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Abstract: We introduce superlattices made of ferroelectric halide perovskites as a new class 

of functional materials possessing large Rashba effect and phase transition from normal 

insulator to topological insulator induced by electric field. Using first-principles methods, in 

CsPbI3/CsSiI3 and CsSnI3/CsSiI3 superlattices we found a non-monotonic Rashba parameter 

with respect to the magnitude of polarization and large maximal Rashba effect at a critical 

polarization, where the phase transition from normal insulator to topological insulator occurs 

when changing the polarization. This phase transition and the large maximal Rashba effect 

are related to bandgap engineering under electric field. In contrast to traditional non-polar 

topological insulator, in these ferroelectric topological insulators the energy level of the Dirac 

point and the spin texture of surface states are largely tunable by changing polarization or 

strain. Our results thus highlight the interplay among ferroelectricity, Rashba effect, and 
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topological order in a single material, which is promising towards electronic and spintronic 

applications.   

 

Topological insulator states [1-5] and Rashba-type effects [6-10] are among the most 

interesting current phenomena in condensed matter physics, as a result of relativistic 

interaction of spin-orbit coupling (SOC). Topological insulators, exhibiting robust 

edge/surface currents and spin-momentum locking, provide platforms for various 

fundamental exciting research, including magnetic monopoles [11], Majorana fermions [12], 

and the application of fault-tolerant quantum computing [13,14]. Bulk Rashba-type spin 

splitting, which occurs in materials/interface with breaking spatial inversion symmetry, can 

lead to spin-Hall effect [15-17], spin interference [18,19], and spin-to-charge current 

interconversions [20,21]. Both topological phase and Rashba effects present strong 

spin-momentum locking, in principle, providing a possibility of electric field control of 

electronic spins by manipulating topological order and Rashba effects. Ferroelectric materials 

are ideal candidates for controlling the topological order and Rashba effects via electric field. 

Recently, linear Rashba effect with polarization has been extensively discovered in 

ferroelectrics[22-25]. Promisingly, topological order can also exist in ferroelectrics, for 

example, the hexagonal ABC hyperferroelectrics, antiferroelectrics [26,27], and the 

heterostructures consisting of topological insulators and ferroelectrics [28-30]. These 

discoveries highlight the possibility of simultaneously controlling Rashba effect and 

topological state by electric field in a non-volatile way in ferroelectrics. On the other hand, 

the ferroelectric materials possessing topological order discovered recently are 

non-perovskite structures. In the prototypical ferroelectric perovskite structure for which the 

designing and producing technology have been well developed, the topological orders have 

never been measured and therefore simultaneously tuning the topological order and Rashba 

effect by electric field has not been realized either, to the best of our knowledge. One 

therefore still needs to find possible materials hosting simultaneously Rashba effects and 

topological order, and that are tunable by electric field.  

Iodide perovskites (ABI3) are candidates for that, since they hold large SOC due to the 

heavy element of iodine and ferroelectric properties as a result of perovskites having the 



possibility to be ferroelectrics [31-38]. Both CsPbI3 and CsSnI3 adopt the Pnma perovskite 

phase for their ground state with in-plane antipolar distortion [39,40]. On the other hand, the 

ground state of CsSiI3 adopts a perovskite structure with R3m symmetry [22,41-43]. One can 

easily imagine that the perovskite CsPbI3/CsSiI3 and CsSnI3/CsSiI3 superlattices will possess 

structural distortion with either Pnma or/and R3m type distortion. We thus investigated the 

short-period [1/1] iodide perovskite superlattices made of CsPbI3/CsSiI3 and CsSnI3/CsSiI3 

by first-principles. These superlattices are indeed found to possess a large Rashba effect, 

which even shows an anomalous behavior with the change of polar distortion. A transition 

from normal insulator (NI) to topological insulator (TI) by electric field is also presently 

predicted, along with a large Rashba effect at the critical field for which the NI to TI 

transition occurs. Moreover, the Dirac point in bulk bandgap can be shifted by electric field 

and strain, even crossing the Fermi level. Consequently, the spin texture of the surface state is 

tunable by electric field. Our results therefore provide a powerful and convenient way to tune 

topological order and Rashba effect. 

