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To clarify the mechanism by which the optical properties of SboTes change because of its
solid—liquid phase transition, we carried out ab initio calculations of the electronic and
optical properties of SbaTes in both the crystalline and liquid states. The calculated results
indicate that the density of states around the Fermi level increases because of melting and
that the energy bandgap observed in the crystalline state consequently disappears. The
imaginary part of optical dielectric functions of crystalline Sb2Tes has a large peak at a
photon energy of Ao = 1.5 eV. When SbaTes melts, it exhibits somewhat metallic optical
properties and its optical absorption at Aicw = 3.06 eV, which is used in Blu-ray Disc systems,
decreases. This decrease in optical absorption is proposed to result from a large reduction

of the optical transition strength at hw = 1.5 eV.



1. Introduction
Super-resolution readout (SRR) technology'™® is one of the most promising technologies to
realize high-density optical disks. An active layer with optical nonlinearity is the key to
this technology. The heat produced by laser-light irradiation causes melting within a small
region of an active layer. The small molten region, whose optical properties change
because of the phase transition, behaves like a small aperture” or small mask'®!? for the
light exposure. This effect is essential for the super-resolution mechanism. Therefore, fully
understanding the mechanism of the melting-induced change in optical properties of the
active-layer material is necessary for the development of SRR technology.

Antimonides such as Sb2Tes; and InSb are the best candidate materials for the active

9 These two materials, which are

layer in a super-resolution optical disk.*
narrow-bandgap semiconductors in their crystalline state, exhibit phase-transition-induced
changes in their optical properties. Specifically, the optical absorption of Sb2Te; at a
photon energy (hw) of 3.06 eV, which is used in Blu-ray Disc systems, decreases because
of the melting, whereas that of InSb increases. Kuwahara et al. experimentally investigated
the details of the changes in the optical properties of SboTes3!'* !> and InSb.'® Their
spectroscopic ellipsometry measurements showed that the optical dielectric functions in the
solid state included several peaks corresponding to interband transitions and that, after the
samples melted, the functions became Drude-like. The experimental data do not provide
sufficient information about the mechanism of the changes in the optical properties of
Sb2Tes and InSb due to melting. Thus, clarifying this mechanism and understanding the
origin of the difference in the optical-absorption changes between Sba2Tes and InSb require
a comprehensive analysis using ab initio calculations of their electronic and optical
properties.

We have already reported ab initio calculations of the electronic and optical properties
of InSb for both the crystalline and liquid states,'” and we proposed that the
melting-induced increase in the optical absorption at hw = 3.06 eV originates from the
increased optical transitions below 2 eV. The literature!®>> contains numerous ab initio
studies on the electronic states of SbaTes in its crystalline state because this material has
recently attracted attention as a topological insulator. Several calculations of the optical
properties of crystalline and amorphous Sba2Tes have also been reported.?*" However, ab
initio calculations of the optical properties of liquid SboTes have not yet been reported.
Therefore, in the present study, we have carried out ab initio calculations of the electronic

states and optical dielectric functions of both crystalline and liquid Sb2Tes. Because the
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same calculation code and similar approximation parameters were used for a series of our
theoretical studies, the calculated results can be used to quantitatively compare the two
phases and, in particular, to investigate the difference between Sb2Tes and InSb. These
quantitative comparisons are important for clarifying the general mechanism of the
melting-induced changes in optical properties.

Some of the results of our current calculation—specifically, the total electronic
density of states (DOS) and the imaginary part of the refractive indices—have been
reported elsewhere.’? In the present paper, we present new data related to our calculation
results for the electronic band structures, partial DOS, optical dielectric functions, and
complex refractive indices, which are substantiated by a more detailed analysis and

discussion.

