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EXCITONS LOCALIZED IN MESOSCOPIC DOMAINS PRODUCED 
B Y  STACKING FAULT IN Bi13 

T .KOMATSU,  T. I IDA, K.MURAYAMA, M.ICHIDA, H.KURISU, 
H . K O N D 0 ,  I.AKAI, and T.KARASAWA 
Department of Physics, Faculty of Science, Osaka City University, 
Sugimoto 3-3-138, Sumiyoshi-ku Osaka 558, Japan August 15, 1991 

Abstract Absorption line series WJ( J=I,II,III,. . .) appeared below the 
indirect, edge in BiI3 has been studied. The series is a.ssigned to the 
excitons confined in mesoscopic domains produced by deformation faults 
characteristic of layered materials. Each line consists of four structures 
which correspond to z+iy, z-iy, z ,  and pure triplet states originated from 
the bulk cationic excitons. The energy separations between these four 
states are depend on the size of mesoscopic domains in which an exciton 
is confined. By introducing a disk-like shape model of the mesoscopic 
domain, the experimental results are analyzed on the basis of anisotropic 
quantum size effects on the cationic excitons. The relative motion of 
the exciton is found t o  be strongly affected by the localization of the 
translational motion in the direction perpendicular to the confinement 
axis. 

INTRODU CTlON 

Quantum size effects of the excitons have been extensively studied in semicon- 
ductors. In most of semiconductor quantum wells, like in a GaAs/AlGaAs quan- 

tum well, remarkable size effects have been known as the result of the spatial 

confinement of the exciton relative motion in the quasi two-dimensional space. 
On the contrary, in microcrystals, the confinement of the exciton translational 

motion occurs in a material having relatively smaller exciton radius than the 

size of microcrystal. In theoretical analysis of the quantum size effect of micro- 
crystal, the shape of the microcrystals is regard as approximately spherical.'P2 

The quantum size effect of the exciton is strongly dependent on what shape 
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38/(562] T. KOMATSU ET AL. 

the microcrystal has. -In layered crystals having strong anisotropy of bond- 
ing nature, a characteristic quantum size effects reflecting such an anisotropic 

structure can be expected. 

In this paper, analyzing the experimental data, we show that the excitons 
confined in the mesoscopic domains produced by deformation faults in layered 
Bi13 crystals have a strong anisotropic size effects. The various types of the 

excitons in Bi13 have been reviewed in the reference 3. Magneboptic effects 

measured on the bulk4 and stacking fault excitons5 have been reported. The 
band edge excit,ons in Bi13 are composed of four states originated from the 

cationic exciton  state^;^ the spin mixed 2 - iy,  2 + iy ,  z state and the pure 

triplet state t .  In the magneto-optic spectra, the four structures have appeared 
due to Zeeman effect by mixing among the states under magnetic fields. The 
magneto-optic effects on the W-lines have been also investigated.6 The energy 
positions have been determined for the t-state of WJ and WJ' states studied in 

this paper.' 

RESULT A N D  DISCUSSION 

Optical Spectra 

The absorption spectrum below the indirect exciton edge in Bi13 at 4.2 K is 

shown in Fig. l(a) for the sample applying the bending stress before measure- 
ment. The absorption intensities of the WJ(J=I,II,III,. . .) lines depend on the 

degree of applying stress. The transition energies of the W', W" and W'" lines 

are observed at 1.931 eV , 1.878 eV and 1.850 eV, respectively. The W' line is 

the same as that called the W line previously, which was observed when the crys- 

tals were creaved.' The W' line also appears by applying the shear type stress 
to the crystals. This suggests that the origin of the WJ transitions closely re- 

lates to the formation of the stacking disorder induced by deformation between 

layers. The luminescence spectrum is shown in Fig.l(b). The resonance lines 

are observed with no Stokes shift and the other lines W"( J'=17,1177111',. . .) a p  

peared on the low energy side of the resonance lines with nearly constant energy 
separations. The energy positions of these absorption and luminescence lines 
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EXCITONS LOCALIZED IN MESOSCOPIC DOMAINS IN BiI, [563]/39 

form a series with en- 

ergy separations which 
become narrower with 

going to the low energy 

side. This is the charac- 
teristic behavior of quan- 

tum size effects of ex- 
citons confined in mi- 

crodomains with differ- 
ent sizes. 

Figures 2(a), (b), (c) 

and (d) show the excita- 

tion spectra for the W', 
W'I, W" and W'" lines, 

respectively. The excita- 
tion spectra for the W', 
W'I, WT1 and W'" lines 

show response to each 

associated state whose 
orbital symmetry is z- 

like (indicated by arrows 
in Fig.2). This sug- 
gests that there exists a 

strong energy relaxation 

process among internal 

structures of the cationic 

states. The excitation re- 

sponse for the W" line 

is observed at the W' 
and that for the W'" line 
is observed a t  the W" 
state. 

4- 

C 

C 
0 

- 
.- 
.c. 