Density functional theory (DFT) calculations are performed using the Vienna ab initio 

simulation package (VASP) with the projector augmented wave (PAW) method [44,45]. An 

energy cutoff of 320 eV, a k-point grid size of 8 × 8 × 6, and the Perdew-Burke-Ernzerhof 

parametrization revised for solids (PBEsol) functional [46] are used in all the calculations. 

We further performed calculations using the HSE hybrid functional [47] to confirm the 

robustness of the PBEsol functional in the supplemental materials [48]. Atomic structural 

relaxations are carried out until the force on each atom was less than 0.001 eV Å-1 and the 

energy convergence criteria of 10-8 eV was adopted. The calculations are performed in the 

iodide perovskite superlattices of [CsPbI3]1/[CsSiI3]1 and [CsSnI3]1/[CsSiI3]1, where one-unit 

layer of CsSiI3 and one unit layer of CsPbI3 or CsSnI3 successively alternate along the 

pseudocubic [001] direction (see Fig. 1). A supercell with 20 atoms is used in DFT 

calculations, in which the lattice vectors are a=a(x+y), b=b(-x+y) and c=cz, where the a, b, 

and c are related to the magnitude of the lattice constants and x, y are z are unit vectors along 

the pseudocubic [100], [010] and [001] directions, respectively. Ferroelectric polarizations 

are calculated by using Born effective charge and atomic displacements. Tight-binding 

analysis with the WANNIER90 package was further performed for the calculation of 



topological phases [49,50]. The s- and p-orbital basis was used to construct the tight-binding 

Hamiltonian, and the topological indices were calculated by tracking hybrid Wannier charge 

centers using the WannierTools package [51]. 

The calculations confirm that the CsPbI3/CsSiI3 with space group of P21 and 

CsSnI3/CsSiI3 with space group of Pc both possess an octahedral tilting type of a-a-c+ pattern 

(using Glazer notation [52]) with out-of-phase in-plane octahedral tilting and in-phase of 

out-of-plane octahedral tilting [see Figs. S1(a) and (b)], and in-plane polar distortion (Q𝑃b
) 

with B-sites cations moving along the b direction while I anions move along the a and b 

directions [see Fig. 1(b)]. The in-plane polarization for CsPbI3/CsSiI3 and CsSnI3/CsSiI3 is 

found to be 16.1 C/cm2 and 12.3 C/cm2, respectively. The major structural difference 

between CsPbI3/CsSiI3 and CsSnI3/CsSiI3 is that the latter additionally possesses another 

polar distortion along the c direction [Q𝑃c
, see Fig. S1(c)], with a polarization of 8.2 C/cm2, 

as similar to the structure of BiInO3 [53]. The structural similarity of iodine octahedral tilting 

and in-plane polarization in the two superlattices may lead to some electrical properties being 

similar.  

Because of the polar symmetry and the large SOC associated with the heavy elements of 

I and Sn, the electronic structure of this superlattice shows that Rashba-type splittings occur 

along the -B line in the Brillouin zone [see Fig 2(a)]. The Rashba energy for the highest 

valence bands (HVB) is 6.3 meV and it is 12.7 meV for the lowest conduction bands (LCB). 

The Rashba parameter (𝛼𝑅 = 2𝐸𝑅/𝑘0) of HVB and LCB is 1.38 and 1.44 eVÅ, respectively. 

The bandgap for CsSnI3/CsSiI3 is rather small (i.e., 48 meV). Such a small gap can likely be 

engineered to vanish [54] by changing the polarization. Therefore, it is legitimate to wonder 

whether such a gap closing (if it occurs) can be accompanied by a topological transition.  

Figures 2(b) and (c) show the band structures of CsSnI3/CsSiI3 with the reduced in-plane 

polarization (Pb) of 7.4 C/cm2 and 0, respectively (the structures with reduced polarization 

are constructed by reducing the magnitude of the polar mode Q𝑃b
). As shown in Fig. 2, one 

can see that the bandgap indeed decreases from 48 meV to zero when the polarization 

decreases from 12.3 to 7.4 C/cm2, and then reopens when the polarization is smaller than 

7.4 C/cm2. The bandgap increases to 50 meV when Pb further decreases to zero. In the band 



structure of CsSnI3/CsSiI3 with Pb larger than 7.4 C/cm2 (see Fig. 2(a)), the highest valence 

bands near the Γ point are dominated by I-5p states, while the conduction bands near the 

