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Abshnct. Photoemission is performed on T1SbS2, a layered compound with a large unit cell 
(16atoms) andacalculatedstructureof28valence bands. Theangle-integratedemissiondata 
confirm the existence of three groups of bands as obtained in the tight-binding calculation. 

In the angle-resolved mode, the observed emission presents a large energy dispersion 
with an apparent period larger than the reciprocal lattice. “I& effect, also present in other 
materials havinga large number of atoms by unit cell, isattributed tostrongvariationsvenus 
kb of the transition matrix elements. 

Inthiscare,photoemissiondataarenotdirectlycomparablewiththebandstructureand 
a complete calculation of emission probability is needed to assign the observed bands. 

1. Introduction 

Lone-pair elements, such as antimony(III), lead to the formation of various atomic 
arrangementsin thechalcogenide family [l]. In thesecomplexstructures thelocal atomic 
arrangement around Sb can be described as a distorted incomplete octahedron (with 
one, two or three missing apexes) with their optoelectronic characteristics varied within 
a large range. 

A general study has been undertaken [Z] using several experimental techniques 
(x-ray diffraction, x-ray absorption, Mossbauer spectroscopy, ws and LIPS) and band- 
structure calculations [3,4] to determine the links between the atomic structure and 
their electronic properties. 

We report here the photoemission spectra of TISbSZ, a compound which belongs to 
a largely unexplored class of chain ternary crystals [5,6]. This compound crystallizes in 
a triclinic distorted NaCl structure [7]. In the TISbdb2S3 binary system, four definite 
compoundshavebeensynthesized [SI: Tl3SbS3,TISbS,, T1Sb3S,andTISb5S8, all ofthem 
composedofchainsofSM bondsorTlS bonds (figure 1). Tight-bindingcalculations [4] 
performed on several of these compounds emphasize the role of the non-bonding state 
in the coordination of Sb atoms and in the formation of the chains. 

The optical and electrical properties of the semiconductor TISbS2 have already been 
studied [9-11]. The present work was intended to verify the band structures reported in 
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Figure 1. Top view of the basal surface of the crystal TISbSI. The lirst layer of atom is 
represented by bold lines. The inversion centre is at the centre of the unit cell. The sire of 
the atoms are taken according lo the atomic radii used in band-structure calculations [4]. 
The shorter S b S  bonds are plotted in order to enhance the SbS chains of atoms. 

(41 and eventually to test the basic assumption made in the LCAO model. The main 
difficulty we expected comes from the significant number of atoms (16) in one unit cell, 
giving28 non-degenerated sp valence bands in an energy interval of approximately 6 eV. 
With such numerous bands, and the present energy resolution of our device of 0.2 eV, 
most individual bands cannot be split as mentioned in equivalent photoemission studies 
[12-141. We expect here to observe only prominent features of the valence band struc- 
ture. 

2. Experiment 

Single crystals of TISbS, were grown by the classical Bridgman method [8] and are 
cleaved by pealing in situ in vacuum (lO-'Torr) just before the photoemission experi- 
ments. Like other layered materials, cleaved TISbSz has a limited chemical reactivity 
and the samples are free of detectable contamination during the experiments. 

The photoemission experiments were performed with an apparatus already 
described [U] and shown in figure 2.  All electrons emitted in the plane defined 
by azimuthal angle II, are dispersed by a toroidal magnetic field and focused onto a 
fluorescent screen. The position on the screen of the electron impacts are determined 
by the dispersive optics and allows direct determination of the kinetic energy Eki, and 
polar angle 0. 