2. Methods

This study was performed using the projector augmented-wave method®* ¥ including
spin—orbit coupling (SOC) effects, as implemented in the Vienna Ab initio Simulation
Package (VASP).> 3© When the generalized gradient approximation (GGA) or the
local-density approximation (LDA) is used in standard density functional theory, the
band-gap energy of semiconductors is underestimated. In particular, no gap is observed in
band structures calculated for narrow-band-gap semiconductors such as InSb. To overcome
this problem without additional large computational cost, the modified Becke—Johnson
exchange potential combined with the local-density approximation (MBJLDA) method*”
was used in the present study. As already reported, the MBJLDA method provides accurate
gap-energy values for InSb.!”>3® The Brillouin-zone (BZ) integration was performed on
I"-centered k-point meshes using the Gaussian smearing method with a width of 0.1 eV. For
the crystalline and liquid states of Sb2Tes, (20 x 20 x 20) and (3 x 3 x 3) k points were
used, respectively. Optical dielectric functions (&) were obtained by calculating the
electronic transitions within the electric dipole approximation.’® Intraband transitions
expressed by the Drude-like term in the dielectric function were not considered in this
calculation. The complex refractive indices (1 = n + ik) were obtained using the relation
fl = Ve.

For the calculation of crystalline Sb2Tes, a rhombohedral unit-cell structure with space
group D3; (R3m) was used. As shown in Fig. 1(a), the unit cell has three inequivalent

atoms: Sb, Tel, and Te2. The experimentally measured lattice parameters,*” i.e., a = 0.425
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nm, ¢ = 3.04 nm, Sb position u# = 0.400, and Te position v = 0.211, were adopted in the
calculation for the crystalline state. Model atomic structures for liquid SboTes at a
temperature of 1200 K were constructed using ab initio molecular dynamics (MD)
simulations!” as follows. A cubic supercell with a lattice parameter of 2.044 nm included
94 Sb atoms and 141 Te atoms. This model size was determined according to the previous
MD simulations for liquid and amorphous Sb2Tes, reported by Caravati et al.'¥ Their
calculations enabled the employment of their results to be used for sufficient discussions
on liquid and amorphous structures. We also confirmed that this size was sufficient for the
optical properties, by performing calculations on models with different sizes. The density
of the liquid model at 1200 K was set to be 5.72 x 10° kg/m?, which was estimated from
experimental data of the density of liquid Sb2Tes.*" The MD calculations were performed
within the GGA with no consideration of SOC effects and using only the I'-point in the BZ
integration. A canonical ensemble with a Nosé thermostat*” was used for temperature
control, and the time step was set to be 3 fs. The temperature was changed as shown in Fig.
2(a). After reaching thermodynamic equilibrium at 1200 K, we obtained two model atomic
structures for liquid Sb2Tes as snapshots at two different time points (LA and LB). For
these two model structures, which are shown in Fig. 2(b) and 2(c), the electronic states and
optical properties were calculated. The calculated results (DOS and &) for these two model
structures were very similar and only had small differences. Therefore, they displayed no
prominent features resulting from structural peculiarities. An averaging operation for the
two sets of calculated results was performed to eliminate the remaining effects of small
structural peculiarities.!”

In this study, the optical properties of crystalline Sb2Te; were measured for
comparison with the calculated results. The sample was a polished bulk crystal. A
spectroscopic ellipsometer (J. A. Woollam, M-2000) was used to obtain refractive-index

spectra in the wavelength range from 300 to 1000 nm.

3. Results and discussion

The calculated electronic energy band structures of crystalline SboTes are shown in Fig. 3.
The symbols U, a, I', Z, F, and L denote high-symmetry & points defined in the BZ of Fig.
1(b). The band opening observed along the high-symmetry line indicates that crystalline
Sb2Tes has a semiconductor-like electronic structure. The band topology near the Fermi

level in Fig. 3 agrees with the band structures reported in other theoretical studies.!®2! 2%



3D Figure 4 shows the DOS of crystalline SbaTes calculated using a Gaussian smearing of
0.1 eV. The band-gap energy was estimated to be 0.15 eV from the DOS calculation using
a very small smearing (0.001 eV). The optical gap, which represents an absorption edge,
was also calculated to be 0.20 eV. These values are consistent with the experimental value
of 0.21 eV determined as indirect transitions*?) and the previously reported values 0.15—
0.22 eV.*» The partial DOSs in Fig. 4(b)—(d) suggest that the bands in crystalline Sb>Tes
originate as follows. Relatively narrow bands around the energies —11.5 eV and —9.5 eV
are attributed to the s-orbitals of Te and Sb, respectively. A band just below the Fermi level,
i.e., in the range from —2 to 0 eV, is attributed to the mixing of the p-orbital of Te and the
s-orbital of Sb.