Fermi level are mainly from B-site (Sn-5p and Si-3p). In contrast, the highest valence bands 

at the Γ point come from the B-site (Sn-5p and Si-3p) while the third lowest conduction 

bands at Γ point are dominated by I-5p states when the polarization is smaller than 7.4 

C/cm2 [see Fig. 2(c)]. These band structures clearly show a band inversion induced by 

decreasing the in-plane polarization. Thus, the NI-TI transition of CsSnI3/CsSiI3 occurs when 

the polarization is smaller than 7.4 C/cm2. To further confirm this TI state, we calculated the 

topological invariant ℤ2  which is (1;000), thus indicating that it is indeed a strong 

topological insulator.  

We then consider the Rashba effect of the studied superlattices when changing the 

polarization. Figure 3 displays the Rashba parameters and bandgaps as a function of 

polarization Pb in CsPbI3/CsSiI3 and CsSnI3/CsSiI3 superlattices. The bandgap of 

CsPbI3/CsSiI3 monotonically decreases from 180 to 60 meV when decreasing the polarization 

from 16.1 to 0 μC/cm2. It is consistent with the fact that the polar distortion (polarization) of 

perovskite structure widens its bandgap by allowing band edge orbitals to mix and repel each 

other [55,56]. Rashba parameters first increase from 0.2 to 1.2 eVÅ for HVB, and from 0.05 

to 1.3 eVÅ for LCB, respectively, when decreasing the polarization from 16.1 to 3.3 μC/cm2. 

As the polarization further decreases to zero, Rashba parameters of both HVB and LCB 

sharply decrease to zero. This non-monotonic phenomenon of Rashba parameters with 

respect to polarization is different from those reported in the literature where the Rashba 

parameter is linear with polarization (as found for GeTe, BrF5, BiAlO3 and SrTiO3 

[23-25,57]). We construct an effective two-band Hamiltonian with respect to P21 space group 

(around the Γ point of the Brillion Zone), incorporating various degrees of freedom, namely, 

the electronic polarization Pb (i.e., along the y direction), electronic momentum kα (α = x, y, z), 

and electronic spin characterized by the Pauli matrices σβ (β = x, y, z). The Hamiltonian is 

written as 𝐻𝑅 = 𝐸0 + 𝜆𝑥𝑥𝑘𝑥𝜎𝑥 + 𝜆𝑥𝑧𝑘𝑥𝜎𝑧 + 𝜆𝑦𝑦𝑘𝑦𝜎𝑦 + 𝜆𝑧𝑥𝑘z𝜎x + 𝜆zz𝑘z𝜎z . The 

corresponding eigenvalue and spin splitting magnitude are given by: 𝐸𝑅 = 𝐸0 ±

√(𝜆𝑥𝑥𝑘𝑥 + 𝜆𝑧𝑥𝑘𝑧)2 + 𝜆𝑦𝑦𝑘𝑦)2 + (𝜆𝑥𝑧𝑘𝑥 + 𝜆zz𝑘𝑧)2 , where λ β (α, β = x, y, z) are 



parameters characterizing spin splitting terms, 𝜆𝛼𝛽 = 𝜆𝛼𝛽1𝑃b + 𝜆𝛼𝛽3𝑃b
3 + 𝜆𝛼𝛽5𝑃b

5 + ⋯ ). 

Figures S4 (a)-(c) show the band structures around the  point along kx, kz and ky, 

respectively. Our model coincides with the band structures from DFT calculations. The 

phenomena of Rashba parameters evolve in a nonlinear manner with respect to the 

polarization Pb indicate that the 𝜆𝛼𝛽3 and 𝜆𝛼𝛽5 coefficients are not negligible in halide 

superlattice, unlike the situation of various conventional Rashba materials. As a matter of fact, 

the non-monotonic behavior can also be understood from the special in-plane polar mode in 

the superlattice. As shown in Fig. 1(b), the in-plane polar mode Q𝑃b
 can be decomposed into 

two components, Q𝑃b,||
 and Q𝑃b,⊥

 that are associated with atomic motions being parallel 

and perpendicular to the b direction, respectively. Both Q𝑃b,||
 and Q𝑃b,⊥

 contribute to the 

in-plane polarization along the b direction, as well as, to the Rashba effect. Q𝑃b,||
 gives rise 

to a negative Rashba parameter while Q𝑃b,⊥
 results in a positive one (see Fig. S4). These two 

opposite contributions yield a non-monotonic behavior of the total Rashba parameter with 

respect to the polarization.  