The electron initial state (E; ,  k,) can be deduced easily according to theusual relations 

kii = (2m/h2)'/2Ek{: sin 0 

Ei = E , ; ,  - hv + q. 
(1) 

(2) 

As the above relations are monotonic, the display of the electron impacts on the 
screen gives a real-time direct visualization of the valence band structure Ei(kll) with only 

~~ -~~ - 
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Figure 2. Principle of the experiment. Each elec- Figure 3. Zone of the reciprocal space tested in 
tmn emitted in the plane selected by the device is photoemission, for polar angles 3V, 60" and 90" 
dispersed and focused onto the detector (micro- and a kinetic energy of 16 eV. The labels a* and 
channel plates + fluorescent screen): wv, b* indicate the directions of the a* and b' vectors 
vacuum ultraviolet. It gives a risible point with which form the lattice represented by light lines. 
the kinetic energy Em as the abscissa and the The full circlesrepresent the r, points. The bold 
polar angle 0 as theordinate. Different azimuthal lines mark the six different planes of phota- 
angles q are obtained by rotating the sample emission studied here. The two-dimensional 
aroundthenormal. T h e w b e a m  is unpolarized. Brillouin zone is represented at the centre of the 

figure. 

a slight distortion. The different azimuthal directions q of the Brillouin zone are probed 
by rotating the sample around the normal. Six different $+values (30"spaced) have been 
studied in order to test the significant part of the two-dimensional reciprocal space. 

The images of emission distributions given by the electron impacts on the screen are 
recorded numerically and processed to remove the optic distortion and the vertical black 
lines (which are shadows of the dispersive system). The images are further processed to 
improve band aspect and contrast (see figures 4(b), 5(b), 6(b) and 7(b)). 

We show in figure 3 the position of the six studied planes relative to the developed 
reciprocal lattice. According to the small size of the Brillouin zone, most of the exper- 
imental kll-values correspond to high-order zones. We then used the periodic lattice 
representation. The symbol r,, refers to the lattice node ma* + nb'. Only the data in 
planes 1 , 2 , 3  and 5 are presented with their closest band structures in figures 4-7. 

3. Discussion 

Figures 4-7 compare the experimental photoemission intensity with the calculated band 
structure [4]. The calculations are performed in a tight-binding approximation scheme, 
using the mean interaction coefficient of Harrison [16] and Allan and Lannoo [17] 
limited to a small number of neighbours: for the first neighbour at distance R I ,  

H,~(R,) = - ( f i 2 / m ) ( n m p / W  ~~ (3) 
and, for other atoms between R I  and R, - 3.2 A, 

H,(d) = HmB(R1)exp[-2.5(d/R1 - 111. 

- . ~ ~ ~  ~~~ ~ ~~-~ . . . ~ . ~  . . ~~~-~~ ~ ~ .- 
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Figure 4. Emission intensity in the €,XI, plane for hu = 21.2eV (unpolarized). (a) Results 
from our experiment, for direction 1 in figure 3 (t$ = 0'). (b) Result of image processing 
which enhances the bands (and also some of the noise). Two energy scales are used: in (a ) ,  
the conventional binding energy is relative to the photoemission threshold and, in (b), a 
translated energy scale is used whose origin is at the tirst hand and compares more easily 
with the band calculation. (c) Band structure from (41. Experimental data are reported as 
full circle for narrow bands and a shaded area for diffuse emission. The energies are in 
electronvolts. and kl in reciprocal a n g s t r h s .  

Figure 5. Same as figure 4 far direction 2 (t$ = 30"). 
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Fiaure 6. Same as figure 4 for direction 3 (e  = ho"). 

Figure 7. Same as figure 4 for direction 5 (v = 120"). 

The calculated 28 valence bands can be divided into three non-overlapping groups: 
group A, four bands mainly s(T1) + p(S); group B, four bands mainly s(T1) + 
s(Sb) + p(S); group C, 20 bands mainly p(S) + p(Sb). 

The comparison between the photoemission data and the calculated bands is at first 
disappointing as one observes a complex pattern with few individual bands. The top of 
the valence band appears on the different images as a large diffuse structure. Moreover, 

~~ ~ ~~ 
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Pi8ure 8. Comparison between different data on the 
valence band of llSbS,: 8,histogram of density of 
states from the tight-binding calculation 141; -, 
eDcfor9 =O(nonnalemission);---,E~~for9= 
20". averaged over all pvalues. 

the kl dispersion of the emission intensity seems to obey a different period from the 
reciprocal lattice (see top of figure 3 for example). 

