 0.25.0.20. and 0.10 X 1W electron/aua. 
(b) &he,) plot calculated for the ac plane of NbSil/rTe. The contour values are 0.60,0.40, and 0.20 x 1od electron/au*. 

ferences are neglected. The surface unit-cell parameters 
Oftheseco~e~~ate~Tephasesarewellreproduced 
by STM and AFM. Thus, it seems likely that STM and 
AFM can be used to characterize the nature of incom- 
mensurate MA,Te phases. 

Acknowledgment. The work at North Carolina State 
University (NCSU) was supported by the Office of Basic 
Energy Sciences, Division of Materials Sciences, US. 
Department of Energy, under Grant DEFG05-86ER45259, 
which made it possible for S.N.M. to visit NCSU. 