Figure 3(b) shows the bandgap and Rashba parameters of CsSnI3/CsSiI3 as a function of 

polarization Pb. The bandgap first decreases to zero when Pb decreases from 12.3 to 7.4 

μC/cm2, and then reopens from 0 to about 50 meV when further decreasing Pb from 7.4 

μC/cm2 to 0. At Pb=7.4 μC/cm2, the NI-TI phase transition occurs (also see Fig. 2) and TI 

states for Pb smaller than 7.4 μC/cm2 are strong TI with topological invariant ℤ2 of (1;000). 

The Rashba parameters of CsSnI3/CsSiI3 show a non-monotonic behavior as a function of the 

polarization. The maximum of Rashba parameters is about 6 eVÅ at the critical polarization, 

thus enhanced three times as compared to the Rashba parameter of the superlattice without 

reducing polarization, and comparable to the largest Rashba parameter of 6.8 eVÅ in SnTe 

reported in literatures [58]. This increase of the Rashba parameter not only comes from the 

competition between the contributions of the two components of the polar modes [Fig. S4], 

but also to the fact that the HVB and LCB are symmetrically of the same character, and 

therefore very effectively couple with each other through a Rashba-type Hamiltonian [59,60], 



∆𝜀𝑚(𝐤) =
ℏ

𝑚0
∑

⟨𝑢𝑚|𝐻|𝑢𝑛⟩⟨𝑢𝑛|𝐪 ∙ 𝐩|𝑢𝑚⟩+𝑐.𝑐.

𝜀𝑚−𝜀𝑛
𝑛≠𝑚 , where 𝑢𝑖  and 𝜀𝑖  are the eigenstate and 

eigenenergy corresponding to the state 𝑖  at k0, respectively, q=k-k0, p denotes the 

momentum operator, H is the corresponding Hamiltonian for Rashba-type-splitting, and c.c. 

stands for complex conjugate. Therefore, the spin-splitting clearly depends on the energy 

difference between the state m and its neighboring state n. In the band structure of 

CsSnI3/CsSiI3, the state m can be HVB or LCB. The energy difference (𝜀𝑚-𝜀𝑛) between the m 

state (HVB or LCB) and its neighboring states decreases and ∆ε𝑚 thus increases. At the 

critical polarization for which the bandgap is closed, 𝜀𝑚 − 𝜀𝑛 is almost zero and their 

Rashba splitting reaches its maximum.  

We now consider the surface state of TI phase in CsSnI3/CsSiI3 superlattice. The energy 

variation of CsSnI3/CsSiI3 superlattice along the path connecting the noncentrosymmetric to 

centrosymmetric direction show a low ferroelectric switching barrier (in Fig. S2), indicating 

that the ferroelectric polarization can be switched by electric field. Figures 4(a)-(c) show the 

band structures and corresponding spin textures of surface states for Pb=6.1, 0, and -6.1 

μC/cm2, respectively. There are two nonequivalent Dirac cones which come from the Sn/Si-I 

termination and Cs-I termination (100) surface of the geometry slab, which contrast with the 

degenerate Dirac points in non-polar TI structures [2,3,61]. For the case of Pb=6.1 μC/cm2 

shown in Fig. 4(a), the Dirac point from Cs-I termination (red color) is above the Fermi level 

and buried in the continuum of bulk conduction states. The Dirac point from Sn/Si-I 

termination (blue color) is below the Fermi level. Spin textures of the two surfaces states 

show the same chirality [bottom panel of Fig. 4(a)]. For the superlattice with zero 

polarization, the surface bands and Dirac points shift to higher energy, as compared to the 

case of Pb=6.1 μC/cm2 [Fig. 4(b)]. Both Dirac points from Cs-I and Sn/Si-I termination are 

above the Fermi level, leading to the opposite chirality of spin texture of the surface states 

[bottom panel of Fig. 4(b)]. For the superlattice with Pb=−6.1 μC/cm2 [Fig. 4(c)], the surface 

bands shift to lower energy as compared to the case of Pb=0 and the Dirac point of Sn/Si-I 

termination is below the Fermi level. Similar to the case of Pb=6.1 μC/cm2, for Pb=−6.1 

μC/cm2 one Dirac point (from Cs-I termination surface) is above the Fermi level and the 

other Dirac point (from Sn/Si-I termination surface) is below the Fermi level. While different 



from the case of Pb=6.1 μC/cm2, for Pb=−6.1 μC/cm2 the surface bands from Sn/Si-I 

termination (blue color) is much more flat, leading to them to be the outer branch bands and 

the surface bands from Cs-I termination become the inner branch bands at the Fermi level. 