The DOS of liquid Sb2Tes is shown in Fig. 5. The total DOS in Fig. 5(a) agrees well
with that reported by Caravati et al.'> The partial DOSs in Fig. 5(b) and 5(c) are the
average of 141 Te atoms and 94 Sb atoms, respectively. The phase transition from the
crystalline to the liquid state causes a drastic change in the DOS compared with that in Fig.
4. Specifically, the DOS near the Fermi level increases and the energy gap disappears. A
similar change is observed for InSb.!” Thus, from the viewpoint of the DOS, the melting
appears to induce metallic electronic states in both Sb2Tes and InSb.

The mechanism of melting-induced metallization of the electronic states of covalent
semiconductors is explained as follows. Consider the example of InSb, in which atoms in
the crystalline phase are four-coordinate and the valence band, which is formed from the
bonding state between In and Sb atoms below the Fermi level, is completely filled with
electrons. Actually, ab initio calculations*” indicate that valence electrons are localized
between the In and Sb atoms to form the bonding state. However, the conduction band
formed from the antibonding state is empty. When InSb melts and its structural order is lost,
the variations in nearest-neighbor distances and coordination numbers increase. According
to Gu et al.,*® both the average nearest-neighbor distance and the average coordination
number become greater than those in the crystalline phase and the compositional disorder
number is 0.66, meaning that a substantial number of homogeneous bonds (In—In and Sb—
Sb) exist in the liquid phase. Because of these geometrical changes, various electronic
states with less bonding character than in crystalline InSb are formed around the Fermi
level and electrons in these states are more delocalized than in the crystal. Consequently,
the molten InSb exhibits metallic properties.

Figures 6 and 7 show the optical dielectric functions and refractive indices of SbaTes

as a function of photon energy (hw), respectively. The thin solid line and dotted line are the
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calculated results for crystalline and liquid Sb2Tes, respectively. The thick solid line and
thick dashed line are the experimental data for the polished crystalline Sb2Tes and liquid
SbaTes, ' respectively. Because a Sb2Tes crystal has anisotropy, the optical response differs
in the parallel (z) and perpendicular (x and y) directions relative to the c-axis. Here, the
calculated results (thin solid lines) in Figs. 6 and 7 are averaged over the x, y, and z
directions. In the optical calculations, the Fermi—Dirac function at zero temperature was
used as the electron occupancy distribution. Note that even when using the Fermi—Dirac
function at 1200 K, the calculated results of liquid Sb2Tes did not change in the energy
range above 0.5 eV.

The calculated imaginary part of the dielectric function (/m[e]) of crystalline Sb2Tes
includes a large peak at A = 1.5 eV, as shown by the thin solid line in Fig. 6(a). This
calculated result well reproduces the experimental data with a peak at hw = 1.63 eV (thick
solid line). Our calculated complex dielectric functions are also consistent with other
theoretical studies?® 273! from the viewpoint of shape, peak position, and absolute value.
The Im[e] represents the strength of the optical transitions from occupied states to empty
states. Therefore, the partial DOSs in Fig. 4(b)—(d) suggest that the peak at Aw = 1.5 eV
originates in the optical transitions from the s-band of Sb at approximately —0.9 eV to the
p-band of Sb or Te2 at approximately 1 eV.