E! 
8 
2 
0 

0 

Bi I3 4.2K 
(a) 

W" 

W' 

h 
I\ I 

1.85 1.90 1.95 
Photon Energy(eV ) 

FIGURE 1 Absorption (a) and luminescence (b) 
spectra at 4.2K for the Bi13 sample applying the bend- 
ing stress before measurement. 

Photon Energy (eV) 

FIGURE 2 Excitation spectra for the W'(a), 
W"(b), W"(c), and W"'(d) lines, respectively. R is 
the Raman response. 
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40/[564] T. KOMATSU ET AL. 

There exist energy transfer mechanisms from W' to W" and from W" to WII' 

state. This suggests that the dashed states of WJI are located on the low energy 
side of the WJ states. No response of the excitation spectra have been observed 
for the W" and W"' lines exciting at the W' and W" state. There is no evidence 
of direct energy transfer between different states localized around deformation 

faults distributed at the different spatial positions. 

Deformation Fault 
In layered crystals, various types of the stacking faults are often formed in the 
process of the crystalline growth or by applying deformation due to  weak inter- 

layer bonding of the layered materials. In BiI3 crystals, the regular structure is 
Cz, symmetry in which arrangement can be denoted as a,BAyaPByay,8Cya,BAy 

apByapcy.. ., with the sandwiched I-Bi-I unit layer stacking sequence, where 
a! denoted the I- ion site, p the metal site, y the I- site in the cubic close pack- 

ing notations. A ,  B and C are the name of the different metal site denoted the 

vacant occupation of the metal in the honeycomb lattice in three layer structure. 
From the X-ray structural analysis, a possibility of the DJd symmetry has been 

s ~ g g e s t e d . ~  When the crystals are deformed by creaving, bending, or shearing, 

the stacking fault may be formed by slipping among layers. The layer arrange- 
ment can be denoted as apAyapByapCyapCyapAy.. ., which is denoted by I ,  

a p A y a p B y ~ p C y a p C y a p C y a , B A y a p B y . .  ., by 11, a,BAyapByapGyapCyapCy 
aPCyapAyapB-y.  . ., by I11 and etc. The underlined parts contain one, two and 

three stacking faults, and are DSd symmetry. The translational motion of the 

excitons along the layer stacking direction is strongly affected by the nonperi- 

odic potential due to stacking fault. It may be reasonable that the W', W" 
and W"' transitions are correspond to  those of the excitons locdized around 

deformation faults of I, I1 and 111,. . .. 

Cationic Excitons Confined i n  MesoscoDic Domains 

The energy separations between z - i y  and triplet states A,, and z + iy  and 
z states A, for the W', WI', W" and W"' are listed in Table I with other re- 

lated quantities. The magnit,ude of the energy separations are determined from 

spectral analyses of the observed structures in the luminescence spectra under 
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EXCITONS LOCALIZED IN MESOSCOPIC WMAINS IN BiI, [565]/41 

212 210 59 2.8 

TABLE I Observed energy separations. A, is the separation between x - iy 
and pure triplet states, and A, is between x - iy and z states for W', WII, WI', 
WIT' lines. Kz, J ,  and J, /Jz  are calculated Coulomb and anisotropic exchange 
energies and ratio based on a cationic exciton model for the respective lines. 

magnetic fields7 and excitation spectra. The separations can be calculated on 

the basis of a cationic exciton model with appropriate  parameter^.^ We can 
show that A, depends on the ratio of the anisotropic exchange energy J , / J ,  
and A, also on the magnitude of Coulomb energy IC,. These values are given 

in Table I. 
The larger value of both separations 

A,, At for the W' line compared 
with that of the W" line corresponds 

well to the larger J ,  and I(, val- 
ues of the W' line. This fact indi- 

cates that the size of the internal mo- 

tions of the confined exciton state of 

the W' is smaller than that of the 

W" in both directions of intralayer 

and interlayer. Moreover, the large 
value of the J , / J z  suggests the large 

anisotropic extension of the internal 
motions of the W' state. The WI' 

and WII' states are more localized 

than W' and W" states. This is con- 
firmed by the facts that 

FIGURE 3 Shapes of the disk model 
for the transitions confined in meso- 
scopic domains for W'(a), W"(b), W"(c), 
W"'(d). 

1) the energy separations A, for dashed states are smaller than that of the W' 
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42/[566] T. KOMATSU ET AL. 

and W" lines, 2) the estimated ratio J, /J ,  is less anisotropic than  W' and W" 

lines, and 3) K,  value is large being almost twice of those for the W' and W" 
states. The  small values of A, in dashed states indicate the  weak anisotropy of 

the exciton rela.tive motions, which comes from shrinking of the relative motions 

by localization of the translational motions. The above experimental and  cai- 

culated results are explained by the exciton s ta tes  in  model of microdomains as 

shown in Fig.(3). From above analysis, it may be concluded tha t - the  exciton rel- 

ative motions a.re strongly affected by the translational motions in the present 

mesoscopic system, i.e. the  stronger localization of the exciton translational 

motions causes shrinking of the exciton relative motions. 

This work was partially supported by a Grant-in-Aid for General Scientific 

Research from the  Ministry of Education, Science and  Culture, Japan.  
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