Interestingly, in the superlattices with opposite direction of polarization, the chirality of spin 

texture of surface states is the same, though the inner and outer branches of surface bands 

differ, as a result of a difference in the surface termination [see the bottom panels of Fig. 4(a) 

and (c)]. Furthermore, the same chirality of the spin texture of surface states in the phases 

with opposite direction of polarization contrasts with the spin texture of states of Rashba 

effects, where the chirality is reversed when the polarization is switched [see Figs. 4(e) and 

(f)] [26,27,62-64].  

Figure 4(d) further shows the energy of the Dirac point as a function of polarization. The 

energy of the Dirac point from Cs-I termination surface is always above the Fermi level, 

while that from Sn/Si-I termination is above the Fermi level for polarization ranging between 

−4.7~4.7 μC/cm2, and is below the Fermi level for polarization larger in magnitude than 4.7 

μC/cm2. Therefore, the energy level of Dirac point and the chirality of spin texture are 

dependent on the magnitude and direction of polarization. Note that one I ions in Cs-I 

termination surface has one nearest neighboring Sn/Si ion, while one Sn/Si ion of Sn/Si-I 

termination surface has five neighboring I ions. From the tight-binding model, the transfer 

integral of the states from Cs-I termination surface is much smaller than that from Sn/Si-I 

termination surface, leading to the surface states from Sn/Si-I termination largely shifting 

their energy while that of Cs-I termination slightly change their energy when changing the 

polarization. This electric field control of the Dirac point position in the bandgap and 

altogether with the chirality of spin texture of the surface state therefore provides a powerful 

and convenient toolkit to manipulate topological properties in ferroelectric perovskite. 

Different from CsSnI3/CsSiI3 where a NI-TI phase transition occurs by reducing the 

polarization, CsPbI3/CsSiI3 is always NI in the whole range of polarization [see Fig. 3(a)] 

since it has a larger bandgap (180 meV) than CsSnI3/CsSiI3 (48 meV). We now employ the 

epitaxial strain to engineer the bandgap of superlattices. Figure 5 displays the bandgap of 

CsPbI3/CsSiI3 and CsSnI3/CsSiI3 as a function of such strain. The superlattices is NI (light 

blue color in Fig. 5) where the bandgap decreases with the decrease of the strain from a 



tensile strain of 2% to -2.7% for CsPbI3/CsSiI3 and from 2% to -0.8% for CsSnI3/CsSiI3. At 

the strain range from -1.8% and -2.7% for CsPbI3/CsSiI3, and from 2% and -0.8% for 

CsSnI3/CsSiI3, the bandgap is small and the phase NI can transform to phase TI by decreasing 

the polarization (phase TI-E, blue color in Fig. 5). At the critical strains where the bandgaps 

for both superlattices are zero, the structures become Weyl semimetals. When the strain is 

smaller than the critical strain, the superlattices are TI phase (green color in Fig. 5). 

Additionally, CsSnI3/CsSiI3 becomes a NI phase [light blue color in Fig. 5(b)] at the large 

compressive strain from -3.5% to -4% in Fig 5(b).  

Note that the energy of Dirac points of TI phases can be changed and even crosses the 

Fermi level when the strain changes. Figure 5(c) displays the energy of Dirac point of the TI 

phase in CsPbI3/CsSiI3 and CsSnI3/CsSiI3 as a function of strain. For CsPbI3/CsSiI3, both 

Dirac points shift to lower energy when increasing the magnitude of compressive strain. 