As shown in Figs. 6 and 7, with the phase transition of the Sb2Tes to liquid, its optical
responses change greatly. The calculated results for liquid SboTes (dotted line)
approximately reproduce the experimental features (thick dashed line) in that both the real
(Re[e]) and imaginary (/m[e]) parts of the dielectric function increase as hw decreases. As
previously described, liquid Sb2Tes shows a typical metallic DOS. Generally, a metal has a
large negative value of Re[e] in the visible-light region, e.g., Re[¢] = —15 at hw = 2 eV for
silver,*” and as hw decreases, the Re[e] of the metal decreases divergently, whereas the
Im[e] of the metal increases divergently. The calculated /m[e] of liquid Sb2Tes (dotted line
in Fig. 6(a)) shows such typical metallic behavior. However, the calculated Re[e] of liquid
SbaTes (dotted line in Fig. 6(b)) has a small negative value in the visible-light region, e.g.,
—1.2 at hw = 2 eV, and the experimental Re[e] values (thick dashed line) are even positive.
These results indicate that the optical properties of liquid SbaTes differ from those typically
observed for a metal. According to the electrical resistivity*® and NMR*” measurements,
the electrical resistivity of liquid Sb2Tes has a value near the boundary between the value
for a metal and the value for a semiconductor and exhibits a negative temperature

dependence, typical of a semiconductor; however, the conduction electrons of liquid
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Sb2Tes also exhibit metallic character in that they are not localized on a particular atomic
site. Thus, these unique electronic states of liquid Sb2Tes are considered as the origin of the
optical response in which both metallic and nonmetallic properties are mixed.

Next, we consider the optical absorption at a photon energy of Aw = 3.06 eV, which is
important for active-layer materials in super-resolution optical disks. The values of the
imaginary part of the refractive index (k) representing the optical absorption are shown in
Table I. The experimental values of k for Sba2Tes clearly decrease because of the melting,
and this result is roughly reproduced by the calculation. We shall discuss the mechanism of
the decrease in k& due to the melting. As shown in Fig. 6(a), the value of Im[e] of liquid
SbaTes at hw = 3.06 eV (dotted line) is quite similar to that of crystalline SbaTes (thin solid
line); that is, the strength of the optical transitions at Aw = 3.06 eV does not change as a
result of the melting. Therefore, the optical transitions at Aw = 3.06 eV do not affect the
decrease in k. In the case where /m[e] does not change, the decrease in & should result from
the change in Re[¢] from a large negative value to a small negative or positive value, as
derived from the following equation with the complex square root: A =n + ik = +/e.
Actually, as shown in Fig. 6(b), Re[¢] at hw = 3.06 eV greatly increases from —13 to —4.5
(+5.2 for the experiment) because of the melting. According to the Drude—Lorentz model,
the increase in Re[e] at hw = 3.06 eV should be caused by a reduction of the optical
transitions below 3.06 eV, which is actually observed as the disappearance of the large
peak of Im[e] at hw = 1.5 eV because of the melting. In conclusion, the results suggest that
the large optical transition peak of crystalline SbaTes at Aw = 1.5 eV disappear because of
the melting, and this reduction of the optical transitions at A = 1.5 eV causes the decrease
in optical absorption at A = 3.06 eV.

Finally, we discuss the difference in the changes in the optical properties between
SbaTes and InSb. For this comparison, the calculated results for k£ and /m[¢] for both Sb2Tes
(this work) and InSb'? are shown in Fig. 8, and the value of k at i = 3.06 eV for InSb'”
is also shown in Table I. As indicated by the upward arrow in Fig. 8(a), k£ or the optical
absorption at Aw = 3.06 eV for InSb increases because of the melting. This change is
opposite to that encountered for SbaTes. We reported the detailed mechanism of the change
in optical absorption of InSb in a previous paper.!” Briefly, the optical transition strength
of InSb at A < 2 eV, which is very small in the crystalline state, greatly increases when
the electronic state of InSb is metallized because of the melting (as indicated by the

upward arrow in Fig. 8(b)). This change in the optical transition strength causes an increase