We shall examine carefully this apparent discrepancy. 

(1) In figure 8, we give selected photoemission energy distribution curves (EDCS), 
obtained by averaging some of the angle-resolved intensities shown in figures 4-7. We 
note on these EDCS that the three peaks correspond approximately to the A, B and C 
groups of bands from the calculation. Owing to the different emission cross sections for 
sand p orbitals, our results confirm the separation of the bands into three groups. 

The two upper bands (A and B) are also clearly seen in the angle-resolved data (see 
figure 6). The bands in group A are maximum for normal emission (kll= 0), whereas the 
bands of group B are stronger around k, = t_l A-'. The third group Cis  diffuse at the 
bottom of the image. 

(2) The second point to be discussed is the apparent discrepancy between the period 
of the reciprocal lattice and the period of the photoemission display. This discrepancy 
may come from the neglect of kL dispersion in our analysis. To understand this point, 
one must recall the particular structure of the layered compound TISbSz and the mean 
distancescalculated between the atoms [7]: Sb-S, 2.60 8, along the chains; Sb-S, 3.70 8, 
betweenthechains; SbS,4.91 Abetweenthelayers. Thesedistancesaretobecompared 
withthecriticaldistanceRC = 3.09 Ausedin the bandcalculation,andthevan der Waals 
distance RvDw = 3.85 8,. 

For T I S  bands we note the following: T I S ,  3.15 8, along the chains; TPS, 3.20 8, 
between the chains; TI-S, 3.51 8, between the layers. The corresponding values are R, = 
3.41 8, and RvDw = 3.76 A. 

This R,-value indicates that the band calculation does not take into account any 
bonds between layers. The result is a true two-dimensional calculated band structure 
with no dispersion along k , .  As the Tl-S distance is of the order of the van der Waals 
bond length, a weak bonding exists between the layers, giving a dispersion of the group 
of bands A and B along k, for the real structure. 



Valence band of TISbS, by photoemission 893 

Applying equation (3) to TI-S bonding between layers gives a non-negligible matrix 
element of the order of 0.8 eV. This three-dimensional effect of the band structure is of 
a magnitude sufficient to explain the modulation in emission intensity versus 8, but we 
cannot conclude this before a more complete band calculation is achieved. 

(3) We neglect the possible reconstruction of the surface. This i s  done for two 
reasons. Firstly, as weak bonds are opened by cleavage, the surface of the sample is not 
too far from energetic equilibrium and the reconstruction may not be needed. Secondly, 
the reconstructions usually produce a surface unit cell larger than the projection of the 
volume unit cell, which is the opposite of the observed phenomenon. 

(4) The last acceptable explanation for the observed period discrepancy is an 
unusually strong variation in the emission matrix elements along kjl. As already noticed 
in thecaseofcrystals with acomplexcrystallographicstructure [12-141 orwithadditional 
surface symmetry [18-2211, large variations in the transition matrix elements with k, may 
occur, eventually masking the valence band dispersion. 

4. Conclusion 

It appears that our photoemission data are compatible with available band-structure 
calculations, but a direct comparison between the two sets of data is not yet possible 
because of the small size of the Brillouin zone which allows for a strong effect of kL 
dispersion and large matrix element variations. 

The apparent period in the kippace seems to be 4a* and a*-b*, corresponding to a 
'virtual' unit cell in the real space, four times smaller than the real one, and containing 
onlyone molecule ofTlSbS2. The variation in the matrix element may then be correlated 
to interference effects between the four different molecules of the real unit cell, but a 
complete calculation ofthe photoemission intensitiesfrom the matrixelements is needed 
to analyse further and to understand our experimental data. 
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