Moreover, the energy of Dirac point coming from the Pb/Si-I surface shifts from above the 

Fermi level to below the Fermi level, and thus crosses the Fermi level. This shift of Dirac 

points is related to the change of Pb-I and Si-I bonds and the transfer integral between Pb/Si 

and I in the tight-binding model. For CsSnI3/CsSiI3, the Dirac point from Cs-I termination 

decreases with the increase of magnitude of compressive strain, and cross the Fermi level at 

strain -3%. Contrarily, the Dirac point from Sn/Si-I termination increases with the increase of 

magnitude of compressive strain, and cross the Fermi level at strain -2.3%. The shift of two 

Dirac energy level of CsSnI3/CsSiI3 is not only dependent on the length of Sn-I/Si-I bonds 

but is also related to the polarization along the b and c directions. The polarization along the b 

direction decreases and the polarization along the c direction increases when increasing the 

magnitude of compressive strain (see Fig. S11). At strain about -2.5%, the polarizations along 

b and along c directions are equal to each other, which may lead to similar energies of the 

Dirac points from Cs-I and Sn/Si-I terminations. Similar to the effect of polarization on the 

surface states in the TI-E phase [see Fig. 4(d)], the strain can shift the energy of the Dirac 

point and revert the chirality of spin texture of surface states at the Fermi level. This 

topological phase and tunable surface states provide a novel and convenient route to tune the 

topological order.  



In summary, we predicted a large Rashba effect and electric field induced topological 

order in halide perovskite superlattices of CsPbI3/CsSiI3 and CsSnI3/CsSiI3. A non-monotonic 

behavior of Rashba parameter as a function of polarization is found and a large Rashba 

parameter can be achieved at a critical polarization where the NI-TI phase transition occurs. 

Moreover, in the TI phase, the spin texture of surface states and Dirac point energy are 

tunable by changing the polarization under electric field. The discovery of new class of 

ferroelectric with transition between NI and TI states and tunable Rashba effect broaden the 

potential application of topological properties in electronics and spintronics. 
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Figure Captions 

Fig. 1 (a) Atomic structure of CsSnI3/CsSiI3 superlattice with a space group Pc. (b) in-plane 

polar mode Q𝑃b
 made by the ionic motions parallel to the b direction ( Q𝑃b,||

) and 

perpendicular to the b direction (Q𝑃b,⊥
). The arrows in panel (a) represent the iodine 

octahedron rotation and tilting. Green, blue, gray, and purple balls represent Cs, Si, Sn, and I 

atoms, respectively. 

 

Fig. 2 The band structures of CsSnI3/CsSiI3 superlattice with in-plane polarization of (a) Pb= 

12.3 C/cm2, (b) Pb= 7.4 C/cm2, and (c) Pb= 0 C/cm2. The red and blue colors represent 

the corresponding states mainly come from Si/Sn ions and I ions, respectively. In the inset of 

panel (a), we report the graphical definition of the Rashba momentum offset, kR, and of the 

Rashba energy splitting, ER. 

 

Fig. 3 Bandgap and Rashba parameters of (a) CsPbI3/CsSiI3 and (b) CsSnI3/CsSiI3 as a 

function of the in-plane polarization Pb. The blue and green color contours represent the 

bandgap. 

 

Fig. 4 Polarization effect on surface states. Band structure of CsSnI3/CsSiI3 superlattice in a 

[100] slab geometry with the in-plane polarization of (a) Pb= 6.1 C/cm2, (b) Pb= 0 C/cm2, 

and (c) Pb=−6.1 C/cm2. The bottom panels of (a)-(c) display the corresponding spin texture 

of surface states near the Fermi level. (d) The energies of the two Dirac point as a function of 

Pb. The sketches of the spin texture for Rashba effect with (e) Pb=6.1 C/cm2 and (f) 

Pb=−6.1 C/cm2, respectively. 

 

Fig. 5 Bandgap and electronic phase of (a) CsPbI3/CsSiI3 and (b) CsSnI3/CsSiI3 superlattice 

as a function of epitaxial strain. CsPbI3/CsSiI3 can be NI, TI-E and TI phases depending on 

the strain. CsSnI3/CsSiI3 can be TI-E, TI and NI for different strains. Light blue, blue and 



green color represent NI, TI-E, and TI phase, respectively. (c) The energies of the Dirac point 

of surface states of CsPbI3/CsSiI3 and CsSnI3/CsSiI3 as a function of strain. 

 

 

 

 

Fig. 1 

 

 

 

 

 

Fig. 2 

 

 

 



 

 

Fig. 3 

 

 

 

 

Fig. 4 

 

 



 

 

Fig. 5 