of the optical absorption at Aw = 3.06 eV. As shown in Fig. 8, liquid Sb2Tes (dotted line)
and liquid InSb (thick dashed line) have similar values for both & and Im[e] over a wide
photon energy range. Thus, the difference in the optical absorption change at Aiw = 3.06 eV
between Sb2Tes and InSb must result from the difference in electronic states between the
two materials in their crystalline state. In Fig. 8(b), although the values of Im[e] at how =
3.06 eV are the same for SbaoTes and InSb, a large difference is observed at hw < 2 eV.
Specifically, the Im[e] of crystalline SbaTes is very large and the Im[¢] of crystalline InSb is
very small. This difference in Im[e] at how < 2 eV represents the difference in electronic
states near the Fermi level between crystalline Sb2Tes; and InSb. As indicated by the DOSs
in the inset of Fig. 8(b), the energy separation between the valence band and the
conduction band is small (~1.5 eV) for crystalline Sb2Tes, which contributes to the large
optical transition peak at approximately 1.5 eV. However, the energy separation for
crystalline InSb is relatively large (~4 eV); thus, the Im[e] associated with optical
transitions and having an energy distance of less than 2 eV is observed to be small. In
conclusion, we propose that the difference in the electronic states near the Fermi level
between crystalline Sb2Tes; and InSb results in the difference in the melting-induced optical

absorption change at 3.06 eV.

4. Conclusions

We performed ab initio calculations of the electronic and optical properties for both
crystalline and liquid Sb2Tes. The calculated DOSs show that the energy bandgap in the
crystalline state disappears because of the melting and that the optical properties of SbaTes
become somewhat metallic. We propose that the melting-induced decrease in optical
absorption at Aw = 3.06 eV is caused by the decreased optical transitions at Aw = 1.5 eV
and that the difference in the melting-induced change in the optical properties between
SbaTes and InSb results from the difference in their electronic states near the Fermi level in

their crystalline states.
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Figure captions
Fig. 1. (Color online) (a) Crystal structure and (b) Brillouin zone (BZ) of SbaTes.

Fig. 2. (Color online) (a) Temperature control of the MD calculation and (b) (c¢) model
atomic structures of liquid Sb2Tes. The dashed horizontal line in panel (a) denotes the
melting point of Sb2Tes. (b) LA and (c) LB denote snapshots at different time points in the
MD calculation at 1200 K.

Fig. 3. (Color online) (a) Electronic energy band structures of crystalline Sba2Tes in the
wide energy range from —15 eV to 15 eV. In panel (b), the vertical axis is magnified around
the Fermi level. The symbols U, a, I, Z, F, and L denote high-symmetry & points defined in
the BZ of Fig. 1(b).

Fig. 4. (Color online) Electronic density of states (DOS) of crystalline SbzTes: (a) total
DOS; partial DOS projected onto the molecular orbitals of (b) Tel, (c) Te2, and (d) Sb.

Fig. 5. (Color online) Electronic density of states (DOS) of liquid Sb2Tes: (a) total DOS;
partial DOS projected onto the molecular orbitals of (b) Te and (c¢) Sb.

Fig. 6. (Color online) (a) Imaginary and (b) real parts of the optical dielectric functions.
The thin solid line and dotted line show the calculated dielectric functions of crystalline
and liquid SbzTes, respectively. The thick solid line and thick dashed line are experimental

data for the polished crystal Sb2Tes and liquid Sb2Tes,'® respectively.

Fig. 7. (Color online) (a) Imaginary and (b) real parts of the refractive indices. The thin
solid line and dotted line show the calculated refractive indices of crystalline and liquid
SbaTes, respectively. The thick solid line and thick dashed line are experimental data for

polished crystalline Sb2Tes and liquid Sb2Tes, ' respectively.

Fig. 8. (Color online) Imaginary parts of (a) the refractive indices and (b) dielectric
functions. The thin solid line and dotted line show the calculated results (this work) for
crystalline and liquid Sb2Tes, respectively. The thick solid line and thick dashed line show
the calculated results'” for crystalline and liquid InSb, respectively. The inset of (b) is the

DOS near the Fermi level for crystalline Sb2Tes (this work) and crystalline InSb.!”
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Table I. Imaginary part of the refractive index (k) at a photon energy of Aw = 3.06 eV.

k (crystal) k (liquid) Ak
Experiment (Sb2Tes) 4.04% 2.63° -1.41
Calculation (Sb2Tes) 3.89¢° 2.84% -1.05
Calculation (InSb) 1.58°¢ 3.35¢ 1.77
8 This study.
b Ref. 14.
“Ref. 17.
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